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STELLINGEN

1. Experimentele resultaten van Van Dingenen en Hautecler doen vermoeden
dat de in dit proefschrift beschreven gemengde excitaties ook in
ijzer waarneembaar zijn.

W. van Dingenen en S. Hautecler, Physica 37_ (1967) 603.

2. Het is onwaarschijnlijk dat de lokale excitatie in Cu-10%A1, waar
genomen door Nicklow e.a., zou kunnen worden toegeschreven aan
geïsoleerde Al atomen. Nader onderzoek van deze excitatie langs
verschillende symmetrierichtingen verdient aanbeveling.

R.M. Nicklow, P.R. Vijayaraghavan, H.G. Smith, G. Dolling en
M.K. Wilkinson, in Neutron Inelastic Scattering, Vienna, IAEA
(1968) Vol. I, p. 47.

3. Dé conclusie van Turrell, dat alleen roostervibraties met een golf-
vector k = () optisch actief kunnen zijn, berust op een onjuiste
bewij svoer ing.

G. Turrell, Infrared and Raman Spectra of Crystals. London,
Academie Press (1972) p. 106.

4. Daar de selectieregels voor fotonabsorptie, fotonverstrooiing en
neutronverstrooiing onderling verschillen, kan een combinatie van
experimenten met behulp van deze methodes in veel gevallen zinvol
zijn.

5. Voor de analyse van neutron-verstrooiingsexperimenten in de
(u,^)-ruimte is de gangbare methode, waarbij de variabelen u en O
worden gescheiden, te verkiezen boven de door Janner en La Fleur
voorgestelde gegeneraliseerde Ewaldconstructie.

A.G.M. Janner en P.L. la Fleur, Phys. Letters 36A (1971) 109.



6* Tegen de door Liu gegeven verklaring voor de magnon-phonon wissel—
werking in terbium zijn bezwaren aan te voeren.

S.H. Liu, Phys. Rev. Letters 29 (1972) 793.

7. De abrupte afname van de neutron-magnon verstrooiing in ferromag-
netische 3d metalen boven een bepaalde drempelenergie van de
magnonen wordt veelal toegeschreven aan de wisselwerking tussen
magnonen en Stoner excitaties. Gezien de resultaten van een recent
onderzoek aan nikkel door Mook e.a. is deze verklaring moeilijk te
handhaven.

H.A. Mook, J.W. Lynn en R.M. Nicklow, Phys. Rev. Letters 30
(1973) 556.

8. De door Lowde e.a. toegepaste methode voor de analyse van waarge
nomen "extra" neutronverstrooiing in ®Ni is gebaseerd op een aan
tal veronderstellingen die slechts ten dele juist zijn.

R.D. Lowde en C.G. Windsor, Adv. Phys. J9_ (1970) 813.

9. Het verdient aanbeveling om bij het experimentele onderzoek aan de
ordening van roosterdefecten in kristallen gebruik te maken van
neutronendiffractie.

10. De doeltreffendheid van experimenteel natuurkundig onderzoek wordt
in belangrijke mate bepaald door de samenstelling van de groep
onderzoekers die bij het project betrokken is. Het is vooral van
belang dat deze groep zowel experimentele als theoretische elementen
bevat.

Leiden, 21 juni 1973 E. Frikkee
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CHAPTER I

INTRODUCTION

The scattering of thermal neutrons is an effective means for
the investigation of the structure and the dynamical properties of
condensed matter in general and magnetic substances in particular.
Owing to the fact that the neutron is subject to magnetic and nuclear
interactions, it may create or annihilate elementary excitations both
in the electron system (electron-hole excitations and magnons) and
in the crystal lattice (phonons). From the dispersion relation, i.e.
the relation between the frequency and the wave vector, for these
elementary excitations one may obtain information about the inter
atomic force constants and the exchange interaction between the
electrons. Hence the aim of neutron—phonon and neutron—magnon scat
tering experiments is usually the determination of the dispersion
relation for these excitations.

As nickel single crystals may be easily obtained, it is not surpris
ing that the phonon dispersion relation in nickel has been the sub
ject of a number of previous investigations |1—3|. In nickel with
the natural isotopic composition neutron-magnon scattering is quite
weak in comparison with coherent and incoherent neutron-phonon scatter
ing, and early investigations on magnons in natural Ni have therefore
been restricted to the low-frequency range |4-7|. The study of magne
tic excitations could be extended to higher frequencies when ^^Ni
single crystals became available |8— 11|. In these samples the magnetic
scattering cross section is the same as in natural Ni, whereas incohe
rent nuclear scattering is absent and the coherent nuclear scattering
is an order of magnitude smaller than in natural Ni.

The main purpose of the present work is the investigation of the
mutual interaction between elementary excitations in ferromagnetic
nickel. Owing to the spin-orbit coupling of the electrons, the
electron spin system interacts with the crystal lattice.
Some static magnetic properties of ferromagnets, notably magneto
striction and magnetic anisotropy, are directly related to this
spin—lattice interaction. In addition, the interaction gives rise
to dynamic effects, such as the coupling between magnons and phonons.
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This coupling is particularly strong for magnons and phonons with
approximately equal frequencies and wave vectors and results in
the formation of mixed excitations, which are usually called magneto
elastic waves |l2-14|. However, the perturbation of the phonons is
not restricted to this relatively small frequency range. Along the
whole dispersion relation one may expect small deviations in the
polarization vectors and frequencies of the phonons, as a result of
the fact that the interatomic force constants depend on the magneti
zation direction | 151. Magnon-phonon interference has been observed
by Bommel and Dransfeld by means of ferromagnetic resonance in
nickel films at a frequency of 1 Ghz | 161 , and a variation in the velo
city of ultrasound in nickel as a function of the magnetization
direction has been observed by Alers et al. for a fixed sound frequency
of 10 MHz | 171 . The latter result is equivalent with a change of the
phonon frequency at a fixed wave vector.

Inelastic scattering experiments with thermal neutrons are usually
applied to observe excitations with frequencies larger than 1 THz,
a limit which is well above the region where the resonant interference
between magnons and phonons in nickel occurs. DeWit and Brockhouse
|18| have made a search for magnetic perturbations in the phonon dis
persion relation in nickel by carrying out phonon measurements along
the main symmetry directions at 400 °C, i.e. above the Curie temperature
T = 359 C, at 300 °C and at room temperature, and by comparing the
phonon frequencies at these temperatures. It was found that the
average frequency shifts could be explained by anharmonic effects,
except for some branches, which exhibited frequency shifts almost
twice as large as the average. The average result agrees with the
conclusion from the ultrasound experiments, that the change in phonon
frequency as a function of the field direction is extremely small
(<0.1%). As the frequency shifts between 22 °C and 400 °C due to
anharmonicity are of the order of 3%, the possible additional shift
due to the change in saturation magnetization will be unobservable.

A change in the phonon polarization vectors, however, may be detected
more easily by means of neutron scattering than a change in frequency.
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In a cubic ciystaly transverse phonons along the high—symmetry
directions cannot give rise to neutron scattering if the scattering
vector is parallel with the phonon wave vector. A lowering of the
crystal symmetry by magnetoelastic interaction may be observed by
looking for neutron-phonon scattering under experimental conditions
for which these scattering processes would be forbidden if the crystal
were cubic. Almost all experiments with the triple-axis spectrometer
that will be described in chapter V and VI were performed in a con
figuration where scattering by purely transverse phonons is forbidden,
and in this way magnetic perturbations of these phonons could be de
tected.

Although the spin-lattice interaction leads to an interference and
mixing of excitations, the total nutdber of perturbed elementary ex~
citations, which is equal to the nunfoer of degrees of freedom in
the crystal, is expected to remain the same. In the present report
experimental evidence will be presented for the existence of an ad
ditional excitation in nickel which appears to possess both elec
tronic and vibrational properties. The first experiments on a nickel
nlulti.<iomain crystal by means of the time-of—flight spectrometer were
actually intended as control measurements in an investigation of an
additional excitation observed in Ni(4Z Fe), which was interpreted
originally as a magnetic impurity mode connected with the iron atoms.
It turned out, however, that this additional mode was also present
in pure nickel, and the present work was to a large extent aimed at
a further investigation of its properties. To this end an extensive
use is made of group-theoretical selection rules that govern, on the
one hand, the interaction of the new mode with magnons and phonons
and, on the other hand, the neutron scattering by each of these ex
citations.

In chapter II a review is given of the theory of phonons and electronic
excitations in a ferromagnetic metal, followed by a short summary
of the theory of neutron scattering by these excitations in chapter
III. The spectrometers used for the scattering experiments, which are
installed at two of the horizontal beam facilities of the High Flux
Reactor in Petten, are described in chapter IV. In the chapters V and
VI the experimental results are presented, mainly according to the
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c h ro n o lo g ic a l o rd e r  o f  th e  e x p e rim en ts . In  view o f  th e  unusual a s p e c ts

o f  th e  r e s u l t s  a  la rg e  number o f  th e  rec o rd e d  n eu tro n  s p e c t r a  i s  in 

s e r te d .  A p o s s ib le  i n t e r p r e t a t i o n  o f th e  a d d i t io n a l  mode i s  su g g ested
in  c h a p te r  V II.

Some o f  th e  r e s u l t s  g iv e n  in  t h i s  r e p o r t  have been  p u b lis h e d  p re 

v io u s ly  | 19| . A com parison o f  p re lim in a ry  d a ta  o b ta in e d  f o r  Ni(4% Fe)
and Ni m ultidom ain  c r y s ta l s  has  been  g iv en  in  a r e p o r t  | 201 , which

i s  a v a i la b le  on r e q u e s t .
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CHAPTER I I

THEORY OF ELEMENTARY EXCITATIONS IN FERROMAGNETIC NICKEL

2 .1 . I n t ro  due t i  on

In  t h i s  c h a p te r  a  rev iew  w i l l  be g iv en  o f  th e  th e o ry  o f  th e  low -energy

e lem en ta ry  e x c i ta t io n s  in  an i t i n e r a n t  fe rro m ag n e t l i k e  n ic k e l .  The

th e o ry  o f  l a t t i c e  v ib r a t io n s  (phonons) w i l l  be summarized in  s e c t io n

2 .3 . In  ana logy  to  th e  phonons, w hich a re  th e  c o l l e c t iv e  e lem en ta ry  ex 

c i t a t i o n s  in  th e  c r y s t a l  l a t t i c e ,  th e  S to n e r e x c i t a t io n s  ( s in g le  e le c t r o n

e x c i ta t io n s )  and magnons ( c o l l e c t iv e  e le c t r o n  e x c i t a t io n s )  a re  th e

e lem en ta ry  e x c i ta t io n s  in  th e  system  o f  i t i n e r a n t  e l e c t r o n s .  As an i n t r o 

d u c tio n  to  th e  th e o ry  o f  th e se  m agnetic  e x c i t a t i o n s ,  w hich w i l l  be p re 

se n te d  in  s e c t io n  2 .5 ,  a s h o r t  d is c u s s io n  o f  th e  e l e c t r o n i c  band s t r u c 

tu r e  w i l l  be g iv en  in  s e c t io n  2 .4 .  The tra n s fo rm a tio n  p r o p e r t ie s  o f  a l l

th e se  e x c i ta t io n s  a re  d i r e c t l y  r e la t e d  to  th e  symmetry o f  th e  c r y s t a l  l a t 

t i c e ,  and may be t r e a t e d  q u i te  g e n e ra l ly  by means o f  group th e o ry . In  se c 

t io n  2 .2 .  a co n c ise  summary w i l l  be g iv e n  o f  th o se  theorem s o f  group th e o ry
th a t  a re  e s s e n t i a l  f o r  th e  d e s c r ip t io n  o f  th e  e x c i t a t i o n s .

2 .2 . C r y s ta l  symmetry and group th e o ry

N ick e l c r y s t a l l i z e s  in  th e  f a c e - c e n tre d  cu b ic  ( f . c . c . )  s t r u c tu r e  w ith  a
l a t t i c e  c o n s ta n t a -  3 .524 X. One may d e f in e  a p r im i t iv e  l a t t i c e ,  con

ta in in g  one atom p e r  u n i t  c e l l ,  by in tro d u c in g  th e  th r e e  b a s i s  v e c to rs

—1 "  » ± 2  “  » £ 3 “ f ( l , l , 0 ) .

The volume vq o f  th e  p r im i t iv e  c e l l ,  w hich may be w r i t t e n  as * j . ( a _ x a  ) ,

i s  eq u a l to  a 3/4 .  An a r b i t r a r y  l a t t i c e  p o in t  I  -  i s  d e f in e d
as

-  "  * l V Z2 V Z3*3- (2 .1 )

I t  w i l l  be shown below th a t  th e  e lem en ta ry  e x c i ta t io n s  (o r  any p a r t i c l e

w ith in  th e  c r y s ta l  l a t t i c e )  may be c h a r a c te r iz e d  by a wave v e c to r  in
th e  r e c ip r o c a l  l a t t i c e ,  w hich i s  b ased  on th e  v e c to r s  b , ,  b„ and b

— 1 — 2  ““ 3  *
s a t i s f y in g  th e  c o n d itio n s

b . . a .  ■ 2x6. . .
- J  i , j



In explicit form the vectors b. are given by the expressions

—1 “ 3^ vo » —2 “ 2lr(£3X£ ] ) / v0 i b̂ j ■ 2lr(*ix£ 2 ^ v0 ’

and for the f.c. c. lattice in particular

bj - 2w (1,1, l)/a , b2 - 2ir(l,T,l)/a , b3 - 2ir(l, 1 ,T)/a.

A reciprocal lattice vector (or point) t_ = ) with integer
components t . is defined by means of

L - Tl-]+T2-2+T3-3

and has the property

exp(ir^Z) - 1 (2.2)

for any vector I of the real lattice. The first Brillouin zone may
be considered as the unit cell of the reciprocal lattice and is de
fined to consist of all the points £  that are closer to t ■ 0 than
to any other reciprocal lattice point t .

Owing to the symmetry properties of the crystal lattice, group theory
may be applied to facilitate the computation of the energy of the
elementary excitations and the electrons, to label the corresponding
eigenfunctions according to their symmetry properties, and to establish
the selection rules for interaction between electrons, phonons and mag-
nons. The application of group theory to problems in solid-state physics
has been treated extensively in various text-books |21-26|, and only a
brief outline of the theory will be given here.

Classification of eigenfunctions

Consider the time-independent Schrödinger equation for a general system:

OT. - Ef. . (2.3)

E is the Hamilton operator, Y. is one of the eigenfunctions belonging to
an 1-fold degenerate level with energy E. If H is invariant under the trans
formations T of a finite group G, the 1 eigenfunctions belonging to the
eigenvalue E constitute the basis for an 1-dimensional, irreducible repre
sentation r(T) of the group G. The transformation properties of the 1
eigenfunctions are defined by

-  6 -
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P(T )¥ . ■ I r
j - i

1

i j <T),j (2 .4 )

f o r  i  = 1 , . . . , 1 ,  w here P(T) i s  th e  o p e ra to r  co rresp o n d in g  to  th e  t r a n s 
fo rm a tio n  T.

A r e l a t i o n  s im i la r  to  (2 .4 )  h o ld s  f o r  th e  exp an sio n  o f  a f u n c tio n  in  th e

su b sp ace , which i s  spanned by th e  o r th o g o n a l s e t  o f  n e ig e n f u n c t io n s ,  be

lo n g in g  to  a  f i n i t e  s e t  o f  energy  e ig e n v a lu e s . The n -d im e n sio n a l r e p r e s e n ta 

t io n  r(T )  co rre sp o n d in g  to  t h i s  b a s i s  o f  e ig e n fu n c tio n s  may be decomposed

in to  a number o f  i r r e d u c ib le  r e p r e s e n ta t io n s  o f  G, which may be w r i t t e n  as

r(T) -  c r 1(t) ® c 2r2 (T) ® . . . ® c r°(T) (2 .5 )

The c o e f f i c i e n t s  c^ a re  g iv en  by

ca "  J  I** (T )X (T ) ,  (2 .6 )

where th e  summation i s  ov er a l l  th e  e lem en ts in  G, g i s  th e  number o f

th e se  e le m e n ts , and th e  c h a ra c te r s  x <T) and x(T) a re  th e  t r a c e s  o f  th e

m a tr ic e s  T (T) and T (T ). H ence, each e ig e n fu n c tio n  b e lo n g s  to  a s p e c i f i c

i r r e d u c ib le  r e p r e s e n ta t io n  o f  G, and may be la b e l l e d  a c c o rd in g ly . To de

te rm in e  th e  fu n c tio n  ¥? th a t  tran sfo rm s  a c co rd in g  to  th e  i - t h  row o f  r a
one may apply  th e  p r o je c t io n  o p e ra to rs  P ? . d e f in e d  by

1
I  r? !(T )P (T )g j  i j (2 .7 )

where 1^ deno tes th e  d im ension o f  th e  i r r e d u c ib le  r e p r e s e n ta t io n  r°.
The o p e ra to r  P .^ ,  i n  p a r t i c u l a r ,  p r o je c ts  th e  fu n c tio n  ¥? o u t o f  an

a r b i t r a r y  l i n e a r  com bination  ¥ o f  th e  n b a s i s  f u n c t io n s ,  i . e .  i f  ¥
c o n ta in s  ¥ . w ith  a  c o e f f i c ie n t  A .:l  i

P ? .¥
1 1

A. ¥?l  l (2 . 8)

The fu n c tio n s  ¥*? tran sfo rm in g  a c co rd in g  to  th e  o th e r  rows o f  r a  may

be o b ta in e d  from  ¥ . by means o f th e  p r o je c t io n

p .̂y?
j i  i

(2 .9 )

S ubduction  and c o m p a tib il i ty

Suppose t h a t  G’ i s  a subgroup o f  G. In  t h i s  c a s e ,  th e  i r r e d u c i b le  re

p r e s e n ta t io n s  o f  G and G’ a re  connected  by c o m p a tib i l i ty  r e l a t i o n s ,
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which may be derived by means of the subduction procedure described be
low (see ref. | 261 , p.89,219). Consider an irreducible representation
T (T) of G. The set of matrices r^g^(T') from ra (T), corresponding to the
the elements T' of G' will be referred to as the representation of G'
that is subduced by the representation r“(T) of G. In general, r“ (T1)

n ( S )
may be decomposed into irreducible representations rp(T*) of G' by ap-
plying (2.5) and (2.6), where the summation in (2.6) is restricted to
the elements T'. The irreducible representations r“(T) of G and r̂ (T')ft '

of G are compatible if TP(T’) appears in the decomposition of the sub
duced representation r, ,(T').(8)
Subduction will be applied frequently in this report,

(a) to investigate the influence of a reduction in the symmetry of the
crystal on the transformation properties of the eigenfunctions;

(b) to determine the selection rules for neutron scattering by excita
tions with a specific wave vector q;

(c) to establish the compatibility for branches of dispersion relations
between directions and points with different symmetries in the re
ciprocal lattice.

Bio ch_^s_ theorem

Let us now consider a Hamiltonian that is invariant under the symmetry
operations that constitute the space group G of the crystal. For the
f*c.c. lattice of nickel the space group is symmorphic, i.e. every sym
metry operation T - {R|n} of G is a combination of a rotation R and a
primitive translation ii “ n j ^ + n ^ ^ n ^ a j .  The rotations R constitute the
point group Gq , where R may be a proper or improper rotation, the latter
being a combination of a proper rotation and space inversion I. For con
venience the total number of lattice sites l_ (see the definition in (2.1))
is taken equal to H * N jNjN^ by introducing the restriction that can
take the values 0,1...,(N^-1). In addition, cyclic boundary conditions are
introduced: it is assumed that any eigenfunction ?(r) satisfies the con
ditions

4'(r) - 'Kr+NjSj) ■ 'P(r+N2a2) ■= f(r+N a ) (2.10)
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The group of N primitive translations {E|n} (E is the identity element
CQ) is a subgroup T of G, and an arbitrary eigenfunction VCr) must

transform according to one of the irreducible representations Ta of T•
It can be shown (cf.|2A|,p.76) that these representations are all one
dimensional and may be labelled by means of N wave vectors £  in re
ciprocal space

a. -  *

where q£ can take any of the values 0,1/N± .... (N.-l)/N.. Hence, there
are N irreducible representations r», which are given by

r^{E|n} - exp(i£.n) , (2.11)

and it may be readily verified that the functions transforming as
r-3- must be of the form

“ exp(i£.r)u (r) , (2.12)

where u (j:) has the periodicity of the lattice:

u (r) = u (r+n).£ ~ £ ---
The wave vector £  in (2.11) may be defined to be within the first Brillouin
zone, because exp{i(£+r).n} - exp(i£.n)exp(ix.n) = exp(i£.n) according to
(2.2).
The results above are known as Bloch's theorem 1271 , and are valid for the
eigenfunctions of an arbitrary excitation or particle within the lattice.
The function u (r) characterizes the specific excitation or particle, and
transforms according to one of the irreducible representations ra of the
point group of £  , Gq (£). This is a subgroup of G and consists of those
operations {R|o} that transform £  into itself (or, if £  is a point on
the zone boundary, into £+x, where i is a reciprocal lattice vector).
The irreducible representations of the point groups may be found in ex
isting tables 122-26,28,291 and by means of the projection operators
(2.7) the functions u (r) transforming according to r“ may be determined.
In the following sections of this chapter and in section 7.3 some applica
tions of this procedure will be given.

Selection_rules

The classification of the eigenfunctions by means of the irreducible
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representations of G is particularly useful to establish selection
rules for the mutual interaction between electrons, magnons and pho
nons, and for their interaction with neutrons. If two particles or
quasi-particles occupy eigenstates of a Hamiltonian ff , and if theo
interaction operator has the same or a higher symmetry than ff , the
interaction between the particles or quasi-particles is allowed by
symmetry if their eigenfunctions transform according to the same
irreducible representation of the group G of ffQ.

If, on the other hand, the interaction operator has a lower symmetry
than ff , the selection rules are obtained in the following way. Con
sider, for example, the electron-phonon interaction, and suppose that
the Hamiltonian ff for the electrons contains an interaction operator
ff'(r) corresponding to the electron-phonon interaction:

ff - ff + ff' ,o *
where ffQ is the Hamiltonian of the unperturbed electron system. In
general ff' may consist of various terms that transform as different
irreducible representations of the space group G, but it will be as-
sinned here for simplicity that ff' transforms as a specific row of the
irreducible representation rp of G. Transitions between the electron
states <F. and f-, which transform as T* and may be induced by
electron-phonon interaction if the decomposition of the direct product
representation r - rp ® T1 contains rf. According to (2.5) and (2.6) this
is the case if

CfX *iI xJ(T)xp(T)Xi(T) ¥ 0 , (2.13)

as the characters of the direct product representation rp © r1 are given
by

X(T) - X (T)xi(X).
Thus selection rules for the interaction between particles and quasi
particles may be derived from the symmetry properties of ffQ and ff',
and the eigenfunctions of the particles involved, by means of the cor
responding character tables.
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The th e o ry  d e s c r ib e d  above i s  on ly  a p p l ic a b le  to  e le c t r o n  s t a t e s  in  a
c r y s ta l  i f  th e  H am ilto n ian  does n o t c o n ta in  sp in - dependent te rm s.

For th e  e x p la n a tio n  o f  th e  e x p e rim en ta l r e s u l t s  i t  w i l l  be n e c e s sa ry

to  invoke e le c t r o n  s p in - o r b i t  c o u p lin g , which h as as consequence th a t

double groups and d o u b le -v a lu ed  r e p r e s e n ta t io n s  must be used to  c l a s s i 
fy th e  e le c t r o n  e ig e n fu n c tio n s  |3 0 - 3 2 |.

The tra n s fo rm a tio n  p r o p e r t ie s  o f  th e  s p in  fu n c tio n s  u . o f  a p a r t i c l e

w ith  s p in  +J along  th e  z - a x i s ,  under a r o t a t i o n  R(<f>) about t h i s  a x i s ,  a re
g iven  by

R(<l>) u+j -  exp(+Ji<f>) u+ , ,  (2 .1 4 )

where <f> i s  th e  a n g u la r  c o o rd in a te  in  th e  x y -p la n e . A c h a r a c t e r i s t i c  p ro 

p e r ty  o f  th e se  fu n c tio n s  i s  th e  change in  s ig n  under a  r o t a t i o n  o f  360°

about th e  z - a x i s ,  and t h i s  le a d s  to  a d o u b lin g  o f  th e  nunfcer o f  t r a n s 

fo rm a tio n s . F or each p ro p e r  r o t a t i o n  R th e re  i s  an a d d i t io n a l  "b a rre d "

r o t a t i o n  R -  ER (E i s  a r o t a t i o n  o f  3 6 0 °) , which may be d is t in g u is h e d

from  R because  i t  changes th e  s ig n  o f  th e  sp in  f u n c t io n s .  T h e re fo re  one

has to  in tro d u c e  d o u b le -v a lu ed  r e p r e s e n ta t io n s  r e f o r  p a r t i c l e s  w ith
s p in  £ :

I > )  - - ! > )  (2. |5)

For th e  r e p r e s e n ta t io n s  co rre sp o n d in g  to  im proper r o ta t io n s  IR one

u s u a lly  fo llo w s th e  co n v en tio n  ( c f .  | 2 2 | , p .8 7 ) to  assume t h a t  th e  sp in
fu n c tio n s  a re  in v a r i a n t  under space in v e rs io n .

I f  th e  tw o-d im ensional r e p r e s e n ta t io n  b ased  on th e  s p in  fu n c tio n s  u ,

deno ted  by D j, and th e  s in g le -v a lu e d  i r r e d u c ib le  r e p r e s e n ta t io n s  o f~

by Tg» th e  d o u b le -v a lu ed  i r r e d u c ib le  r e p r e s e n ta t io n s  r® f o r  th e
fu n c tio n s  u ^ ( r ) u +j a re  o b ta in e d  by means o f  a r e d u c tio n  o f  th e  d i r e c t -
p ro d u c t r e p r e s e n ta t io n :

is

rs ® Di c ,r'  ® c „r2 ®ml D a2 D V Ï (2 .1 6 )

The numbers c^g a re  d e r iv e d  from  an e q u a tio n  s im i la r  to  (2 .1 3 ) :

CoB * i n g )  I ^ ( R ) T r { D i (R)}Xa(R), (2 .1 7 )
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where the summation is over all (proper and improper) rotations of the
single group G (q) and g (q) denotes the order of G (q). The traces ofO O o
the matrices D, may be found in table A.2.

Up to this point, we have only considered the symmetry properties of
the eigenvalue equation (2.3) with respect to coordinate transformations.
Since the energy eigenvalues are real, talcing the complex conjugate of
(2.3) yields

fly*(r) = E y*(r),
1 ~  13 . -

if the Hamiltonian is real. Hence the energies of the states correspond
ing to t and 'f are equal, while y* transforms as T01* if y transformsa i a a 1
as T . The term "time reversal" for taking the complex conjugate is com
monly used, because complex conjugation of the time-dependent Schrëdinger
equation fly ■* ifi3y/3t gives rise to time reversal: fly* = rfisy /3(-t). Time
reversal and taking the complex conjugate are two examples of anti-unitary
operators (see |21|, p.328).

The existence of additional degeneracies due to time-reversal symmetry will
in general depend on the relation between ra and ra . According to Wigner
|33| one may distinguish three cases:

(a) T is equivalent to a real representation,
(b) T is not equivalent to T ,
(c) r is equivalent to T , but not equivalent to a real representation.
In case (a) no additional degeneracy occurs, whereas there is a doubling
of the degeneracy in cases (b) and (c). This rule applies to single-valued
representations; for double-valued representations the corresponding rule
will be given below.

A straightforward method to decide to which case a particular represents-
CLtion r of the point group G (3) belongs, is the application of the fol

lowing criterion
g0(l): case (a)
0 : case (b)

-go (q): case (c)
Ix“((Q|o}2) (2.18)



13

The summation in (2.18) is over those elements {Q|0} of the point group
G that transform £  into -£ or -£+t . Obviously the elements {Q|0} be
long to Go (£), whereas {Q|0} in general does not belong to G (£) ).

The same criterion (2.18) may be used for the double—valued representa—
O

tions Tp, if the summation is extended over the rotations Q of the double
point group G that transform £  into -£ or -£+t_. However, the rules
for the doubling of the degeneracy are reversed: in cases (a) and (b) the
degeneracy is doubled, whereas no additional degeneracy occurs in case
(c).

Magnet ic_groups

Owing to the existence of a net magnetization, a ferromagnetic crystal has
a lower symmetry than a paramagnetic crystal |34,35|. The magnetic point
group consists of the operations that take the crystal lattice into itself
and leave the magnetization M invariant. Since M is a pseudo-vector, its
direction is reversed under reflection in a plane containing M, and there
fore only the identity E, the inversion I, rotations C ,, around the direc-nM
tion of M and reflections IC „ can be elements in the magnetic point
group. On the other hand, the magnetization changes sign under time re
versal 0 and consequently a combination of 0 and a coordinate transforma
tion that takes M into -M also belongs to the magnetic point group. Hence
the magnetic point group consists of unitary elements (R) and anti-unitary
elements (0R).

In a similar way one arrives at the following definition of the magnetic
point group of the wave vector, M(a)

M(£) - <£(£) + 0G,(£).

G^(£) consists of the unitary elements of the magnetic point group that
transform £  into £  or £+£, whereas QGAg) consists of the anti-unitary
elements of the magnetic point group that transform £  into -£ or -£+t_.

) {Q|0> is an element of G (q) if G (q) contains I; in all other
O " *  O • *

{({IQ} belongs to lGo(q) | 23|.
cases
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The number of elements in <j (3) is equal to the number of elements in
0G j (£). itself is not a group (it does, for example, not contain
the identity operation E), but the elements in G^Oj) and Gj(^) together
constitute a group, which will be indicated by The point group
M(q) will be denoted according to the Schonfliess notation G.(ü), used2 o
previously by Dimmock and Wheeler |35|.

The concept of magnetic point groups may be illustrated by the following
example. Consider a wave vector along the z-axis of the reciprocal lat
tice, i.e. parallel with the vector (b^+bj)^, where b̂  and b^ are defined
on page 6. In the paramagnetic phase the point group G (q) is C, , which_. 0 -*■ 4v
consists of 8 elements: E, C_ , C. , C. , IC„ , IC. , IC_ and IC„. (the’ 2z’ 4z’ 4z’ 2x’ 2y 2a 2b
operations are defined in appendix A). In the ferromagnetic phase with the
magnetization directed along []l IO] (the a-direction) , only the elements E
and IC2a remain symmetry operations, i.e. ^ ( 3.) “ C . In addition there
are two anti-unitary symmetry operations and 1361 5 the rota
tional components C2̂  and IC2Z , together with E and ICj^ constitute the
point group and the magnetic point group M(^) is therefore C2 (C.)
(see table 6.2).

The symmetry properties and the essential degeneracies of the eigen
functions in the ferromagnetic phase are determined by the irreducible
representations of the unitary subgroup Ĝ (<j) of M(cj). Additional degeneracies
may occur due to the anti-unitary elements in M(q) , anil a criterion simi
lar to (2.18) may be applied to distinguish three different cases (see,
for example, |21|,p.343, or |35|). We shall not consider this criterion in
detail, since this would require a rather lengthy discussion of the so-called
corepresentations of M(cj). It can be shown that no additional degeneracies
will occur for the single domains magnetized along [00l]* or D * J >
that were investigated in the present work. For these domains the magnetic
point groups M(<j) for the symmetry points and lines of the reciprocal lat
tice have been tabulated in | 361 (see also table 6.2). By inspection of
existing tables of corepresentations |25,37| it may be verified that for
the point groups M(q) relevant to the investigation on single domains no
additional degeneracies exist, neither for the single-valued nor for the
double-valued representations.
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Pseudo-magnetic groups

I f  th e  H am ilton ian  o f  a  system  i s  in v a r i a n t  under a r e v e r s a l  o f  th e  mag

n e t i z a t io n  M, th e  e ig e n s ta te s  w ith  wave v e c to r  £  tra n s fo rm  a c co rd in g  to

th e  i r r e d u c ib le  r e p r e s e n ta t io n s  o f  th e  pseudo-m agnetic  p o in t  group G-M(q ) .
This group c o n s is ts  o f  th o se  e lem en ts o f  th e  c r y s t a l  p o in t  group G t h a t

, # o
tra n s fo rm  in to  i t s e l f  ( o r ,  i f  £  i s  a p o in t  on th e  zone bou n d ary , in to

£ + t)  and M in to  M o r  -M, F or th e  case  co n s id e re d  above, i . e .  q along  th e

z -a x is  in  a  Ql dom ain, th e  p seudo-m agnetic  p o in t  group G -^(£) « c2 ,

and c o n s is ts  o f th e  e lem en ts E, C- , lC 2a and I C ^ .  The o p e ra tio n s  E and

IC2a le a v e  -  in v a r i a n t ,  w hereas and IC2b tra n s fo rm  M in to  -M.

2 .3 .  Phonons

In  t h i s  s e c t io n  a su rvey  o f  th e  th e o ry  o f  n o n - in te r a c t in g  phonons w i l l

be g iv e n  |3 8 ,3 9 | .  In  a d d i t io n  to  th e  c y c l ic  boundary c o n d itio n s  ( 2 .1 0 ) ,
two o th e r  ap p rox im ations a re  u s u a l ly  made:

(a) The a d ia b a t ic  ap p ro x im atio n . I t  i s  assumed t h a t  th e  e l e c t r o n i c  wave

fu n c tio n s  a re  a t  any tim e de term in ed  by th e  in s ta n ta n e o u s  p o s i t io n s
o f  th e  n u c le i .

(b) The harm onic ap p ro x im atio n . The m otion o f  an atom due to  th e  p o te n t i a l

g e n e ra te d  by th e  o th e r  atoms i s  assumed to  be harm onic. In  o th e r  w ords,

th e  s e r i e s  expansion  o f  th e  p o te n t i a l  in  term s o f a tom ic  d isp lac em e n ts
i s  te rm in a te d  a t  th e  q u a d ra t ic  te rm .

C onsider a B rav a is  l a t t i c e  c o n s is t in g  o f  N atoms w ith  eq u a l mass M*) a t
p o s i t io n s

R j ( t )  -  I  + U j ( t ) ,  ( 2 . 19)

where I  i s  th e  e q u i l ib r iu m  p o s i t io n  o f  th e  Z -th  atom , and u ( t )  th e  d is 

p lacem ent from t h i s  p o s i t io n  due to  th e rm al v ib r a t io n .  In  th e  harm onic

app rox im ation  th e  c l a s s i c a l  e q u a tio n  o f  m otion f o r  u . ( t )  rea d s

" "X.W W  uz'• <2-20>

*) M -  <M>Ni -  97 .48x10- 2 ^ g*
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where a and S deno te  th e  C a r te s ia n  c o o rd in a te  d i r e c t io n s  and $ „ th eocB
elem en ts  o f th e  in te ra to m ic  fo rc e  c o n s ta n t  m a tr ic e s .  S ince B lo ch 's

theorem  i s  based  on th e  p e r io d i c i ty  o f  th e  l a t t i c e  and c y c l ic  boun

dary  c o n d i t io n s ,  i t  may a ls o  be a p p l ie d  to  c l a s s i c a l  e q u a tio n s  of

m otion . Hence u7 ( t )  may be expanded in  3N norm al v ib r a t io n s :

3 N
u7 ( t )  -  j  I £. (£ )e x p { i£ .£ - iu .(£ ) t> . (2.21)

j - i  a  3 J

Each norm al mode i s  c h a r a c te r iz e d  by i t s  wave v e c to r  £ ,  i t s  p o la r i z a 

t io n  v e c to r  £ .(q )  and i t s  an g u la r  frequency  u . ( q ) .  The summation in
—3 3

(2 .2 1 ) runs over N d i s c r e te  v e c to r s  co n fin ed  to  th e  B r i l lo u in  zone.

A f te r  s u b s t i t u t i o n  o f (2 .2 1 ) in  ( 2 .2 0 ) ,  th e  fo llo w in g  s e t  o f  3N homo

geneous e q u a tio n s  f o r  th e  ^ ' s  i s  o b ta in e d :

-  I d ( £ ) d ( a ) .
J J g J

( 2 . 22)

The dynam ical m a tr ix  D i s  d i r e c t l y  r e l a t e d  to  th e  fo rc e  c o n s ta n t ma

t r i x

Dag(<l) “I ®a(5 (i*T ) e x p { - i i -  a-i') ) .  (2 .2 3 )

The c o n d it io n  f o r  th e  e x is te n c e  o f  n o n - t r i v i a l  s o lu t io n s  o f  (2 .22 )

i s

de t|H i)j (c[)E -  D(<j) | “  °* (2 .2 4 )

w here E deno tes th e  u n i t  m a tr ix . T his s e c u la r  e q u a tio n  y ie ld s  th re e

s o lu t io n s  <u.((j), and a f t e r  s u b s t i t u t i o n  in  (2 .2 2 ) th e  co rresp o n d in g

v e c to r s  _£. (d ) a re  found. The g e n e ra l  form  o f th e  m a tr ix  e lem en ts
$ Al-l') and D f o r  an f . c . c .  l a t t i c e  i s  g iv en  in  ta b le s  2 .1  and

o t B - - - - -  a B
2 .2  f o r  i n te r a c t io n s  ra n g in g  o u t to  f o u r th  n e ig h b o u rs .

The c a lc u la t io n  o f  th e  f re q u e n c ie s  and p o la r i z a t io n  v e c to rs  along  sym
m etry d i r e c t io n s  may be s im p l i f ie d  c o n s id e ra b ly  by a p p ly in g  g ro u p - th e o re t i 

c a l m ethods |4 0 - 4 3 |.  A lthough d e r iv e d  from a c l a s s i c a l  e q u a tio n  o f  m otion ,
(2 .2 2 ) may be co n s id e re d  as  an e ig en v a lu e  e q u a tio n  s im i la r  to  ( 2 .3 ) :

2(£)_§.. (£) “ Mm? (c[K j (£) , (2 .2 5 )
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Table 2.1.

Interatomic force constant matrices i ( l - l ' )
for the f i r s t  four neighbours in nickel.

neigh
bour

l-V * ( l -V) exp. va lues in
dyne/cm |2|

f i r s t f O .1 ,0 )
“ l Y1 0
Y, cx, 0

. 0  0  B,

a  -  1 7 ,1 7 8

6 ,  -  - 2 6

Y, -  1 9 ,3 1 6

second ■ § (2 ,0 ,0 )

’ o 2 0  0

o  e 2 o

0  0 8 ,

a  -  880

B2 -  - 5 1 9

th i rd
' “ 3 Y3 Y3

y 3 63 63

. y 3 6 3 S3

a  -  626

B3 -  320

Y3 -  453

63 -  - 1 7 3

fo u rth f ( 2 , 2 , 0 )
'  a 4  y4 0 '
y4 ° 4  0

0 0 e 4

a ,  -  2754
8 ,  -  - 1 6 0

Y4 -  424
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Table 2.2.

Elements of the dynamical matrix Q for an f.c.c. lattice.

Forces between the first four neighbours are taken into account.

Dii =* 4aj{2 - c.(c. + ck)} + 48j(l ” +
2a2(l - Cj) + 262(2 - Cj - Cĵ) +

•“s0  ” V j V  + 8B3{2 ~ cî CjCk + CjCk)} +
4a4{2 - Ci(Cj + Ck)} + 4640 -

D.. “ 4y ,s . s . +ij '1 i J
86_c, (S.s. + s.S.) + 8y_C s.s. +3 k i j l j 3 k l j
4y,S.S.'4 l j

Notation: c. = cos(aq^/2), = sin(aq^/2)

Z. = cos(aq^) , siniaq^)

In this table i, j and k have been used to denote
the Cartesian coordinate directions, in order to
avoid confusion between the coordinates and the
force constants. In the expression for D.j, j and
k are the two remaining directions. In the expres
sion for D.., k denotes the third direction,ij
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where Mou (<j) and £ .  (q) a re  th e  e ig e n v a lu e s  and e ig e n v e c to rs  o f th e

o p e ra to r  D;j£. (<̂ ) may be i d e n t i f i e d  w ith  th e  fu n c tio n  u ( r )  in  (2 .12 )

A ccording to  e q u a tio n  (2 .2 3 )  D depends on ly  on th e  l a t t i c e  v e c to rs

(Z.-.Z') and on £ ,  and i s  th e re fo r e  in v a r ia n t  under th e  o p e ra tio n s  o f

G A a). C onsequen tly , th e  e ig e n v e c to rs  tra n s fo rm  a c co rd in g  to  th e

i r r e d u c ib le  r e p r e s e n ta t io n s  o f  G ( q ) . .F o r  th e  c l a s s i f i c a t i o n  o f  th e
o  "*■

norm al modes th e  n o ta t io n  o f  B ouckaert e t  a l .  |4A| w i l l  be u se d ; th e

symbols f o r  th e  symmetry l in e s  and p o in ts  o f  th e  B r i l l o u in  zone a re

in d ic a te d  in  f ig u re  2 .1 .  In  acco rd  w ith  common p r a c t i c e ,  we s h a l l

deno te  £  by i t s  components q ^ , q^ and q^ in  th e  o r th o g o n a l c o o rd i
n a te  system  based  on th e  v e c to rs

b -  2 i r ( l ,0 ,0 ) / a  , b -  2 i r ( 0 , l ,0 ) / a  , b -  2 ir (0 ,0 , l ) / a .
y  - ”Z

B r illo u in  zone o f  th e  f . o .o .  l a t t i c e .
Syrm etry p o in ts  and l in e s  have been

in d ic a te d  in  BSW n o ta tio n  \44\.

As an example o f  th e  g r o u p - th e o r e t ic a l  tre a tm e n t o f  th e  l a t t i c e  v ib r a 

t io n s  we s h a l l  c o n s id e r  th e  phonons w ith  £  •  ( s ,C ,5 ) .  The th r e e  e ig e n 

v e c to rs  a re  u n i t  v e c to r s  in  r e a l  space and c o n s t i tu t e  th e  b a s is  f o r
a th re e -d im e n s io n a l r e p r e s e n ta t io n  r (R ) .  For th e  Ni c r y s ta l  r(R ) i s

e q u iv a le n t to  th e  group o f  s ix  t ra n s fo rm a tio n  m a tr ic e s  R f o r  th e  vec

t o r  ( x ,y ,z )  (see  t a b le  A .1 ) , co rre sp o n d in g  to  th e  s ix  symmetry o p era 

t io n s  o f  G0 (C,C,C) = C3v> From th e  c h a r a c te r  ta b le  fo r  C3v ( ta b le  A. 13)
and th e  c h a ra c te r s  x(R)

X(E) -  3 , X(C36) -  X(C3J)  -  0 , x (IC 2b) -  x (IC 2d) -  X(IC2e) -  1
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one o b ta in s  by means o f  ( 2 .6 ) :

c(A j)  -  1 , c(A2) -  0 , c(A3) -  1,

and T may th e r e fo r e  be decomposed as fo llo w s : ■

r - Aj ® a3-

C onsequen tly , th e  phonon d is p e rs io n  r e l a t i o n  oij (£) along  [ i l l ]  c o n s is ts  o f a

doubly d eg e n e ra te  b ran ch  ( A 3 )  and a n o n -d eg e n e ra te  b ran ch  ( A ^) .  By

ap p ly in g  th e  p r o je c t io n  o p e ra to r  ( 2 .8 ) to  an a r b i t r a r y  v e c to r  (x ,y ,z )

one o b ta in s  th e  e ig e n v e c to rs

i ( A j )  “ 3~*( 1 ,1 ,1 )  , I , ( A 3) * 2 " * ( 1 ,1 ,0 )  , I 2 (A3) -  6 " * ( 1 , 1 ,2 ) .  (2 .26)

I t  i s  r e a d i ly  v e r i f i e d  th a t  th e  e ig e n v e c to rs  a re  o r th o g o n a l,,  and th a t

th e  b ran ch es A .  and A 3 co rresp o n d  to  lo n g i tu d in a l  and t r a n s v e r s e  phonons,

r e s p e c t iv e ly .  The e ig e n v a lu e s  may f i n a l l y  be determ ined  by s u b s t i tu t in g

th e  e ig e n v e c to rs  (2 .2 6 )  in  (2 .2 5 ) .

The same p ro ced u re  can be used fo r  th e  o th e r  d i r e c t io n s  w ith  h ig h  symme

t r y ,  £  -  (0 ,C ,5 )  w ith  Gq (£) -  C2v and £  -  ( c , 0 ,0 )  w ith  Gq (£) » C^v , and

f o r  th e  m ir ro r  p la n e s  (Oi l )  and (001) w ith  G (£) “ C • The e ig e n v e c to rs
-and co rre sp o n d in g  e ig e n v a lu e s  a re  c o l le c te d  in  ta b le  2 .3 .  Along th e

Tqble 2 .3 .

Syrrmetry p ro p e r tie s  o f  phonons in  an f .  o. o. l a t t i c e

£ C „ ( £ ) Mu: r “

( 5 .0 ,0 ) C.4v
ta b le  A. 11

( 1 ,0 ,0 )
( 0 ,1 ,0 )
( 0 ,0 ,1 )

°11

D22

Ai

A5
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th r e e  symmetry d i r e c t io n s  th e re  a re  two tran sv e rse -p h o n o n  b ran ch es

and one lo n g itu d in a l-p h o n o n  b ran c h . Phonons w ith  q in  a m ir ro r  p la n e

a re  p o la r iz e d  e i t h e r  p e rp e n d ic u la r  to  t h i s  p la n e  (ra = - )  o r  in  th e

p lan e  (T = + ) , The phonons b e lo n g in g  to  th e  + b ran ch es a re  n o t p u re ly

lo n g itu d in a l  o r  t r a n s v e r s e ,  and a and b in  t a b le  2 .3  a re  fu n c tio n s  o f

C a lc u la tio n  o f  th e  d is p e r s io n  r e l a t i o n  along  th e  d i r e c t io n s  A,A and

Z from th e  dynam ical m a tr ix  d e f in e d  in  ta b le s  2 .1  and 2 .2 .y ie ld s  th e  r e 
s u l t  shown in  f ig u r e  2 .2 .

tv(rHz)

.8  1.0

Figure 2 .2 .

Phoncn d isp ers io n  r e la tio n  \>(q) in  n io k e l along symmetry d ir e c tio n s  ,

c a lc u la te d  by means o f  the 'in tera tom ic fo rce  co n sta n ts  determ ined by
Birgeneau e t  a l .  \ 2 \".

2 .4 . E le c tro n s

N ex t, we c o n s id e r  th e  i t i n e r a n t  e le c t ro n s  in  th e  c r y s t a l  l a t t i c e  12 4 1,

which a re  in  t h i s  case th e  e le c t ro n s  th a t  o r ig in a te  from  th e  atom ic 3d,
4s and 4p s t a t e s .  I f  th e  s p in - o r b i t  c o u p lin g  i s  n e g le c te d ,  th e  t o t a l
H am ilton ian  H f o r  th e  e le c t r o n  system  rea d s

r  2
Si
ïm +V<Ii> y —

i? i- l i i i i «
H + Ho c (2 .2 7 )

where m  ̂ i s  th e  e le c t ro n  m ass, p . and r .  a r e  th e  momentum o p e ra to r  and

th e  p o s i t io n  v e c to r  o f  th e  i - t h  e l e c t r o n .  The f i r s t  te rm  H c o n s is ts
o

o f th e  k in e t i c  energy  o f  th e  e le c t r o n s  and th e  p e r io d ic  l a t t i c e  p o t e n t i a l

V ( r .)  due to  th e  ion  c o re s ,  th e  second te rm  B r e p r e s e n ts  th e  energy  r e 
s u l t in g  from  th e  Coulomb in te r a c t io n  betw een th e  e l e c t r o n s .  By means o f

th e  H artree -F o ck  ap p ro x im atio n  one may o b ta in  th e  fo llo w in g  e ig e n v a lu e
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equation for the energy of the one-electron states:

H.'i.x 1 Vi- (2.28)

According to Bloch's theorem, the functions are of the form

i exp (ik . r) Uj k (r) u^, (2.29)

where j, k and a denote the band index, wave vector ) and spin direcr
tion, respectively, u is the spin function of the electron (ct = +_ i,
which will be indicated by + or +) , and u..(r) has the same periodicity
as the lattice:

ujk(r) ■

In the ferromagnetic phase the energy eigenvalues E(jkt) and E(jk-V) are
different; in general the energies may be obtained by solving a matrix
equation similar to (2.25). For each spin direction there are six bands
of interest: five 3d bands and one 4s-4p band, and quite a number of
computations on these bands has been published 145—511. In the band
structure calculated by Zornberg |48| the effect of spin-orbit coup
ling has been taken into account.

In connection with the selection rules for interaction between the
electrons and the collective excitations it is of interest to esta
blish the symmetry properties of the functions u.k (r)u^, in particular
for the 3d bands. The one-electron Hamiltonian in (2.28) is invariant
under the operations of the magnetic space group, and therefore the func
tions u., (r)u must transform as the irreducible representations of
m  jk —  a
ü(k). The labelling of the electron states may be performed in threeo —
steps. First, we determine the functions Ujk (r) that transform as the
irreducible, single-valued representations rj} of (k) (a). In the next
step the spin-orbit coupling is introduced and the direct-product re
presentations r“ ®  Dj are decomposed into double-valued representations (b).

) According to common practice, the wave vector of the electron will
be denoted by k. This should not cause confusion with the wave vector
óf the scattered neutrons, to be introduced in chapter III.
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Finally the lower symmetry of the ferromagnetic state is taken into
account by subducing the representations onto the proper magnetic point
group (c>.

^a2_Parama^netic_ghasej_without_sgin-orbit_c°u£ling^

In the tight-binding approximation, the 5-dimensional representation
r for the 3d bands is based on the functions

f (r)xy , f (r)yz , f(r)zx , f(r)(y2-z2) , f (r)3~* (3x2-r2).

These functions are linear combinations of the spherical harmonics Ym
(m = 0,+),+2) which describe the angular dependence of the wave func
tions for the 3d electrons in an isolated atom. From the transformation
properties of the basis functions under the operations R of G (k) and

o —
subsequent reduction by means of (2.5) and (2.6) one obtains the follow
ing decomposition along the symmetry directions &,A and Z.

k - (5,0,0) rs Aj ©  A2 ©  A^ ®  A5 (table A. 11)

k - (5,5,5) rs ■ A ®  2A (table A. 13)
k » (0,5,5) rs - 2ïi ®  *2 *  *3 ®  Z4 (table A. 7)

The bands Ag and A are doubly degenerate, but become four-fold degene
rate if the two possible spin states are taken into account. Also for
the other, nondegenerate, bands a doubling of the degeneracy has to be
introduced. To construct wave functions with the correct transformation
properties, linear combinations of the basis functions must be chosen.
The proper combinations listed in the first column of table 2.4 were
taken from the tables given by Cornwell |24|. Figure 2.3 shows the elec
tronic band structure in the paramagnetic state |48|, for which case the
decomposition scheme (2.30) holds.

Ib2_E®E“ ?iïÊ 2® £i£_E Ï!§s£a_sE in-orb it_cou2ling_included .

As has been mentioned earlier, the removal of band degeneracies by spin-
orbit coupling is related to the reduction of r®® D, according to (2.16)
and (2.17). The traces of the matrices Dj(R) for the operations of the
point groups C^, and C_ are given in table A.2, while the characters
of the double-valued representations are listed in the lower part of the
tables A.11, A.13 and A.7. For simplicity the operations R have been omitted
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Electronic band structure for the 3d and 4s-4p bands along A ,  I  and
A fo r  paramagnetic n ickel \48\ i f  sp in-orbit coupling is  neglected.
In accordance with the selection  rule (2.13) the 4s-4p branch hy
brid ises only with the  A j ,  2^ and A ^  branches o f  the 3d bands.

(b) spin

Figure 2.4.

Schematic e lectronic band structure in  n ickel along \lOÓ\3 showing the
band s p li t t in g  permitted by symmetry i f  sp in-orbit coupling is  included.
(a) Paramagnetic phase3 GQ(kJ -  C character table A. 11.
(b) Ferromagnetic phase, M / /  j ] ,  -  C , character table A.S.

»  V  M O

For the corresponding t bands r and r should be exchanged.
The removal o f  accidental degeneracies at the crossing o f  branches with
the same representation has not been shown.
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from the tables, and when using the characters one should bear in mind
that x(R)= -x(R) f°r the double-valued representations. Application of
(2.17) yields the following decomposition scheme

A, ® “ V A2 • Dj " V A2 ® Di = V 45 ® DJ ‘ A6 ® A7
Aj ® Dj - A6, A3 ® D, - A4 ® A5 ® Ag (2.31)
Z. ® Dj - Z5 (i - 1,2,3,4)

The splitting of the bands is shown schematically in table 2.4. By means
of criterion (2.18) it is found that A,, A,, A, and £„ belong to case0 / 6  5
(c), and A^ and A^ to case (b). Hence, the A^ and A_ bands "stick together"
as a result of time-reversal symmetry. The four-fold branches A^ and A
are split up into two double branches, whereas all other branches remain
doubly degenerate. Since the quantization axis for the electron spins may
be chosen arbitrarily, the matrices Dj(R) are not defined uniquely, and a
determination of the wave functions with the proper transformation pro
perties becomes quite complicated for the split Aj and A. bands, unless
the quantization axis is chosen in a sensible way (e.g. parallel to k).

Ic2_Ferrgmagnetic phase, spin-orbit coupling included.

Next we take into account the reduction of the symmetry in the ferro
magnetic state, which leads to a further splitting of the bands. As an
example the magnetization direction is chosen along [plT], i.e. per
pendicular to the wave vectors (c.0,0), (c,4 ,?) and (0,C,C). For these
k's the unitary elements in the magnetic point group M(k) are E and
IC2e’ i-e* Go (i> " V  is seen from the character table (table A.5)
that the group Cg has only one-dimensional irreducible representations,
which implies that all degeneracies are removed.

Subduction of the representations in (2.31) onto C gives:s
a6 -*• r3 © r4 a4 -+• r3 z5 r3 © r4

3 4 4a  ̂-*■ r © r A -*■ r (2.32)
3 4A, + r * r

Since the notation of Bouckaert et al. refers to a purely cubic crystal,
the irreducible representations in the ferromagnetic state will be in-| I
dicated by r , where 6 corresponds to the row in the relevant character
table.
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Table 2 .4 .

R epresen ta tions o f  th e  3d e le c tro n  bands

p a ra m a g n e tic a.) f e r r o m a g n e t ic ,  M// [ o 1T ]^ )

ua <2L> rs r D
g

rD(+) r D(+> ua <£>

3” * (3 x 2- r 2 ) A1 A6
r3 r4 3 "* (3 x 2- r 2 )

2 2
y -z A2 A7 r4 r3 2 2y - z

y z a ; A7 r3 r4 yz

xy
A6 r3 r4 2 ^x (y + z)

xz A5
A7 r4 r3 2- i x ( y -z )

3 (a^+ yz+ zx) A1 A6 r3 r4 y z ;  2 ^x(y+ z)

2 2x  -y

3- * (3 z 2- r 2) A3
Â4»A5̂

. A6

r 4

r3

r3

r4

2 2y  - z

3~^C3x2- r 2 )

2 (y z~ zx )

6 * (2 x y -y z -z x ) . A3
[ < V V

• A6

■r4

r3

r3

r4

2 x ( y -z )

y z ;2  ^x (y+ z)

3~ *(3x2- r 2) E1 E5 r3 r4 3- ^ (3 x 2- r 2)

yz E1 E5 r3 r 4 y z

2 ^ x (y -z ) E2 E5 r4 r3 2 ^ x (y -z )

2 x (y + z ) E3 E5 r3 r4 2 ^x(y+ z)

2 2
y  - z Ei E5 r4 r3 2 2y  - z

a

b

) See ta b le s  A. 11, A. 13 and A. 7. The e ig en fu n c tio n s  u (r) l i s t e d
in  the f i r s t  colurm transform  according to  r™.

) See ta b le  A. 5.
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The e ig e n fu n c tio n s  tra n s fo rm in g  ac co rd in g  to  r 3 and r 4 a re  e a s i l y

d e r iv e d  i f  one ta k e s  in to  accoun t th a t  th e  tra n s fo rm a tio n  p r o p e r t ie s
o f  th e  sp in  f u n c t io n s ,  w ith  th e  [ o i t j  d i r e c t io n  as q u a n t iz a t io n  a x i s ,
a re  d e f in e d  by (see  (2 .1 4 ))

Eu+ ‘  u+ * Eu+ "  u+ • IC2e u+ -  iu+ , IC2e u+ -  - iu+

r : x (y+ z)u+ , x (y -z )u + , yzu+ , (y2- z 2)u +, 3~*(3x2- r 2)u +

r4: x (y + z)u +> x ( y -z )u +, yzu+, (y2- z 2)u +, 3~*(3x2- r 2)u +

In  ta b le  2 .4  th e  f i n a l  s p l i t t i n g  o f  th e  bands i s  g iv e n . I t  shou ld  be
p o in te d  o u t th a t  th e re  i s  no r e l a t i o n  betw een th e  p o s i t io n  o f  th e  bands

in  th e  ta b le  and th e  e le c t r o n  e n e r g ie s .  F u rth e rm o re , th e  su g g e sted  one-

to -o n e  co rrespondence betw een wave fu n c tio n s  and bands may be m is le a d in g .
The wave fu n c tio n s  b e lo n g in g  t o ,  fo r  exam ple, a r3 band a re  l i n e a r  com

b in a t io n s  o f  th e  f iv e  3 d - l ik e  fu n c tio n s  in  (2 .3 3 )  and th o se  4 s ,4 p - l ik e

fu n c tio n s  th a t  tra n sfo rm  as r 3 . The fu n c tio n s  l i s t e d  in  th e  l a s t  column

o f  t a b le  2 .4  shou ld  be in te r p r e te d  as th e  dom inant te rm  in  th e  wave func

t io n  f o r  a c e r t a in  k ,  and in  t h i s  way th e  r e l a t i o n  betw een th e  bands r6
in  th e  fe rro m a g n e tic  phase and th e  bands r “ in  th e  p aram ag n e tic  phase may
be e s ta b l i s h e d .  An example o f  th e  e l e c t r o n i c  band s t r u c t u r e  in  b o th  phases
i s  shown in  f ig u re  2 .4 . fo r  th e  QooJ d i r e c t io n .

2 .5 . E le c t r o n -h o le  e x c i ta t io n s  and magnons

The th e o ry  o f  m agnetic  e x c i ta t io n s  in  a fe rro m a g n e tic  m e ta l i s  based  on

th e  e l e c t r o n i c  band s t r u c t u r e .  A t r a n s i t i o n  o f  an e le c t r o n  from  th e  s t a t e

I i - CT> t0  th e  s t a t e  i s  e q u iv a le n t to  th e  c r e a t io n  o f  an e l e c t r o n -
h o le  e x c i t a t io n  w ith  wave v e c to r  £  -  k ’- k ,  energy  *„)(£) -  E (j V o ') - E ( j k o )

and s p in  o ' - a .  When e le c t r o n - e le c t r o n  c o r r e la t io n s  a re  ta k en  in to  ac co u n t,

c o l l e c t iv e  e x c i ta t io n s  (magnons) may e x i s t ,  which a re  l i n e a r  com binations

o f  e le c t ro n -h o le  e x c i ta t io n s  w ith  s p in  ( o '- o )  -  1. T h e o re t ic a l  tr e a tm e n ts

o f  th e  m agnetic  e x c i ta t io n s  in  m e ta ls  have been g iven  b o th  fo r  s in g le -b a n d
| 5 2 -5 4 | and m u ltip le -b a n d  system s | 5 5 -5 8 | .

A co n v en ien t method to  d e s c r ib e  th e  m agnetic  e x c i ta t io n s  i s  th e  occupa

tion -num ber form alism . The e le c t r o n  t r a n s i t i o n s  a re  ex p re ssed  in  term s o f

th e  Ferm ion o p e ra to rs  and c . ^  , which c r e a te  and a n n ih i la te  an
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electron in state |jko>. The operators obey the anti-commutation rules
({A,B} =■ AB+BA )

{cjko,cj'k'a,} “ 4jj,6kk'fioo;

{cjka,cj ’k'a,J “ 0 (2.34)
_ + + - -
\ C •- «C# f«t I 1 " «jka* j k a*

A repeated application of ctk(j yields a zero result: |cjk(J|2 “ J{cjka»cjko*“0 »
and consequently the number of electrons in each state is 0 or 1.
Below, a short review of the theory for a single-band model will be presen
ted, which is actually based on a summary given by Walker 1591.

Expressed in Fermion operators, the Hamiltonian (2.27) for a single band
becomes

H - He(k)c^ c^ + 1 I I V ^ ’>ck+cL,ack ,-3-'a'ck'a,cka (2.35)
ka —  —  £/k kaa —  -1 —  -*■ —  —

e(k) is the energy of the Bloch eigenstate of H with wave vector k.
The matrix element <k+£'a ,k' o' |ffjk'a' ,ka>, which depends in fact on
the vectors k, k' and £ ' (cf.|54|), has been approximated by V(q').

In the ground state the majority of the electrons is supposed to be in
+ states. The spin raising operator S. (^) is defined by

Sk ^  " Ck+£+ck+ * (2.36)

and create an electron-hole excitation by inducing a transition from a
+ state to a t state. The energies of these Stoner excitations are de
rived from the equation of motion

It Sk ^  “ (2.37)

From the equations (2.34), (2.35), (2.36) and (2.37) one obtains the
+ +

following linearized equation for S.(^) , where n^ denotes c^c^:

i* ^  S^(a ) - {e(k)-e(k+£)}S^(q) +

IfV(a’)(va+a.+ - v a.+) ŝ a) +
(V\V|.v(a,)sk ,(a> *

(2.38)
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A fte r  th e  in t r o d u c t io n  o f  ren o rm a lize d  e n e rg ie s  E(ko)

E(ka) « e ( k ) -£ v ( £ ' )n
-  “  k + q a£ L  - - - -

(2 .3 8 ) may be w r i t t e n  as

I t  Sk (̂  “ ^ (k + ) -E (k + £ t)} S ^ (£ )  + ( \ +- V a + ) I y ( a ') S ^ + a , ( a ) ,  (2 .3 9 )

where S*(£) c o n ta in s  th e  f a c to r  e x p { iw (£ ) t) .

At t h i s  s ta g e  one may co n tin u e  in  two d i f f e r e n t  w ays. I f  th e  l a s t  te rm  in

th e  r ig h t-h a n d  s id e  o f  ( 2 .3 9 ) ,  which d e s c r ib e s  th e  i n t e r a c t io n  betw een

S to n e r e x c i t a t i o n s ,  may be n e g le c te d ,  th e  e x c i t a t io n  c re a te d  by S*(q) i s
s ta b le  and has th e  energy

•hi) (3 ) “  E (k+£+ ) -E (k+) • ( 2 .AO)

In c lu s io n  o f th e  i n t e r a c t io n  term  le a d s  to  a change in  energy  and a f i n i t e

l i f e t im e  o f th e  e x c i t a t io n s .  For a s p e c i f i c  £  th e  energy  (2 .4 0 )  i s  a  func
t io n  o f  k ; th e r e f o r e  th e  S to n e r  e x c i t a t io n s  occupy a continuum  in  (u ,£ )

sp a ce , th e  b o u n d a rie s  o f  w hich a re  de term in ed  by th e  shape o f  th e  + and

+ band ( c f .  f ig u r e  2 .5 ) .  Owing to  th e  i n t e r a c t io n  te rm , th e re  a re  s o lu t io n s

o f (2 .3 9 )  th a t  co rresp o n d  to  c o l l e c t iv e  e x c i t a t i o n s .  Changing from  in d iv id u a l
sp in  r a i s i n g  o p e ra to rs  Sfc(£) to  th e  o p e ra to r  J ^ S * ^ )  y ie ld s  th e  fo llo w in g
in te g r a l  e q u a tio n  f o r  th ¥  A, ' s  —

{E (k+£f )-E  (k+)-ft<i>(£) }Aĵ  -  J [ V( £ ’ ) ( \ _ a . r V £ - £ ’+) V j  • (2 .4 1 )

The e ig e n v a lu e s  -h[i)(£) a re  found from

nk + £f_nk+
1 + v (£) I  ------------------------------- --- 0 (2 .4 2 )

lc E (k+£+ ) “E (k+) - tiu  (£)

and i t  can be shown t h a t  th e re  e x i s t s  a magnon—l i k e  s o lu t io n  ■hti>(£) o f
(2 .4 2 ) which i s  q u a d ra t ic  f o r  sm all v a lu e s  o f  £

2 A
-ho)(£) -  Dq + 0 (q  ) . (2 .4 3 )

The c o n s ta n t D i s  r e l a t e d  to  th e  e l e c t r o n i c  band s t r u c t u r e  | 6 0 | .
F ig u re  2 .5  shows some r e s u l t s  o f  a c a lc u la t io n  on m agnetic  e x c i ta t io n s
in  n ic k e l  by Thompson and Myers | 6 1 | .
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Magnetic excitations in nickel along {l00\ \6l\.
(a) Continuum o f Stoner excitations and magnon dispersion relation

fo r  a single-band model.
(b) Magnon dispersion relation on enlarged scale (0.01 Ry corresponds

to v = 32.9 THz).
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CHAPTER III

THEORY OF THERMAL NEUTRON SCATTERING IN FERROMAGNETIC NICKEL

3.1. Introduction

In the present chapter the two dominant interactions between the neutron
and the scattering sample will be discussed. These are, first, the strong
interaction between the neutron and the atomic nuclei and, secondly, the
electromagnetic interaction between the magnetic moments of the neutron
and the electrons. In general there exists also an interaction between
the magnetic moments of the neutron and the nuclei, but this interaction
is negligible, certainly for nickel, because the three dominant stable
. „ 58 . 60 . . 62„. .isotopes Ni, Ni and Ni have a nuclear spin equal to zero (cf. table
3.1). There are actually still two other electromagnetic interactions,
viz. the interaction due to the movement of the neutron in the electro—
static field of the nuclei J 621 and the relativistic neutron-electron
interaction |63|, but these may be neglected in comparison with the two
main interactions mentioned above.

The theory of thermal neutron scattering has been extensively reviewed
in the literature |64—66|, and in this chapter only a brief summary will
be given of the theory relevant to a ferromagnetic metal. In section
3.2. the basic cross section formulae will be discussed. The derevation
of the elastic and inelastic cross sections is sketched in sections 3.3.
and 3.4, respectively. In the presentation of the inelastic scattering
theory we consider processes that involve one of the elementary excita
tions introduced in the previous chapter.

3.2. Nuclear and magnetic scattering

If the interaction between the neutron and the specimen can be described
by a potential V(r), the scattering cross section can be calculated as
follows. The state of the incident neutron will be defined by its wave
vector and its spin quantum number sq, the state of the scattered
neutron correspondingly by k and s. In the first Born approximation the
differential cross section for scattering into the solid-angle element
dft is given by |67|:
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dadn
r ®  i

kQ fe*2) ,<Aŝ 1V(i)|AoSo^o>l “

2. / m
—  I— — | <As | ƒd_r exp(iQ.£)V(£) | A s > (3.1)

where A and A denote the complete sets of quantum numbers that charac-o
terize the initial and final state of the scattering specimen,^ = k -k
is the neutron scattering vector and m the neutron mass. For a comparison
with experiment it is necessary to average (3.1) over all possible initial
states IA s >. each weighted according to its probability P(A )P(s ), andl o o  o o
to sum over all final states |As> that are allowed by the conservation law
for the total energy:

2
E(A)-E(A ) - % -  (k2-k2) - -hu.o zm on

Here E(A ) and E(A) denote the energy of the specimen before and after scat
tering and *<o the energy loss of the neutron. Energy conservation is taken
into account by including the following delta function, expressed in inte
gral representation, in the summation over the final states:

5 [E (A) -E (Aq)-*io] - ƒ dt exp[lt{E Â^ E -Aô - - <o}|.
•CO

In (3.1), V(r) should be regarded as an operator and is expressed in
Heisenberg representation V(r,t) according to the definition

0(£,t) • exp (-̂ g—) 0 (r) exp (-^~) >

where H is the Hamiltonian of the scattering system and 0(r) any operator
acting on the system. After substitution in (3.1) one obtains the following
expression for the double differential cross section

d2g _ k
dfidE " ko

2 +00

2ÏÜ I dt exp(-iwt) X

</dr/ dr'exp(-i2.£)V*(r,0)V(£jt)exp(i£.r')>T , (3.2)

where E denotes the energy of the scattered neutron. The integrations are
over the volume of the specimen and <...>_ stands for ^P(^0)P(S0)<A0S0 I•■•|A0S0
Before the latter summation can be performed, the properties of the
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s c a t t e r in g  system  and th e  e x p l i c i t  form o f V (r) m ust be s p e c i f ie d .

To t r e a t  th e  n u c le a r  s c a t t e r in g  by a l a t t i c e  o f  ïï n u c le i  w ith  s p in  zero

a t  p o s i t io n s  R^, th e  i n t e r a c t io n  p o te n t i a l  Vn ( r )  i s  u s u a l ly  approxim ated
by th e  Fermi p s e u d o -p o te n tia l

V < r * z >  • < 3 .3 )

where th e  s h o r t- ra n g e  p o t e n t i a l  o f  th e  n u c leu s  i s  d e s c r ib e d  by a d e l t a

fu n c tio n . The s c a t t e r in g  le n g th  b ^ , as d e f in e d  in  ( 3 .3 ) ,  may be complex

and has d i f f e r e n t  v a lu e s  fo r  th e  v a r io u s  is o to p e s  o f  a p a r t i c u l a r  elem ent

( c f .  ta b le  3 .1 ) .  The im ag inary  p a r t  o f  b -  i s  o n ly  im p o rta n t fo r  n u c le i

w ith  a la rg e  a b s o rp tio n  c ro ss  s e c t io n ,  and may be n e g le c te d  f o r  th e  Ni

is o to p e s .  A fte r  s u b s t i t u t i o n  o f  (3 .3 )  in to  (3 .2 )  and in te g r a t io n  o v er £

and £* one o b ta in s  f o r  th e  s c a t t e r in g  c ro ss  s e c t io n
2

d a  v i +”
------ ~ v T S  I  <»t e x p (- iio t)  x

<11
' l l '

b * b j , e x p i - i ^ . ( 0 ) } e x p { i£ .R _ i( t ) } (3 .4 )

Table 3 .1 .

Nuclear s c a tte r in g  leng ths o f  n ic k e l  iso to p e s  1711 )

Iso to p e b ( 1 0 " ,2 cm) abundance (%) sp in

58Ni 1.47 67 .8 0

60Ni 0 .2 8 26 .2 0

61Ni 1.2 3 /2

62Ni -0 .8 5 3 .7 0

64Ni 1.1 0

) For n a tu ra l n ic k e l  one has:
<b> -  1.03X10-12  cm
. 2 —24 2<b> -  1.06x10 cm

<b2>“ 1 .4 3 x l0 '24 cm2



The calculation of the magnetic scattering proceeds in a similar way,
by substituting for the magnetic interaction potential V̂ (j:) the energy
of the magnetic moment £ of the neutron in the magnetic field H generated
by the electrons. For a single electron with spin £  and velocity v the
field H(r) at a distance £  from the electron position is equal to 1661

foxr.
I 13 cIjlI )

H(r) « - 2p curl** D
vxre ---

where p_ is the Bohr magneton, -e the electron charge and c the light
velocity. The magnetic moment of the neutron may be expressed in units
of the nuclear magneton iu. by

jj - 2yUjj £ » Y * -1.913.
Hence the magnetic interaction potential becomes

V l >  “ 2 ^
ax r . s.vxr-.

2pg s.curl Ï e. Ir 13 ' kl3J
where the first term in the right-hand side represents the dipole-dipole
interaction between the spins s and o, and the second term the interaction
between s and the orbital magnetic moment of the electron.

In the description of the scattering by the 3d electrons in nickel the last
term in (3.5) may be neglected in first approximation, because the net
magnetic moment is for 91% due to the electron spins |68|. To account for
the itinerant character of the unpaired electrons the spin-density dis
tribution 5(r) is introduced by means of the Fermion operators (cf.
(2.34)) and electron eigenfunctions (2.29)

" kk'j^ao'^ a,<“ Cj,- a' (3-6)
Without going through the complete derivation, which can be found in text
books |65,66|, we give the final result obtained from the general expression
(3.2) for the magnetic scattering cross section for unpolarized neutrons

111 m  —  _!—  f dt exp(-iiut) TT (6 Q-eaê ) *
dSdE k l ~ 2  27* J K „o 06

e
</dl/d£ ,sa^I»0^exp -̂iS*£(0^ exp^iS ,i' (t)}SB(r',t)>T (3.7)



35

Here e Q/|Q| is the unit scattering vector, and a and 6 denote the
Cartesian coordinate directions. Since the spin density distribution
in nickel is concentrated in the vicinity of the lattice sites |69,70|,
one may assign an effective spin ^  to the atom at position R and in-'
troduce a magnetic form factor F^(£)

h  "  I *12.™ (3.8a)

1 ^ ( 2 )  - ƒ dr 5(r) exp{-i£. (r-R^)} (3.8b)

The integrations in (3.8) are over the primitive unit cell, which con
tains only one atom.-Substitution in (3.7) yields

.2
d am k f e2l2 1 +"
dÖdË “ k [“ 2 2 ^  ! dt exp(-iü)t)[[(6 -eaeS) *

o mec 1 dB

^ sj(°)expt-i2.Rz(0)}exp{i£.Rz, (t)}S®, (t)>T (3.9)

(3.4) and (3.9) are the basic expressions from which the nuclear and
magnetic scattering cross sections will be derived below. Some charac
teristic differences between these two formulae may be noted:

(a) The appearance of the form factor F ^ )  in (3.9), which is related to
the fact that the dimension of the spin density cloud around R is of
the same order of magnitude as the neutron wave length. On the other
hand, the dimension of the nucleus is much smaller than the neutron
wave length. Consequently the magnetic scattering is a decreasing func
tion of \2\, whereas the nuclear scattering is independent of the scat
tering vector.

(b) Nuclear scattering depends on the correlation between the positions
R^O) and Rz ,(t), whereas magnetic scattering is related to fourfold
correlations between spin components and position vectors. In the latter
case the spin-spin and position-position correlations may be separated
provided there is no spin-lattice interaction.

(c) Magnetic scattering depends on the relative orientation of the electron
spins (i.e. the magnetization direction) and the scattering vector,
which provides a means to distinguish experimentally between magnetic
and nuclear scattering.
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3.3. Elastic scattering

For the calculation of the elastic and inelastic nuclear cross section
equation (3.4) serves as starting point. The position vector R^(t) is
decomposed as in (2.19), where the displacement u^(t) is given by (2.21).
Since there is no correlation between the isotopes and the lattice sites
the factor <...>^, in (3.4) may be written as

TT <bjbj,>exp{i£. (Z'-i)}<exp{-i£.Uj(0)}exp{i(£.U2, (t)J>T (3.10)

Further simplification is possible by applying the following identities

(a) <exp(A)> ■ exp{J<A >} (see ref. |72|)
(b) <exp(A)exp(B)> * exp{J(AB-BA)}<exp(A+B)> (see ref. | 731)

(a) holds if the operator A is a linear combination of the Bose operators
a and a+ , while (b) holds if [A,b] = AB-BA is a number. Both conditions are
fulfilled for the operators A * -i^.ji-(O) and B ■ i(£.Uj,(t) ), and com
bination of (a) and (b) yields

2 2<exp(A)exp(B)> = exp($<A +B +2AB>)

Hence the correlation function in (3.10) becomes

<exp{-iQ.u^(0)}exp{i£.u^,(t)}>T =

exp{-2W(£))exp[<{^.u^(0)}{£.u^, (t)}>^] . (3.11)

The factor exp{-2W((J)} is the Debye-Waller factor, where W((J) is defined
as

w(<y -
Next, (3.11) and (3.10) are substituted in (3.4), which yields

2do . . +"
---— m —  — !_ ƒ dt exp(-iu)t)exp{-2W(Q)} x
dOdE k 2irf> 'o —®

<b*b^f>exp{i£. (V-I) }exp [<{£.Uj(0) H ^ U j ,  (t) }>T] (3.12)

) According to (3.26) u^(t) is a linear function of the Bose operators
a.(£)and a.(«j), and [a .b} may be expressed in the commutators (3.24).
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The last exponential function in (3.12) may be expanded in a power series,
in which the successive terms correspond to the partial cross sections for
zero-phonon, one-phonon,... scattering. Thus the elastic nuclear scattering
cross section is given by

rda \ Cl
“ exP{“2w(£)}[It<b*bzl>exp{i£. (.I'-l)}. (3.13)

Neglecting the imaginary part of the scattering lengths, one may rewrite
<b^b^»> as

<l)Zb7,> " <b> + (<1j2>-<b>2) , (3.14)

because the isotopes are distributed at random over the lattice.
The cross section (3.13) may accordingly be separated in a coherent and
an incoherent part:

el
= exp(-2W)<b>2Qexp(i£.Z)]

coh I
el

- exp(-2W)N(<b>-<b>2)
inc

2
(3.15)

(3.16)

The coherent scattering leads to Bragg reflections, which are due to the
interference between the waves scattered from different nuclei. In a
single crystal the partial waves are only in phase if £  is equal to a
reciprocal lattice vector jr. in which case (3.15) becomes

do 61 3a s r ]  . * H < ^  <b>2 exp(-2W)E6 (2-T.), (3.17)> >coh o T

where vq is the volume of the unit cell of the crystal. The incoherent scat
tering, on the other hand, is isotropic and is (for Ni) due to the random dis
tribution of the isotopes. For a general scatterer the disorder in nuclear spin
orientation gives rise to an additional contribution to the incoherent cross
section.

The elastic magnetic cross section may be derived in a similar way from the
time-independent part of the spin-spin correlation function in (3.9). If the
z-axis is taken as magnetization direction, the expectation values <S*> and
<SZ>T are zero* Furthermore, it will be assumed that there is no spin-lattice
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i n t e r a c t i o n ,  which im p lie s  t h a t  th e  s p in - s p in  c o r r e la t io n s  may be s e p a r

a te d  from th e  p o s i t io n - p o s i t io n  c o r r e la t io n s .  Hence th e  e l a s t i c  m agnetic

c ro ss  s e c t io n  becomes

-  f - ^ ] 2 ( l - ( e Z) 2}F2 (2)<SZ>? x
m ce

<11 e x p { - i£ .R ? }exp{ i£ .R ^ , }>T ,
IV

(3 .1 8 )

as a l l  atoms have th e  same e f f e c t iv e  s p in  and form  f a c to r .  The p o s i t io n -

p o s i t io n  c o r r e la t io n  fu n c tio n  in  (3 .1 8 )  may be r e w r i t te n  as fo llo w s

< . . .>  -  exp(-2W )££ ex p { i£ . -  N 1 exp(-2W)][6 (Q -t)
T IV ~  vo . . t

and th e  f i n a l  e x p re s s io n  f o r  th e  s c a t t e r in g  c ro ss  s e c t io n  fo r  u n p o la riz e d

n e u tro n s  becomes

,  e l
,  ( 2 t i)

m cv e

{ l - ( e .m ) 2 )F2 (2)<Sz>2 exp(-2W) \  6 (3 - 1) ,  (3 .1 9 )
T_

where e has been  w r i t t e n  as £ .m , in b e in g  th e  u n i t  v e c to r  in  th e  d i r e c t io n

o f  th e  m a g n e tiz a tio n .

Hence th e  c o h e re n t Bragg r e f l e c t i o n  co rre sp o n d in g  to  a p a r t i c u l a r  x_ i s  th e

sum o f  a m agnetic  and a n u c le a r  c o n t r ib u t io n  in  th e  r a t i o

2i 2
{ l - ( e .m ) 2}F2 (£)<SZ>2 /  <b>2 .

For th e  in te g r a te d  c ro ss  s e c t io n  fo r  a p a r t i c u l a r  Bragg r e f l e c t i o n  one

o b ta in s  from  (3 .1 7 ) and (3 .1 9 )

a -  N<b> exp(-2W );n ,co h

am •m c
{ l- ( e .m ) 2}F2 (£)<Sz>2 exp(-2W ).

(3 .20 )

(3 .2 1 )

Some v a lu e s  f o r  a and a , f o r  n ic k e l  a re  l i s t e d  in  ta b le  3 .2 . Form n , coh
th e  ta b u la te d  r e f l e c t i o n s  a amounts to  a t  most 1% o f a , and d ec reasesm n , coh
ra p id ly  as f u n c tio n  o f  Q. The e l a s t i c  m agnetic  s c a t t e r in g  i s  su p p ressed  com
p le t e l y  i f  th e  sp in s  a re  o r ie n te d  along  th e  s c a t t e r in g  v e c to r  (£.m = 1) .
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For a multidomain crystal with randomly oriented domains one should
use <(e.m) > = 1/3. Furthermore, it may be seen from table 3.2 that the
Debye-Waller factor exp(-2W) leads to a reduction of the scattering cross
sections for increasing scattering vector.

The observed incoherent scattering depends on the experimental set-up.
If the detector surface, as seen from the specimen position, spans a
solid angle ft, the incoherent scattering into this angle is proportional

2 2 ,to ft according to (3.16) with <b >-<b> - 0.37 barn for natural Ni (cf.
-24 2table 3.1, 1 barn =1 0  cm ).

Table 3.2.

Elastic scattering cross sections for natural Ni.

a F(a)a) exp(-2W)k) 27 2nCva (10 cm ) )m
f.n-27 2.d.o (10 cm ) '. n

(1,1,0 3.088 0.793(9) 0.952 9.58 + 0.22 1010 + 19
(2,0,0) 3.566 0.703(8) 0.936 7.41 + 0.17 994 + 19
(2,2,0) 5.043 0.447(5) 0.877 2.80 + 0.06 930 + 18
(4,0,0) 7.132 0.157(3) 0.769 0.31 + 0.01 816 + 15

) ref. 1701, uncertainties are given in parentheses in units of the
last decimal.

k) calculated for T = 295 K and a Debye temperature 0_ = 385 K |2 |;
-20 2 -I. u2W = 51.62 x 10 Q (Q in cm ).

C) (3.21) with N = 1, <SZ> - 0.287 |74|, (l-(e.m)2} = 2/3.
d) (3.20) with N = 1, <b> =(1.03+0.01) x 10"12 cm |71|.

3,4. Inelastic scattering

Inelastic neutron scattering may be described in terms of creation or
annihilation of elementary excitations in the scattering system, pro
cesses in which transfer of energy, momentum and angular momentum takes
place between the neutron and the scatterer. The cross sections may ac
cordingly be expressed in terms of expectation values for products of
creation and annihilation operators, which will be discussed in section
3.4.1 for the phonons. A short description of the creation operators for
Stoner excitations and magnons has been given in section 2.5.
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The c ro ss  s e c t io n s  f o r  energy  g a in  and energy lo s s  s c a t t e r in g  a re  r e l a te d

to  each o th e r  by th e  s o - c a l le d  d e ta i le d - b a la n c e  c o n d it io n .  I t  can be shown

th a t  th e  energy  t r a n s f e r  4ui) betw een a n e u tro n  and a s c a t t e r in g  sample a t

te m p era tu re  T i s  governed by

.2
f— )IdndEj k+k

k Afiiu

7  ” ’ 6 ? H

.2d a  \
dfidEj k-*k

—  — o
(3 .2 2 )

i f  th e  fo llo w in g  c o n d itio n s  a re  f u l f i l l e d :

(a ) The s c a t t e r in g  system  i s  in  th e rm a l e q u i l ib r iu m , w hich im p lie s  t h a t

th e  p r o b a b i l i ty  o f  th e  i n i t i a l  s t a t e  |i>  =* |A ^s^k > i s  p ro p o r t io n a l

to  e x p (-E . /k „ T ) , w here k i s  B o ltzm ann 's  c o n s ta n t . ,
l  B B

(b) The s c a t t e r in g  p ro c e ss  i s  r e v e r s i b l e ,  i . e .  th e  m a tr ix  elem ent in  (3 .1 )

h as  th e  p ro p e r ty  < f |V ( r ) | i>  ■ < i |v ( r ) | f > ,  w here |f>  i s  th e  f i n a l  s t a t e

IAsk>.

3 .4 .1 .  One-phonon s c a t t e r in g

F or a  p ro p e r  d e s c r ip t io n  o f  th e  s c a t t e r in g  o f  n eu tro n s  by l a t t i c e  v ib r a 
t io n s  one has to  use  a quantum -m echanical approach | 6 6 | . In  th e  o cc u p a tio n

number r e p r e s e n ta t io n  th e  e ig e n s ta te s  o f  th e  v ib r a t in g  l a t t i c e  a re  d e f in e d

by 3N numbers n^ (c[) which den o te  th e  number o f  phonons in  th e  norm al modes

(j  , ^ ) , The e f f e c t  o f th e  phonon c r e a t io n  and a n n ih i la t io n  o p e ra to rs  a^ (g)

and a . ( ^ )  on th e  e ig e n s t a te  | . . . ,n ^ ( £ ) , . . . >  i s  d e f in e d  by

a t (£) | ( « [ ) . . .> ” (n j  (^ )+ 1 k  I . .  .Uj ( c [ )+ l . . .>

aj (£) I • • • nj (3,) • ♦ • {Bj(£)} | . . . n j  ( £ ) - ! . . .>

The o p e ra to rs  s a t i s f y  th e  com m utation r u le s  ( |A ,B | ■ AB-BA)

Eaj (3.) , a t » (£' )1 “ 0

[aj (£) , aj , ( £ ' ) ]  -  0

D » j(a ) .» t , (£ ' ) ]  -  5j j » fiqq'

I t  fo llo w s  from  (3 .2 3 ) t h a t  th e  o p e ra to r  p ro d u c t a t ( £ ) a j ( £ )  i s  th e  phonon

number o p e ra to r  w ith  e ig e n v a lu e  n . (cj) •

(3 .2 3 )

(3 .24 )
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At tem perature T the ex p ec ta tio n  va lu e of n . ( g ) i s

[exp {-fidij (£) /k^T} - 1] * .<n. (£): (3.25)

Furthermore i t  can be shown th a t the Ham iltonian fo r  the v ib r a tin g  la t t i c e

becomes
H = (£ ){ a t (£ )a .  (£) + J}

is. 3 3 3
w ith  corresponding energy eigen va lu es

E = ( £ ) { n . (£) + J}.
j £  J 3

Thus a change in  th e energy o f  th e c r y s ta l  may be d escrib ed  as a crea tio n
or a n n ih ila t io n  o f a d is c r e te  number o f  phonons.

In terms o f  crea tio n  and a n n ih ila t io n  o p era to rs, th e displacem ent
ra tor  u ^(t) in  a Bravais l a t t i c e  can be w r itte n  as | 6 6 |

ul ( t)
i i 3

■fi

2NMuij (£)
è

} X

ope-

[Vtj (£ )e x p { i£ . _Z-iw. ( £ ) t )  + at(£)exp{-i£._Z+iW j (£> t}J , (3 .2 6 )

which i s  the quantum-mechanical analogue o f  ( 2 .2 1 ) .  The one-phonon cross
s e c t io n  may be derived  from the second term in  the s e r ie s  expansion o f

( 3 .1 2 ) ,  which con ta ins the c o r r e la t io n  fu n ction

<{2.uz(0 )}{ £ .u z ,( t ) } > T (3.27)

S u b stitu tio n  o f  (3 .2 6 ) in  (3 .2 7 ) y ie ld s  the exp ression

p < l \£ j ( a > }2 2NMm.'(£) B nj (S.) + 1>T •* P H £ .( Ï -Z , )}«xp{i»j (£ ) t}  +

<n. (£)>Te x p { - i£ . ( l-Z ')} e x p { - i id . ( £ ) t f ]  (3 .2 8 )

where we have used

<aj ( l ) a j l ( £ , )>T -  < a * (£ )a t ,(£ ')> T -  0

f <®j ( £ ) a t , (£ , ) >x -  5j j . f i . <nj ( a )  + 1>T

< a t(£ )a j t (£*)>T -  aj j ' flq £ ,<n j (£ )> T

(3 .2 9 )
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A gain, th e  average <b^b^,> may be s e p a ra te d  in to  a co h e ren t and an

in c o h e re n t p a r t  ( c f .  ( 3 .1 4 ) ) ,  which r e s u l t s  in  a co rresp o n d in g  sepa

r a t i o n  o f  th e  i n e l a s t i c  cross- s e c t io n .  The f i n a l  e x p re ss io n  f o r  th e

co h e ren t one-phonon c ro ss  s e c t io n  may now be d e r iv e d  from ( 3 .1 2 ) ,

(3 .2 7 ) and (3 .2 8 ) :

The c ro ss  s e c t io n  c o n s is ts  o f  two te rm s; th e  f i r s t  one r e p re s e n ts  th e
c r e a t io n  p r o c e s s e s ,  th e  second one th e  a n n ih i la t io n  p ro c e s s e s . Both

term s c o n ta in  two d e l t a  fu n c tio n s  which en su re  th a t  energy and momen

tum a re  co n serv ed . T his im p lie s  th a t  an in c id e n t  n e u tro n  w ith  wave

v e c to r  k can be s c a t t e r e d  in to  th e  s o l id  an g le  elem ent dfi by on ly  a—o
few phonons w ith  th e  p ro p e r  and w .(cj). Owing to  th e se  r e s t r i c t i o n s

i t  i s  p o s s ib le  to  d e te rm in e  th e  phonon d is p e rs io n  r e l a t i o n  by means

o f  n e u tro n  s c a t t e r in g .

The m agnetic  i n t e r a c t io n  g iv e s  r i s e  to  an e x t r a  c o n t r ib u t io n  to  the

i n e l a s t i c  phonon s c a t t e r i n g ,  which i s  u s u a l ly  c a l le d  m a g n e to v ib ra tio n 

a l  s c a t t e r in g .  Assuming th a t  th e  e f f e c t iv e  sp in s  a re  o r ie n te d  along

th e  u n i t  v e c to r  m and rem ain  unchanged d u rin g  th e  s c a t t e r in g  p ro c e s s ,

one may s im p lify  (3 .9 ) :

{ l - ( e .m ) 2}<SZ>^F2 (£ )< e x p { -i2 .R z (0 )} ex p { i2 .R z , ( t ) } > T .

O bviously  th e  m a g n e to v ib ra tio n a l s c a t t e r in g  i s  determ ined  by th e  same

sp a ce -tim e  c o r r e la t io n  fu n c tio n  th a t  appears in  e x p re ss io n  (3 .4 )  fo r

th e  n u c le a r  s c a t t e r i n g ,  and th e r e f o r e  th e  m agnetic  p a r t  o f th e  one-

phonon c ro ss  s e c t io n  becomes

ƒ d t  exp(-iw t)exp{-2W (2)}dfidE

<b >2n  exp{iQ . ( Z ' - Z ) } < { 0 , U 7 ( 0 ) H Q . u7 , ( t)} >  =11 I — — “”4' "“4' 11. 1 '

21O O J£T 3 W

C<nj (S )  + ' {'hoj“fuOj (<j) } 6 (2- 3,- i )  +

<n. (£ )>^5 {hu+Ruj (£) }6(2*2,~ t )1  • (3 .30 )

)<11(F j (£ )F j , (Q)s “ (0 )e x p { - i^ . Rj ( ° ) ) e x p { i2 - R j , ( t ) }s j , ( t )
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(d2a Y__m
dfidE

'
r* 7 T-T- ƒ dt exp(-iü)t)exp{-2W (Q )}
K  Z 7 T T I  —O

2> 2

m ce
<SZ>Jf2(£) x

( l - ( e .m ) 2}££ exp{i<£. ( V ~ l ) }  < { £ . u ^ ( 0 ) ( t ) } > T- (3 .3 1 )

I f  the in c id e n t neutrons are u np olarized  th ere i s  no in te r fe r e n c e  between
n uclear and m agnetic s c a tte r in g  and the cross  se c t io n s  (3 .3 0 )  and (3 .3 1 )
may be added to  f in d  the t o t a l  one-phonon cross  s e c t io n . The r a t io  between
the two co n tr ib u tio n s i s  the same as in  the e l a s t i c  cross  s e c t io n .

The incoh eren t one-phonon cross s e c t io n  does n ot con ta in  a m agnetic p a r t.
From (3 .1 2 ) and (3 .1 4 )  one may d erive

f .2 1+1d a  —n
dOdE_ . (<b >-<b> ) £  2 ^  exp{-2W(g) }££ -----—*--------

o j q  w . (q )

C<n.(cL)+l>T6{w-u>j(a)} ♦ <nj (£ )> T6{(o+Wj (^ ))3  • (3 .3 2 )

In co n tra st to the coherent cross  s e c t io n  ( 3 .3 0 ) ,  (3 .3 2 )  does not con
ta in  d e lta  fu n ctio n s  a sso c ia te d  w ith  momentum co n serv a tio n . Therefore a l l
normal modes con tr ib u te  to the sc a tte r in g  in to  the elem ent dft, and the
energy spectrum o f the sc a tte r e d  neutrons i s  r e la te d  to  the phonon fr e 
quency d is tr ib u t io n

g(«> " I I 6 { u- id.(3L)> •
is. J

3 .4 .2 .  I n e la s t ic  m agnetic s c a tte r in g

The cross s e c t io n  fo r  s c a tte r in g  by e le c tr o n -h o le  e x c ita t io n s  and mag-
nons may be d erived  from (3 .6 )  and ( 3 .7 ) .  As a f i r s t  approximation the
coupling between the e le c tr o n  sp in  system  and th e l a t t i c e  i s  n e g le c te d ,
and the z -a x is  i s  chosen as m agnetization  d ir e c t io n . A fter  in tro d u ctio n
o f th e  Fourier transform  S(q) o f  the sp in  d en sity  d is tr ib u t io n  (3 .6 )

5(cj) ” ƒ dr_ e x p ( - i£ .r ) S (r )  ,

(3 .7 )  may be w r itte n  more co n c ise ly
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.2d O ,__m  k
dfldE “ ko vm

IS--12\ 2

c
ƒ dt exp(-iut>n (6 -e“eB)<S°(<£,0)SB (-£,t)> . (3.33)2irfi aB aB

For an electron system where the z—component of the total spin is a con
stant of motion, only the correlation functions <SZSZ>_, <S S >^ and
<S S >_ are different from zero, S and S being defined by

+
S- SX ♦ iSy .

The summation over a and B in (3.33) yields

ll<« -a®.*)<$“ (2,0) S®(~a.t)>T “ (l-(e.m)2 }<5Z (2,0)SZ (-2,t)>T +
aB

j {l+(e.m)2}<S+ (^,0)s"(-^,t) + S"(2,0)S+ (-a,t)>,,. (3.34)

Hence the cross section consists of two contributions; scattering without
spin flip is related to <SZSZ>r, whereas spin-flip scattering is determined

”  + —
by the second correlation function, which can be separated in <S S > and
<S~S*> . In contrast to the theory for neutron-phonon scattering,
the inelastic magnetic cross section is usually not calculated directly by
means of the Fermion creation and annihilation operators, but is derived
from the imaginary part of the dynamic spin susceptibility x (<}.*<») 1531 , de

fined by
°0

Xa6(2,ai) - (gVB)2 £  ƒ dt exp(iüit)<[50,(£,t),SB (-2,O)]>T ,
00

where g is the gyromagnetic ratio of the electron. It can be shown that
the cross section for spin-flip scattering is proportional to the imaginary

part of X+ (£»«>) 16 6 1:

d2o__m
dfldE

2i2

o '■m ce

F 2 (£) I  (l+(e.m)2 }— — 2
(g**B>

i 1-exp W O )  * I»X+"(2.-o>)}. (3.35)

The scattering cross section of Stoner excitations may be calculated from

the susceptibility x (<£,ü>) of non-interacting electrons

C ^ * M> ’ (gWB)2 S I
nk+”nk+^+ (3.36)

k E (k+(J+ ) -E (k+ ) -Hüu+iO



45 -

Here k deno tes th e  e le c t r o n  wave v e c to r  and
th e  s t a t e  |ko>:

T E (ka)-E -

"k c  “ <nko T ■ r P V  J +1
-1

V th e  o cc u p a tio n  number of

(3 .3 7 )

where Ep i s  th e  Ferm i en e rg y . Making use o f  th e  r e l a t i o n

-------— T "  ~  “ iirS (x) > (3 .3 8 )
x + iO X

one o b ta in s  th e  fo llo w in g  e x p re s s io n  f o r  th e  s c a t t e r in g  c ro ss  s e c t io n

d2om
dfldE

1 k
4 k

2 2
1%) »S<SH>*<i-B>2> I

vm ce ofo k

6 {E (k+Qo')  -E (ko ) - * u ) . (3 .3 9 )

In  an e n e rg y -lo s s  o r  b n e rg y -g a in  p ro c e ss  d e s c r ib e d  by (3 .3 9 )  th e  e le c 

tro n  i s  t r a n s f e r r e d  from th e  s t a t e  |ko> to  th e  s t a t e  |k + £ o '> , th e  neu

tro n  sp in  f l i p s  and th e  n e u tro n  energy  and momentum change in  ac c o r

dance w ith  th e  c o n s e rv a tio n  law s. As shown by E l l i o t t  in  a c a lc u la t io n  on

iro n  17 5 1, th e  n eu tro n  s c a t t e r in g  c ro s s  s e c t io n  fo r  n o n - in te r a c t in g

e le c t ro n - h o le  e x c i ta t io n s  i s  weak. M oreover, th e  n e u tro n s  a re  s c a t t e r e d

over a w ide a n g u la r  range  w ith  a la rg e  sp rea d  in  en e rg y , which i s  con

n e c te d  w ith  th e  f a c t  th a t  th e  e x c i ta t io n s  occupy a continuum  in  ((J,m) —
space ( c f .  f ig u re  2 .5 ) .

For a  system  o f  i n te r a c t in g  e le c t ro n s  d e s c r ib e d  by th e  H am ilto n ia n (2 .3 5 )
th e  s u s c e p t i b i l i t y  i s  g iven  by

+- x0 (2»“ )
X ( £ , 11) -  -------— --------- , (3 .4 0 )

1-VX ( 2 .“ >

where th e  m a tr ix  elem ent V(<^') in  (2 .3 5 ) h as  been  re p la c e d  by a c o n s ta n t
V. From (3 .4 0 ) one o b ta in s

+_ 1®x (<£,w)
Imx (£ ,« > )-------- -- — - - - - - - - 5--------- —-- - - - -  > ( 3 . 41)

{l-VRexo ($,u>)} + (VImX* (£ ,a > ) r

where th e  r e a l  and im aginary  p a r t s  o f  x (<£t<“) a re  d e f in e d  by (3 .3 6 )  and

(3 .3 8 ) . S ince I mXQ (^»w) = 0 o u ts id e  th e  continuum  o f S to n er e x c i t a t i o n s ,



(3 .4 2 )

Imx (Q,w) may be re p la c e d  by a 6- f u n c t io n

ImX+"(2,oo) -  | 6{l-VReX* " (a ,w )} .

Hence th e  s c a t t e r in g  by c o l l e c t iv e  e le c t r o n  e x c i ta t io n s  le a d s  to  a w e l l -

d e f in e d  energy t r a n s f e r  -Rw, where ui s a t i s f i e s  th e  c o n d itio n

1-VRex^” (<£.“>) “ 0 ,  ’ . i  (3 .4 3 )

and i t  may be r e a d i ly  v e r i f i e d  t h a t  t h i s  v a lu e  o f  w i s  eq u a l to  th e  an g u la r

frequency  o f th e  magnon w ith  wave v e c to r  +ĝ  = £  -  jr , d e f in e d  in  (2 .4 2 ) .
From (3 .3 5 ) and (3 .4 2 ) one may f i n a l l y  d e r iv e  th e  fo llo w in g  e x p re s s io n  fo r

th e  neutron-m agnon c ro ss  s e c t io n  | 6 6 | :

.:2 +1r d a  ■»—1 m
dfldE

k
k

( 2tt) *
v

2-12

m ce
F2 (£) <S?>T

II L<n +' fltoHUs (3.)) <5 (S.-3~t) +
qx

<n(£)>T6{ftu+hu(£)}6(2+£-^)J , (3 .44 )

where th e  magnon d is p e r s io n  r e l a t i o n  01(3 ) i s  g iv en  by (2 .4 3 ) fo r  sm a ll q ,

and th e  o cc u p a tio n  number <n(3 )>_ i s  th e  same as f o r  phonons ( c f .  ( 3 .2 5 ) ) .

In  a system  o f  i n t e r a c t in g  e le c t r o n s  th e  s c a t t e r in g  by th e  S to n er e x c i ta t io n s

becomes v e ry  weak | 76»7 7 1. T h is i s  a  consequence o f  th e  sum r u le  ( c f .  r e f .

I 7 7 1, p . 876)

+O O  ^

ƒ doi Imx ((£>“ ) * -jk < n +>-<n+>}

which g iv e s  th e  r e l a t i o n  betw een th e  in t e g r a l  ov er Imx and th e  number o f
Bohr m agnetons p e r  atom . Hence th e  peak in  th e  s u s c e p t i b i l i t y  a t  m-111(3 )

due to  th e  magnons must be com pensated by a d e c re a se  in  th e  s u s c e p t i b i l 

i t y  o f  th e  S to n e r  e x c i t a t i o n s ,  which r e s u l t s  in  a d e c re a se  in  th e  s c a t 

t e r in g  by th e s e  modes.

B efo re  co n c lu d in g  th i s  s e c t io n ,  a few rem arks should  be added w ith  re g a rd
to  th e  c a lc u la t io n  o f  th e  c ro ss  s e c t io n s .  In  th e  d e r iv a t io n  o f  (3 .3 9 )  and

(3. 44) from th e  dynamic s u s c e p t i b i l i t y  th e  v ib r a t io n  o f th e  l a t t i c e  i s  n o t

ta k en  in to  account and th e r e f o r e  th e  D ebye-W aller f a c to r  does n o t appear

in  th e  c ro ss  s e c t io n  fo rm u lae . For a com parison o f  th e  r e l a t i v e  m agnitude

o f the  magnon and phonon c ro ss  s e c t io n s  one may use ( 3 .3 0 ) ,  (3 .3 1 )  and
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(3 .4 4 ) w ith  exp(-2W) = 1. As f a r  as th e  ([-dependent f a c to r s  a re  co n cern ed ,
o

th e  magnon c ro ss  s e c t io n  v a r ie s  as F ( £ ) ,  w hich i s  a r a p id ly  d e c re a s in g

fu n c tio n  o f  Q ( c f .  ta b le  3 .2 ) ,  w hereas th e  n u c le a r  p a r t  o f  th e  phonon c ro ss
• • 2

s e c t io n  (3 .3 0 ) in c re a s e s  as Q , and th e  m a g n e to v ib ra tio n a l p a r t  (3 .3 1 )
• 2 2v a r ie s  as Q F (Q ).

I t  may be r e a d i ly  v e r i f i e d  t h a t  th e  i n e l a s t i c  c ro s s  s e c t io n s  (3 .3 0 ) and

(3 .4 4 ) obey th e  d e ta i le d -b a la n c e  c o n d itio n  ( 3 .2 2 ) ,  because  th e  r a t i o  b e 
tween energy  lo s s  and energy  g a in  s c a t t e r in g  i s  de term in ed  by

<n (£ ) + l>T/< n(jl)> T “  exp(Ruj/kgT). The same r a t i o  i s  found f o r  th e  s c a t t e r 
in g  by S to n er modes when th e  Ferm ion o cc u p a tio n  numbers (3 .3 7 )  a re  sub
s t i t u t e d  in  (3 .3 9 ) .

In  th e  d e r iv a t io n  o f  th e  m agnetic  c ro ss  s e c t io n s  in  t h i s  c h a p te r  th e  con

t r ib u t i o n  due to  th e  o r b i t a l  m agnetic  moment o f  th e  e le c tro n s  has been

n e g le c te d . For th e  e l a s t i c  c ro ss  s e c t io n  th i s  c o n t r ib u t io n  i s  s m a ll ,  and

may be e s tim a te d  by means o f  th e  known v a lu e  o f  th e  m agneto-m echanical

r a t i o  | 6 8 ,7 0 | . F or th e  i n e l a s t i c  c ro ss  s e c t io n  o f th e  S to n e r modes th e

r a t i o  betw een s p in - s p in  and s p in - o r b i t  s c a t t e r in g  depends on th e  energy

and momentum t r a n s f e r .  C a lc u la tio n s  on p aram ag n e tic  n ic k e l  by Lovesey

and W indsor | 7 8 ,7 9 | show th a t  f o r  la rg e  energy  t r a n s f e r  (fiw>0.15 eV) th e

o r b i t a l  s u s c e p t i b i l i t y  ImxL (([,w) i s  com parable w ith  o r  even la r g e r  th an

Imxs (2,(o). However, in  th e  range  WeO .05 eV, w hich i s  o f i n t e r e s t  f o r

n eu tro n  s c a t t e r in g  ex p e r im e n ts , Imx i s  c o n s id e ra b ly  s m a lle r  th a n  Imx .

In  t h i s  energy range th e  s c a t t e r in g  by m agnons, which depends s o le ly

on Imxs , i s  dom inant in  com parison w ith  th e  s c a t t e r in g  by S to n e r  modes.
In  n a tu r a l  n ic k e l  th e  neutron-m agnon c ro ss  s e c t io n  i s  on th e  o th e r  hand

sm all in  com parison w ith  th e  neu tron-phonon  c ro ss  s e c t io n .

To g iv e  a com parison betw een th e  c ro ss  s e c t io n s  (3 .3 0 )  and ( 3 .4 4 ) ,  we

s h a l l  c a lc u la te  th e  s c a t t e r in g  c ro ss  s e c t io n s  f o r  th e  magnon and th e
phonon observed  in  th e  experim en t th a t  i s  shown in  f ig u r e  5 .9 .

At T -  295 K th e  o cc u p a tio n  number o f  a c o l l e c t iv e  e x c i t a t io n  w ith

v “ 3-63 THz i s  g iv en  by < n ( v ) > 2 9 5  = 1-242. M oreover, th e  v a lu es
k = 3 .746 X , k0 * 4 .612 X 1 and exp(-2W) = 1 a re  u se d . The f i n a l

v a lu e s  f o r  th e  c ro ss  s e c t io n s  a re  46 .3  x 10~27 cm2 f o r  th e  phonon and
-27  2

26 .2  x io cm fo r  th e  magnon ( c f .  ta b le  3 .2  and f ig u r e  5 .9 ) .
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3.4.3. Selection rules

Even without detailed knowledge of the cross sections it is possible to
establish selection rules for the various scattering processes by means
of (2.13). In an inelastic scattering process the transition between the
initial state Ik s > and the final state |ks> of the neutron is inducedo o
by a time dependent perturbation #'(i:,t), which may, for example, re
present the interaction between the neutron and a phonon. It may be seen
from (3.1) that the matrix element corresponding to this transition does
not depend on k and k , but only on Q = k -k, and it is convenient to es
tablish the selection rules on basis of the point group of the scattering
vector. The procedure may be illustrated by means of' the following example.

Consider a phonon with wave vector £  in a cubic crystal, its wave function
transforming according to an irreducible representation T of G (3), and
suppose that a scattering experiment is performed at £  “ 3.+i* The point
group of £,G (Q), is a subgroup of G (3), consisting of those elements of
G (q) that leave Q invariant. In contrast to G (q), G (Q) does not containO o o
operations that transform £  into £+t_. This is a consequence of the fact
that £  is determined by the experimental scattering configuration, i.e.
an experiment performed in £  i-8 not equivalent to an experiment in £+£•
The compatibility relations between ra of GQ(3) and the irreducible re
presentations of Gq (£) may be determined by means of the subduction pro
cedure described in section 2.2. If the spin functions |s > and |s> of the
neutron transform as and of G (Q), and if Ta is compatible witho -*•
of G (Q), then neutron-phonon scattering is allowed by symmetry if (2.13)O
holds, the summation in (2.13) being restricted to the elements T of Gq{£)
It should be emphasized that the neutron spin functions transform accord
ing to double-valued representations.

If £  is parallel with a mirror plane of the reciprocal lattice, Go(£) m
C and the neutron states transform according to the two complex conjugates , .
representations and r of C (see table A.5). In a coherent neutron-
phonon scattering process the neutron spin does not flip, which implies
that yt(T)x, (T) - 1 for the elements T of Go (£). Substitution of this
result in (2.13) shows that only the phonons transforming as T of C
(+ in BSW notation, cf. table 2.3) can contribute to the scattering.
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I f  £  i s  p a r a l l e l  w ith  one o f th e  symmetry d i r e c t io n s  4 , A o r  I  th e  n e u tro n

s t a t e s  tra n s fo rm  acco rd in g  to  th e  two rows o f  th e  d o u b le -v a lu ed  r e p r e s e n ta 

t io n s  4 ^  Ag o r  E , r e s p e c t iv e ly ,  and th e  s e le c t io n  r u le  (2 .1 3 )  does n o t

a llow  a d i s t i n c t io n  betw een p ro c e sse s  w ith  and w ith o u t s p in  f l i p .  However,

a more s o p h is t ic a te d  s e le c t io n  r u le  may be fo rm u la ted  fo r  s t a t e s  th a t  t r a n s 

form as th e  rows o f  an 1 -d im en sio n al r e p r e s e n ta t io n .  In  th e  case  o f n e u tro n

s c a t t è r in g ,  th e  two d i f f e r e n t  p ro c e sse s  may be d is t in g u is h e d  i f  th e  pu re

sp in  s t a t e s  | +> and | +> a re  chosen as b a s i s  f o r  th e  r e p r e s e n ta t io n s  m entioned

above. S c a t te r in g  o f  a n e u tro n  w ith  s p in  s = + w ith o u t sp in  f l i p  by an ex

c i t a t i o n  w ith  wave fu n c tio n  T (r)  i s  a llow ed  by symmetry i f  ¥ ( r ) |+ >  c o n ta in s

a p a r t  th a t  tran sfo rm s  as |+> . The e x te n s io n  o f  t h i s  s e le c t io n  r u le  to  o th e r

p ro c e sse s  i s  s t r a ig h tfo rw a r d .  To app ly  th e  r u le  in  p r a c t i c e  i t  i s  co n v en ien t

to  use th e  ta b le s  o f  co u p lin g  c o e f f i c ie n t s  in  12 7 1. In  th e  case  o f  n e u tro n -

phonon s c a t t e r in g  w ith  £  along  one o f  th e  th re e  high-sym m etry  d i r e c t i o n s ,  i t

i s  found th a t  on ly  th e  phonons tra n s fo rm in g  as ,Aj and Ej ( i . e .  th e  long
i tu d i n a l  phonons) may g ive  r i s e  to  n e u tro n  s c a t t e r in g .

S im ila r  s e le c t io n  r u le s  may be a p p lie d  to  th e  s c a t t e r in g  by e x c i t a t io n s  w ith

a lower symmetry. In  th e  p re s e n t  r e p o r t  we a re  m ain ly  concerned w ith  e x c i t a 
t io n s  tra n s fo rm in g  as i r r e d u c ib le  r e p r e s e n ta t io n s  o f  th e  m agnetic  p o in t

group Gq (£) o r  th e  p seudo-m agnetic  p o in t  group (£ M(£) (see  s e c t io n  2 .2  fo r

th e  d e f in i t i o n  o f  th e s e  g ro u p s ) , and th e  s e le c t io n  r u le s  a re  in  th a t  case

based  on th e  co rresp o n d in g  p o in t  groups o f  th e  s c a t t e r in g  v e c to r ,  ^ ( Q )  o r
+M o

(£ ) .  As an i l l u s t r a t i o n  o f  m agnetic  s e le c t io n  r u le s  we c o n s id e r  th e  case

M //[o i l ]  and £  in  the  (OlT) p la n e ,  w ith  G^(£) -  C (see  t a b le  A .5 ) .  The

n eu tro n  s t a t e s  |+> and | +> tra n s fo rm  ac co rd in g  to  r  and r ^ ,  r e s p e c t iv e ly .

C onsequen tly , T e x c i ta t io n s  ( e .g .  e l e c t r o n - h o le  e x c i ta t io n s  w ith  sp in  0) may
le ad  to  n e u tro n  s c a t t e r in g  w ith o u t s p in  f l i p ,  w hereas s p i n - f l i p  s c a t t e r in g

can on ly  be induced  by an e x c i t a t io n  tra n s fo rm in g  as T (a  magnon o r  S toner

e x c i t a t i o n ) .  A d e t a i l e d  d is c u s s io n  o f  a number o f  d i f f e r e n t  c o n f ig u ra t io n s
f o r  M and (£ i s  g iv e n  in  s e c t io n  6 .6  and appendix  B.
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CHAPTER IV

EXPERIMENTAL TECHNIQUES

4.1. Introduction

As shown in chapter III, the coherent one-phonon and one-magnon cross
sections (3.30) and (3.44) are zero except for those combinations of
k^, k, ^  and u(<j) that obey the conservation laws for energy and
momentum

+ (4.1)

2
* “ “ 15 (k2 - k2) - + -fho(s.) (4.2)

n

The scattering conditions (4.1) and (4.2) refer to a process in which
an excitation with wave vector ^  and energy •f«i)(£) is created or annihilated.
From the neutron wave vectors k and k for which a maximum in the cross— o  —
section is observed one may derive both £  and «(ĵ ) for the excitation in
volved in the scattering process. By means of a series of measurements for
different ^'s one may in principle determine the dispersion relation 00(3)
of the excitation throughout the Brillouin zone. For the investigation of
the nickel crystals two different neutron spectrometers have been used:
a time-of-flight spectrometer and a triple-axis spectrometer. A short
description of these instruments, which are equipped with different
analyzer systems,is given in sections 4.2 and 4.3, respectively.

As in other experimental techniques, a compromise between transmitted
intensity and resolving power should be sought by means of an appropriate
choice for the disposable parameters of the set-up. In the present ex
periments the scattering cross section is relatively small and therefore
the collimation angles for the neutron beams have to be rather large.
The relation between the instrumental parameters and the "resolution
ellipsoid" in (ui,Q)-space is considered in section 4.4.

4.2. Time-of-flight spectrometer

In figure 4.1. the spectrometer is shown schematically. A monochromatic
beam is selected from thermal neutron spectrum of the reactor by means
of Bragg reflection at the (0002) planes of a zinc, crystal. At the fixed
scattering angle 29„ = 35°, which is defined by a 30' collimator placed inM 2
front of the monochromator and a 22 x 45 mm diaphragm at the exit of the



51

monochromator crystal

coltimator plug— .

collimator support

(light path

motor

Figure 4.1.

Mechanical part o f  the tim e-o f-flig h t /spectrometer. The angular positions
t a n d  * o f  the sample table and the f l ig h t  path may be varied in  steps o f
2.16’ by means Of step motors. The rotor with the double s l i t  system is
shorn; the vacuum chamber is  surrounded by a shielding drum and mounted
on a translation table, which allows accurate adjustment o f  the rotor
position and complete removal o f  the chopper and i t s  shielding from the
beam path.
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c o l l im a to r  p lu g ,  th e  r e f l e c t e d  n eu tro n s  have an energy  E “  37.0 meV
1 ®

and wave v e c to r  |k  | ■ 4 .22  a . The second o rd e r  component in  th e  beam,

which i s  due to  th e  (0004) r e f l e c t i o n ,  i s  about 8% o f  th e  f i r s t  o rd e r
component. B efore i t  im pinges on th e  sam ple , th e  beam is  p u lse d  by

means o f  a ch opper, w ith  e i t h e r  one o r  two s e ts  o f curved s l i t s .  The

chopper i s  suspended in  a vacuum chamber by means o f  a f l e x i b l e  s h a f t

and d r iv e n  by a 100 W att, 3 phase h y s te r e s i s  m otor. Optimum t r a n s 
m iss io n  o f  th e  chopper i s  o b ta in e d  i f  i t s  an g u la r  frequency  u i sch
eq u a l to  vq/2 p , where v i s  th e  v e lo c i ty  o f  the  in c id e n t  n e u tro n s  and

p th e  ra d iu s  o f  c u rv a tu re  o f  the  s l i t s  | 80 | . For th e  s in g le  and double

chopper th e  optimum f re q u e n c ie s  f o r  tra n s m is s io n  o f  th e  in c id e n t  beam

a re  ap p ro x im ate ly  9 ,300  and 15,300 r .p .m . F u r th e r  c o n s tru c t io n  d e t a i l s
o f  th e  choppers a re  g iv e n  in  ta b le  4 .1 .

Table 4.1.

Technical data o f  the chopper rotors

s in g le
s l i t  s y s t .

double
s l i t  s y s t .

r o to r  ra d iu s  (mm) 55 70
s l i t  w id th  (mm) 2 .5 5 .6
s l i t  h e ig h t  (mm) 50 50
number o f  s l i t s 12 2 x 5
th ic k n e s s  o f  s t e e l  p la te s  (mm) 1.3 1.1
ra d iu s  o f c u rv a tu re ,  p(cm) 136 83

max. speed ( r .p .m .) 20,000 16,000

The s c a t t e r e d  n e u tro n s  may be d e te c te d  s im u lta n e o u s ly  a t  fo u r  d i f f e r e n t

s c a t t e r in g  a n g le s  by d e te c to r s  p la c e d  in  a sh ie ld e d  f l i g h t  p a th  a t  a
d is ta n c e  o f  191 cm from  th e  sam ple. The d e te c to r s  have a s e n s i t iv e  volume

3 , »
o f  2 .5  x 2 .5  x 10 cm f i l l e d  w ith  He to  a  p re s s u re  o f  6 atm . and may be

mounted v e r t i c a l l y  a t  23 a l t e r n a t iv e  p o s i t io n s .  There i s  no a d d i t io n a l

c o l l im a tio n  f o r  th e  s c a t t e r e d  beam, and hence th e  opening ang le  o f  a d e te c to r
. 2i s  de term in ed  by th e  s iz e  o f  i t s  f r o n t  su r fa c e  (10 x 2 .5  cm ) and the  dimen

s io n s  o f  th e  sam ple. A f te r  a m p lif ic a t io n  and d is c r im in a t io n  th e  d e te c to r
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p u lse s  a re  s to r e d  a c co rd in g  to  t h e i r  tim e o f  a r r i v a l  in  th e  1024-words

memory o f  a m u ltic h a n n e l a n a ly z e r . The v e l o c i t y ,  wave v e c to r  and energy
o f th e  s c a t t e r e d  n eu tro n  can be c a lc u la te d  from  th e  f l i g h t  tim e o f the

n eu tro n  betw een th e  c e n tre  o f  th e  chopper and th e  d e t e c to r ,  and th e  known

d is ta n c e s  between chopper, specim en and d e t e c to r .  O b serv a tio n s  a re  c a r r ie d
o u t a t  f ix e d  s c a t t e r in g  a n g le s  in  p e r io d s  o f  th e  o rd e r  o f  48 h o u r s ,  and

co rrespond  to  scans th rough  r e c ip r o c a l  space a lo n g  fo u r  d i r e c t io n s  de
te rm ined  by th e  s c a t t e r in g  a n g le s . In  g e n e ra l a nunfcer o f  peaks w i l l  ap

p e a r  in  th e  s p e c t r a  ( c f .  f ig u r e  5 .1 ) ,  which may be a s c r ib e d  to  s c a t t e r 

ing  in  s p e c i f i c  p o in ts  £ .  B esides th e  long  c o u n tin g  p e r io d ,  th e  t im e -o f-

f l i g h t  te ch n iq u e  has th e  d isa d v an tag e  th a t  th e  wave v e c to r s  £  o f  th e

observed  e x c i ta t io n s  a re  in  g e n e ra l n o t along  high-sym m etry  d i r e c t io n s .

In  th e  p re s e n t  e x p e rim en ts , how ever, th e se  drawbacks a re  com pensated
by th e  fav o u ra b le  a s p e c ts  o f  th e  method. I t  i s  p o s s ib le  to  a c c e p t and

an a ly ze  a l l  th e  n eu tro n s  s c a t t e r e d  in to  fo u r  d i f f e r e n t  d i r e c t i o n s ,  and
to  d is c r im in a te  betw een th e  n eu tro n s  from  th e  f i r s t  and second o rd e r

com ponents. F urtherm ore the  in s tru m e n t has good r e s o lu t io n  p r o p e r t ie s
f o r  e n e rg y -lo s s  s c a t t e r in g .

4*3. T r ip le - a x is  sp e c tro m e te r

A d e t a i l e d  d e s c r ip t io n  o f  th e  sp e c tro m e te r  has  been  g iven  p re v io u s ly  by
Bergsma | 81 | . The p a th  o f  a n e u tro n  th rough  th e  d i f f e r e n t  p a r t s  o f  th e

in s tru m e n t, b e fo re  i t  i s  f i n a l l y  c a p tu re d  in  th e  BF_ d e t e c to r ,  i s
sk e tch ed  in  f ig u r e  4 .2 .

detec to r

sam ple
analyzer

mono -
chrom ator

Figure 4.2.

Scheme o f  the tr ip te —axis spectrometer.
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In  com parison w ith  th e  t im e - o .f - f l ig h t  s p e c tro m e te r ,  th e  t r i p l e - a x i s

sp e c tro m e te r  i s  a more v e r s a t i l e  in s tru m e n t.  This i s  due to  th e  f a c t

th a t  th e re  a re  fo u r  in d ependen t an g u la r  v a r i a b le s ,  20^, il>, d> and 20^,

which may be a d ju s te d  by means o f  th re e  r o t a t i o n  ax e s . deno tes th e

a n g u la r  p o s i t io n  o f  th e  sam ple , w h ile  20^ , <(> and 20 a re  th e  s c a t 
t e r in g  an g les  f o r  th e  n eu tro n  a t  th e  m onochrom ator, th e  sample and

th e  a n a ly z e r  c r y s t a l ,  r e s p e c t iv e ly .  C o llim a to rs  a re  p la ce d  in  f ro n t
o f  th e  monochromator and a n a ly z e r ,  w h ile  2 : 1 re d u c tio n  g ea rs  en

su re  th a t  th e  monochromator and a n a ly z e r  c r y s ta l s  a re  k e p t in  Bragg

r e f l e c t i o n  p o s i t io n  when th e  an g le s  20^ and 20^ a re  changed. The wave

v e c to r  k i s  determ ined  by th e  v a lu e  o f 20,,, w h ile  th e  an a ly z in g  s y s -—o M
tern i s  open f o r  th o se  n e u tro n s  th a t  a re  s c a t t e r e d  th rough th e  second
c o l l im a to r  and have a wave v e c to r  k s a t i s f y in g  th e  Bragg r e f l e c t i o n

c o n d it io n  f o r  th e  chosen an g le  2 0 ,.

By means o f  th e  fo u r  d is p o s a b le  p a ram ete rs  a r b i t r a r y  scans th rough

(u ,Q )-sp a c e  can be p erfo rm ed , a com plete scan  c o n s is t in g  o f a s e r ie s

o f  subseq u en t co u n tin g  p e r io d s  o f  abou t 10 m inutes a t  f ix e d  v a lu e s

f o r  th e  a n g u la r  p o s i t io n s .  In  p r a c t i c e  th e  sp e c tro m e te r  i s  o p e ra te d

in  c o n s ta n t- ^  o r  cons tan t-o j c o n f ig u r a t io n s .  The form er mode o f  o p era

t io n  co rresp o n d s to  an w -scan a t  a f ix e d  p o in t  (} in  r e c ip r o c a l  space

and in v o lv e s  v a r ia t io n s  in  20^ , i|), and <t>. In  th e  l a t t e r  mode th e  en e r

gy t r a n s f e r  "fui) i s  k e p t c o n s ta n t w h ile  <|< and a re  u s u a lly  v a r ie d  in

such a way th a t  a s e r i e s  o f wave v e c to rs  £  1 along  a symmetry d i r e c 

t io n  i s  scanned . In  f ig u re  4 .3 .  b o th  o p e ra tio n  modes a re  shown in  r e 

c ip ro c a l  space and compared w ith  a t im e - o f - f l i g h t  scan .

A p p lic a tio n  o f  th e  p ro ced u res  d e s c r ib e d  above r e s u l t s  in  th e  o b se rv a

t io n  o f  a s in g le  e x c i t a t io n  w ith  a  p red e te rm in e d  wave v e c to r  o r  f r e 

quency , i f  th e  in s tru m e n ta l  pa ram ete rs  a re  chosen a p p r o p r ia te ly .

In  c o n t r a s t  to  a t im e - o f - f l i g h t  a n a ly s i s ,  Bragg r e f l e c t i o n  by th e  ana

ly z e r  c r y s t a l  does n o t a llo w  a d i s t i n c t i o n  betw een n eu tro n s  w ith  wave
v e c to r s  k ,  2k , e t c .  A second d isa d v an tag e  o f th e  in s tru m e n t i s  th e  pos

s ib l e  o cc u rre n ce  o f  sp u r io u s  maxima, Which may a r i s e  from Bragg r e f l e c 

t io n  o f  h ig h e r  o rd e r  n e u tro n s  in  the  in c id e n t  beam by th e  sam ple , f o l 

lowed by in c o h e re n t s c a t t e r in g  o f  th e se  n e u tro n s  in to  th e  d e te c to r  by

the  a n a ly z e r  c r y s t a l .
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‘ "(200)

Figure 4.3.

D ifferent gaans in  (u,Q)-epace. (a): tr ip le -a x is , const ant-Q scan;
Cb): tr ip le -a x is ,  constant-w scan; (a): tim e -o f-flig h t scan.

4 .4 . R e so lu tio n

There e x i s t s  a s tro n g  c o r r e la t io n  betw een th e  lu m in o s ity  and th e

r e s o lu t io n  o f th e  s p e c tro m e te rs .  For th e  t r ip le ~ a x i s  sp e c tro m e te r

th e se  p r o p e r t ie s  a re  de term ined  by th e  c o l l im a tio n  of th e  n eu tro n

beam, b o th  in  h o r iz o n ta l  and v e r t i c a l  d i r e c t i o n ,  and th e  d i s t r i b u t i o n
o f th e  m osaic b lo c k s  in  th e  th re e  c r y s t a l s ,  which co rresponds to  a

sp read  in  th e  d i r e c t io n  o f  th e  r e c ip ro c a l  l a t t i c e  v e c to r s  x.

C onsequently  th e re  w i l l  be a sp rea d  b o th  in  le n g th  and d i r e c t i o n

fo r  th e  wave v e c to r s  ^  and k o f th e  n eu tro n s  t h a t  re a c h  th e  sample and

a re  ac ce p te d  by th e  a n a ly z e r  system . The sp read  in  th e  energy  t r a n s f e r

to  th e  sample i s  d i r e c t l y  r e l a t e d  to  th e  sp read  in  |k  | and | k | ,  w h ile

the  sp read  in  £  depends on th e  m osaic sp rea d  o f th e  sample and th e
sp read  in  k^ and Ic ( c f .  (4 .1 )  and ( 4 .2 ) ) .  Some a d d i t io n a l  f a c to r s

shou ld  be ta k en  in to  accoun t fo r  th e  tim e~of“ f l i g h t  sp e c tro m e te r ,  v iz .
th e  d is ta n c e s  between chopper, sample and d e t e c to r s ,  th e  w id th  At of

th e  n e u tro n  p u ls e ,  th e  d im ensions o f th e  sam ple and i t s  o r i e n t a t io n

wi t h  r e s p e c t  to  th e  d i r e c t io n s  o f  th e  in c id e n t  and s c a t t e r e d  n eu tro n s

( i f  th e  sample i s  n o t a x i a l l y  sy m m etric ), th e  d e te c to r  th ic k n e s s  and
th e  w id th  o f th e  tim e c h a n n e ls .
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As a result of these instrumental factors, the intensity observed with
the triple-axis spectrometer at a particular setting, or with the time-
of-flight spectrometer in a particular time channel, does not only arise
from scattering in a single point The intensity I(u ,q ) may he
expressed as an integral over a volume in (u,c[)-space, where the contribu
tion from a volume element duidĉ  is proportional to the resolution function
R(w-io ,5 .-^) s

i(vv ~ i dif R(“-vs.-v-
The resolution of a triple-axis spectrometer has been treated in a number
of papers | 82-841 ,' whereas a similar treatment for a hybrid time-of-flight
spectrometer as described in section 4.2 may be found in |85|. A review of
the various methods to calculate and to measure the resolution function has
been given by Bjerrum Miller and Nielsen |86|.

For both instruments the resolution may in first approximation be described
by a Gaussian function

4 4R(“-V<rV - V xp(“E1 i. “kzW’k=l 4=1
where X ^ a n d  X^ denote the three components of ĉ -ĉ , ” (u-w^, and

R0 an^ are complicated functions of the instrumental parameters of the
spectrometer under consideration. The surfaces in (w,{j)-space with con
stant RCai-Ug.jj-c^) are ellipsoids, and the one for which R(id-ü) ,q-q ) •
JR is usually referred to as "the resolution ellipsoid".

To determine a point wq (^o) of the dispersion relation of an excitation
by means of a spectrometer scan, the centre of the resolution ellipsoid
is moved through the point of the dispersion surface in (w,<j)-
space. Obviously, the height and width of the peak in the spectrum of
scattered neutrons is related to the orientation of the ellipsoid with

respect to the dispersion surface. Sharply defined peaks are expected
when the shortest axis of the ellipsoid is approximately normal to the
dispersion surface, a situation which is illustrated for two dimensions
in figure 4.4. These "focusing" effects are of interest for the selec
tion of an optimum experimental configuration for the determination of
a specific branch of a dispersion relation. To avoid a complete calcul
ation of the resolution ellipsoid, graphical methods have been developed
for a triple-axis spectrometer |87,88|, to determine the focusing con
figuration.
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Figure 4.4.

Focusing e ffec ts  in inelastic  neutron scattering.
A: const an t~Q_ scan in focused configuration;
B: constant- id scan in defooused configuration.
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CHAPTER V

INVESTIGATION OF A NICKEL MULTIDOMAIN SINGLE CRYSTAL

5 .1 .  In tro d u c t io n

In  th e  p re s e n t  c h a p te r  a d e s c r ip t io n  w i l l  be g iv en  o f  a number o f  in 

tro d u c to ry  experim en ts on a n ic k e l  s in g le  c r y s t a l .  The measurem ents
were p a r t l y  aimed a t  th e  in v e s t ig a t io n  o f  phonons and magnons, b u t

in  view  o f th e  im p re ss iv e  amount o f  p re v io u s  p u b lic a t io n s  | l - 1 l |  on

th e se  w ell-know n e x c i t a t i o n s ,  no a ttem p t was made to  re p e a t  th e  com
p le te  d e te rm in a tio n  o f t h e i r  d is p e r s io n  r e l a t i o n s .  The c e n t r a l  sub

j e c t  o f  t h i s  c h a p te r  i s  th e  i n t e r a c t io n  o f  phonons and magnons w ith

an e lem en ta ry  e x c i t a t i o n ,  w hich has n o t been  observed  p re v io u s ly .

To c o l l e c t  in fo rm a tio n  on t h i s  e x c i t a t io n  and on i t s  i n te r a c t io n  w ith

th e  known e x c i t a t i o n s , a se a rc h  was made f o r  p e r tu r b a t io n s  in  th e

phonon and magnon d is p e r s io n  r e l a t i o n s .  The d isc o v e ry  o f th e  e x c i ta 

t i o n ,  w h ich , f o r  rea so n s  to  be e x p la in e d  l a t e r ,  w i l l  be deno ted  as a

mixed e x c i t a t i o n ,  i s  d e sc r ib e d  in  s e c t io n  5 .2 .  In  s e c tio n s  5 .3  and

5 . A a summary w i l l  be g iv e n  o f  d e t a i l e d  m easurem ents by means o f th e
t r i p l e - a x i s  sp e c tro m e te r  on th e  mixed e x c i t a t i o n ,  phonons and magnons.

A d is c u s s io n  o f th e  ex p e r im e n ta l r e s u l t s  w i l l  be p re se n te d  in  s e c t io n
5 .5 .

A ll ex p erim en ts  re p o r te d  in  t h i s  c h a p te r  were c a r r ie d  o u t a t  room tem

p e r a tu re  on a la rg e  s in g le  c r y s t a l  th a t  was borrow ed from  S .C .K ., Mol,

Belgium  by c o u r te sy  o f Dr. S. H a u te c le r .  A c tu a lly ,  th e  experim en ts
d e sc r ib e d  in  | 11 and | 3 1 w ere c a r r ie d  o u t on th e  same c ry s ta l*  . Some o f

i t s  p r o p e r t ie s  a re  l i s t e d  i n  ta b le  5 .1 .  S ince  no e x te rn a l  m agnetic  f i e l d

was a p p l ie d ,  th e  c r y s ta l  may be assumed to  c o n s is t  o f  a la rg e  number of
domains w ith  v a r io u s  m a g n e tiz a tio n  d i r e c t io n s .

m ) T his i s  a specim en w ith  th e  n a tu r a l  i s o to p ic  com position .
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Table 5.1.

Specimen sp ec ifica tio n

im p u r it ie s Cu 0.01%

Fe 0.05%

S i 0.01%
shape

o r ie n t a t io n
c y l in d e r  a x is
d ia m e te r
le n g th

30 mm

//  [on]
c y l in d r ic a l

l a t t i c e  c o n s ta n t  , a 3 .524 X

5 .2 .  T im e -o f - f l ig h t  m easurem ents

The f i r s t  e x p e rim en ta l ev id en ce  f o r  th e  e x is te n c e  o f  an a d d i t io n a l

e lem en ta ry  e x c i t a t io n  in  n ic k e l  was o b ta in e d  from  th r e e  tim e -o f-

f l i g h t  r u n s ,  which w i l l  be d is c u s se d  below . The chopper r o to r  w ith

th e  s in g le  s l i t  system  was o p e ra te d  a t  a speed o f  9775 + 10 r .p .m .

To in c re a s e  th e  c o u n tin g  r a t e  a t  th e  expense o f  a n g u la r  r e s o lu t io n ,
th e  fo u r  d e te c to r s  w ere p la c e d  s id e  by s id e  to  form  a 10x10 cm2
s e n s i t iv e  a r e a ,  and th e  p u lse s  from  th e  d e te c to r s  were added.

The ex perim en ts  were c a r r ie d  o u t w ith  ^  and k p a r a l l e l  e i t h e r  to

the (011) p lan e  o r  to  th e  (001) p l a n e r s  d is c u s se d  in  s e c t io n  2 .3 ,

th e  phonons w ith  wave v e c to r s  £  in  a m ir ro r  p la n e  o f  th e  r e c ip r o c a l

l a t t i c e  have p o la r i z a t io n  v e c to r s  £ .  e i t h e r  in  o r  p e rp e n d ic u la r  to

th i s  p la n e  ( c f .  ta b le  2 .3 ) .  The f a c to r  < £ . £ ) 2 in  th e  neu tron -phonon
c ro ss  s e c t io n  (3 .3 0 )  en su re s  th a t  on ly  th e  phonons w ith  £ .  in  th e

s c a t t e r in g  p lan e  ( i . e .  th e  phonons tra n s fo rm in g  as  r e p r e s e n ta t io n  +)

w i l l  be o b se rv a b le . To compare th e  f re q u e n c ie s  o f  th e  observed  phonons
w ith  th e  r e s u l t s  in  | 2 | , th e  phonon f re q u e n c ie s  and co rresp o n d in g

p o la r i z a t io n  v e c to rs  in  th e  (OlT) and (001) p la n e s  were c a lc u la te d  from
th e  s e t  o f in te ra to m ic  fo rc e  c o n s ta n ts  determ ined  by B irgeneau  e t  a l .

F ig u re  5 .1 .  shows a p a r t  o f  th e  t im e - o f - f l i g h t  spectrum  o b ta in e d  in

th e  (001) p la n e . In  i n s e t  (a )  th e  ex p e r im e n ta l c o n f ig u ra t io n  in  <J-space

(see  ta b le  2 . 1 ) ,
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i s  g iv e n . The c a lc u la te d  phonon d is p e r s io n  r e l a t i o n  a lo n g  th e  p a th

o f k i s  p lo t t e d  i n  i n s e t  (b ) ;  th e  d o tte d  l in e  i n  (b) in d ic a te s  the
i 2 2i 2energy change o f th e  n e u tro n , k -k  m  /2m , ex p re ssed  in  THz (1 THz “o n

4.135 meV). Phonons a re  ex p ected  to  be observed  a t  th e  i n t e r s e c t io n

p o in ts  o f  th e  d o tte d  l i n e  and th e  phonon b ran ch es w ith  even symmetry

(+ ). The f re q u e n c ie s  co rre sp o n d in g  to  th e  observed  th r e e  maxima in
th e  t im e - o f - f l i g h t  spec trum  a re  p lo t t e d  in  (b) , th e  co rresp o n d in g

s c a t t e r in g  v e c to r s  <3 and c a lc u la te d  p o la r i z a t io n  v e c to r s  £  in  ( a ) .

•ingle crystal NU>OD plane
E0 =37.6 meV
channel w idth: 8  p sec
delay : 384  psec

(200)

A intensity
|  (n o rm aliz ed ) . 4.30 THz

5.95 THz

V(THz)108 8 4 2
I I I I I

2 3 4
I I I

channel number

Figure 5.1.

Tim e-of-flight experiment in the (001) plane. The dominant peak at
-  0 is  due to  incoherent e la s tic  scattering. Maximum 2 corresponds

to the mixed excitation. In in set (a) the experimental configuration
in Q-space is  shown, in in set (b) the calculated phonon dispersion re
lation and neutron-energy transfer curve. The frequencies, wave vectors
and polarization vectors (for phonons) o f the observed excitations are
indicated in (a) and (b). The normalization procedure is  described in
the tex t.
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single crystal Ni,(oiT) plane
E0-  37.6 meV
channel width :8  p sec
delay : 384  p sec

4.15 THz

5.40 THz

6.25 THz

energy gain energy loss

rr ? i ? ? i ? ? i

Time-of-flight experiment in the (Oil) plane. The lay-out is  the same
as in figure 5.1, with omission o f the incoherent e la s tic  peak.

I t  i s  obvious th a t  th e  maxima 1 and 3 a re  due to  phonon s c a t t e r in g .

The lo n g i tu d in a l  (A j) phonon i s  obse rved  in  energy  g a in  under n e a r ly  optimum
c o n d it io n s :  £ / On th e  o th e r  hand, th e  + phonon a t . v  = 3 .2 0  THz i s

u n o b se rv a b le , because  th e  c a lc u la te d  an g le  betw een (J and 5 i s  70°.

Maximum 2 cannot be e x p la in e d  by phonon s c a t t e r in g  and in d ic a te s  th a t

some o th e r  e x c i t a t io n  w ith  a frequency  v = 4 .3 0  THz must have g iv en
r i s e  to  n e u tro n  s c a t t e r in g  a t  £  = ( 1, 1,0 ) .

The e x is te n c e  o f  t h i s  e x c i t a t io n  was confirm ed by a subseq u en t m easure

ment in  th e  (011) p la n e . The experim en t shown in  f ig u r e  5 .2 .  was in 

tended  to  observe th e  e x c i t a t io n  w ith  a reduced  wave v e c to r  ( 1,0 , 0 ) ,

which i s  e q u iv a le n t to  ( 1 ,1 ,0 )  in  an f . c . c .  l a t t i c e .  As may be seen

from th e  sp ec tru m , an a d d i t io n a l  maximum i s  indeed  observed  c lo se  to

(1 ,0 ,0 )  a t  ap p ro x im ate ly  th e  same freq u en cy : v = 4.15  THz . The maxima
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1 and 3 are again due to scattering by phonons; the observed frequen
cies are slightly smaller than the calculated values. The expected
second phonon peak in energy gain at 8.4 THz is too weak to be ob
servable, because the angle between (J and £ is 80°.

For the third experiment, performed in the (001) plane, the con
figuration was chosen in such a way that k was almost coincident
with the line £l,?,oJ in the zone boundary plane between the (000)
and (200) zones, i.e. the crystal was almost in (200) Bragg re
flection position and the scattering angle almost equal to
arcsin(XQ/2d2QQ) = arcsin(2it/ak ). Besides the expected phonon
peaks, an additional peak appeared at v » 4.15 THz and Q = (1, 0.46,0).

To determine the intensity in the additional peaks, the different
spectra were normalized by making use of the fact that the incoherent
elastic scattering in nickel is entirely of nuclear origin and there
fore (apart from the Debye-Waller factor) independent of the scatter
ing angle. The constant background due to neutrons that have not passed
through the chopper was determined by taking the average intensity in
the last 40 time channels (217-256), and was subtracted. Next, the
corrected spectra were multiplied by a scale factor to normalize the
total number of counts in the elastic incoherent peak to the value
199.1*10 , which corresponds to an intensity of roughly 4x10^ counts
in the central channel of the peak. The remaining background is large
ly due to inelastic incoherent phonon scattering from the specimen.
For a final correction, this contribution was determined by means of
separate time-of-flight measurements on a polycrystalline nickel sample
at scattering angles 26.2 and 28.9 , where coherent elastic scattering
was known to be absent and coherent inelastic scattering was weak.
After normalization of the background spectrum and subsequent subtrac
tion from the other three spectra, the integrated intensity in the ad
ditional peak could be determined. A summary of the results is given
in table 5.2. By means of the known value for the incoherent elastic scat-

2 2tering cross section in nickel (<b >-<b> = 0.37 bam/ster.atom) one may
estimate the scattering cross section of the mixed mode. The normalized
integrated intensity of 2650 counts, for example, corresponds to a
scattering cross section of 4.9 mbarn/ster.atom.
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Table 5.2.

Siurmcay o f  time—o f- f l ig h t  re su lts

run n r .
s c a t t e r in g

ang le
(d eg ree s)

wave v e c to r
mixed mode

ü

frequency
mixed mode

(THz)

in te g r a te d
i n t e n s i t y

(no rm alized )

2 21 .0+1 .2 0 , 0 , 0 ) 4. 15 2650 + 450
1 36.2+1.2 0 , 1 , 0 ) 4 .30 2210 + 370
3 25.6+1.2 (1 ,0 .4 6 ,0 ) 4.15 950 + 580

A f u r th e r  e x p lo ra t io n  o f  r e c ip r o c a l  space  f o r  a d d i t io n a l  s c a t t e r in g

p ro c e sse s  was perform ed by means o f  th e  t r i p l e - a x i s  s p e c tro m e te r ,  and

w i l l  be d e s c r ib e d  in  s e c t io n  5 .3 .  An advan tage o f  th e  t im e - o f - f l i g h t

te ch n iq u e  f o r  t h i s  p a r t i c u l a r  in v e s t ig a t io n  i s  th e  good r e s o lu t io n
fo r  energy  lo s s  s c a t t e r in g ,  which makes i t  p o s s ib le  to  d is t in g u is h

th e  phonons from  th e  mixed e x c i t a t io n .  In  energy  g a in ,  th e  r e s o lu t io n

o f th e  t im e - o f - f l ig h t  sp e c tro m e te r  i s  poor and i t  becomes im p o ssib le
to  s e p a ra te  th e  maxima. F or th e  in v e s t ig a t io n  o f  energy  g a in  p ro 

ce sse s  th e  use o f  th e  t r i p l e - a x i s  sp e c tro m e te r  i s  th e r e f o r e  in d is p e n s 
a b le .

5 .3 . Tr ip l e - a x i s  sp e c tro m e te r  m easurem ents

^ l i i i - § £ a t t e r in g _ b y _ p h g n ons and mixedjnoHps

In  o rd e r  to  c o l l e c t  a d d i t io n a l  d a ta  on th e  mixed e x c i t a t io n  in  o th e r

p a r t*  o f  th e  B r i l lo u in  zone , a s e r ie s  o f  c o n s ta n t -£  experim en ts along

th e  [lOO] and [ m j  d i r e c t io n s  was perform ed by means o f  th e  t r i p l e - a x i s
sp e c tro m e te r . The c r y s ta l  was mounted w ith  th e  (O il)  p la n e  h o r iz o n ta l .

Z inc (0 0 0 2 ) .c r y s ta l s  w ere used as monochromator and a n a ly z e r  in  conr
b in a t io n  w ith  c o l l im a to r s  o f  20 ' ( in  f r o n t  o f  th e  monochrom ator) and

30 ' ( in  f r o n t  o f  th e  a n a ly z e r ) .  The a n a ly z e r  p o s i t io n  was k ep t c o n s ta n t

d u rin g  each  scan  to  r e a l i z e  a co n stan t- a n a ly z e r  r e f l e c t i v i t y  and d e te c 
to r  e f f ic i e n c y .  To vary  th e  energy t r a n s f e r ,  th e  energy  o f  th e  in c id e n t

n eu tro n s  was changed. The i r r e g u l a r  v a r ia t io n s  in  th e  i n t e n s i t y  o f  th e

in c id e n t  beam as a  fu n c tio n  o f  n e u tro n  en e rg y , which a re  connected  w ith

th e  d e t a i l e d  shape o f th e  n eu tro n  spectrum  in  th e  r e a c to r  and th e  v a r ia 

t io n  o f th e  monochromator r e f l e c t i v i t y ,  were e l im in a te d  by d e te rm in in g
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th e  co u n tin g  tim e by means o f  a 'm o n ito r  d e te c to r  in  th e  in c id e n t  beam.

Thus, th e  rem ain ing  v a r i a t i o n  in  th e  co u n tin g  tim e i s  on ly  due to  th e

e f f ic ie n c y  o f  th e  m o n ito r, which i s  a s low ly  v a ry in g  fu n c tio n  o f  th e

n e u tro n  en e rg y . A p o s s ib le  so u rce  o f sp u rio u s  maxima in  th e  reco rd ed
s p e c tr a  i s  e l im in a te d  in  t h i s  way.

The measurem ents were c a r r ie d  o u t bo th  in  energy lo s s  and energy g a in ,

in  s c a t t e r in g  c o n f ig u ra t io n s  fo r  which Q/ I n  t h i s  case  on ly  s c a t t e r 

in g  by lo n g i tu d in a l  phonons and magnons shou ld  be o b se rv a b le . In  most

scans th e  frequency  in te r v a l  betw een 2 and 8 THz was in v e s t ig a te d  to

d e te c t  p o s s ib le  a d d i t io n a l  s c a t t e r in g .  For th e  d e te rm in a tio n  o f  th e

f re q u e n c ie s  o f  th e  lo n g i tu d in a l  phonons one u s u a lly  covers an i n t e r 

v a l  o f  abou t 3 THz, i n  w hich case a d d i t io n a l  s c a t t e r in g  p ro c e sse s
may e a s i l y  rem ain  u n d e te c te d .

The main p a r t  o f  th e  raw d a ta  f o r  £  -  ( c ,0 ,0 )  has been summarized in
f ig u re s  5 .3  and 5 .4 .  Some scans in  th e  o u te r  p a r t  o f  th e  B r i l lo u in

zone have been  o m it te d , because  th e  s c a t t e r in g  p a t te r n s  change very

g ra d u a lly  i n  t h i s  re g io n . A number o f  s c a n s , ex tended  up to  10 THz,
which were perform ed f o r  CSO.7 to  cover th e  range o f  th e  lo n g i tu d in a l
phonons, have been  o m itte d  to o . In  g e n e ra l th e  f re q u e n c ie s  o f  th e  A

phonons a re  in  good agreem ent w ith  th e  r e s u l t s  o f  B irgeneau  e t  a l .

I 2 1, as may be seen  from ta b le  5 .3 .  S c a t te r in g  by magnons cou ld  be

seen  in  the  scans a t  4 ■ 0 .1 ,  b u t th e  o bserved  maxima were v ery  b ro a d ,

due to  th e  la rg e  g ra d ie n t  o f  th e  magnon d is p e rs io n  r e l a t i o n .

ta b le  S. 3.

F requencies  ( in  THz) o f  A  ̂ phonons,  Q = (2+z,,0,0 )

p re s e n t r e s u l t s p rev io u s  r e s u l t s  | 2 1

4 E >E E <E E >Eo o o

0 .2 3.22 3.19 3.12 + 0 .09
0 .3 4.51 4 .50 4 .4 2  + 0 .1 1
0 .4 5 .65 5 .65 5 .5 8  + 0 .1 2
0 .5 6 .66 6 .66 6 .54  + 0 .1 3
0 .6 7 .47 7.46 7 . 3 4 + 0 . 1 2
0 . 7 7.99 8 .18 7 .94  + 0 .14
0 .8 8 .00 8.34 8 .34  + 0 .13
0 .9 8.36 8.55 8 .56  + 0 .1 8

1.0 8.54 8 .57 8.55 + 0 .1 3
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Ni polydomain
5= (a+ c.oo)
energy gain
count*/lOm in.
(monitor 7x10°)

0.4 >

0.8 o*

Figure 5. 4.

Results o f  constant-Q scans between 2 and 8 THz along -the [lOO]

d ire c tio n , performed in  energy loss (figu re  5. 3) and in  energy
g(dn ( fig u re  5 .4 .) . The frequencies ind ica ted  by i  and A re fe r

J. O
to  the resu lts  o f  Birgeneau e t a l.  \2\ .  F il le d  c irc le s  are used
to  d is tingu ish  overlapping spectra and arrows ind ica te  the ap
p ropria te  scale. The energy loss scan a t t  = 1.0 represents the
average o f  s ix  separate scans. An approximate decorrposition o f
the double peaks a t £ — 0.8 and 1.0 has been indicated.
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T urning  now from  th e  e x p e c te d 's c a t te r in g  by th e  lo n g i tu d in a l  phonons

to  th e  a d d i t io n a l  s c a t t e r in g  p ro c e s s e s ,  one may conclude th a t :

(a) W e ll-d e fin e d  peaks appear a t  p o s i t io n s  th a t  co rrespond  to  th e

tr a n s v e r s e  (A^) phonons. The maxima a re  p a r t i c u l a r l y  pronounced

f o r  sm all ( ;  they  may be o bserved  in  th e  whole 5 range in  energy
lo s s  and f o r  £ < 0 .5  in  energy  g a in .

(b) Weak and r a t h e r  b ro ad  maxima, r e s u l t i n g  from  s c a t t e r in g  by th e

mixed mode, a re  observed  a t  ap p ro x im ate ly  c o n s ta n t freq u en cy :

v = A .3 ±  0 .2  THz a t  6 = 1.0 and v = 4 .9  + 0 .3  THz a t  C = 0 .

O verlap w ith  th e  dom inant Â  phonon peaks impedes th e  ob serv a

t io n  o f  th e  mode f o r  £ = 0 .4  and 0 .5 .  N ear th e  zone c e n tre  a

sm a ll d i f f e r e n c e  in  energy  t r a n s f e r  i s  o b se rv ed : v = 5 .25  + 0.20
THz in  energy  lo s s  and 4 .6 0  0 .2 0  THz in  energy  g a in .

In  th e  energy lo s s  scans in  th e  i n t e r v a l  0 .5  $4$ 1.0 th e  two peaks
co rre sp o n d in g  to  th e  mixed mode and th e  t r a n s v e r s e  phonon o v e r la p ,

which le a d s  to  b ro ad  maxima. An approxim ate decom position  o f two
double peaks i s  in d ic a te d  in  f ig u re  5 .3 .  F u r th e r  ex p e rim en ta l

ev id en ce  f o r  th e  com posite s t r u c t u r e  ó f  th e se  maxima w i l l  be p re 

se n te d  in  s e c t io n  5 .4 .

Ni [<001
energy gain

fv(TH i)

Figure 5.5.

Observed longitudinal phonons (O) a transverse phonons (o) and mixed
excita tion s (0) along the \}00 \ d irection . The drawn curves Â  and
A_ represent the re su lts  o f  Birgeneau e t  a l.  12 \ .

ö
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The f re q u e n c ie s  o f  th e  observed  e x c i ta t io n s  have been  summarized in

f ig u re  5 .5 .  In  th e  p re s e n t c o n te x t th e  most i n t e r e s t i n g  p a r t  o f  th e
r e s u l t s  i s  th e  a lm ost d is p e r s io n le s s  b ranch  co rresp o n d in g  to  th e  mixed

modes, which seems to  i n t e r a c t  w ith  b o th  phonon b ra n c h e s . The freq u en 

cy o f  th e  mixed mode a t  £  -  ( 3 ,0 ,0 ) ,  v -  4 .35  + 0 .1 5  THz, i s  in  ag re e 
ment w ith  th e  t im e - o f - f l ig h t  r e s u l t  c lo se  to  £  -  (1 ,0 ,0 )  ( c f .  ta b le

5 .2 )«  In  g e n e ra l th e  s c a t t e r in g  c ro ss  s e c t io n  o f th e  mixed mode i s
sm a ll: « 1 /6  o f th e  c ro ss  s e c t io n  o f th e  lo n g i tu d in a l  phonon a t

5  = ( 3 ,0 ,0 ) .  C lose to  (3 ,0 ,0 )  th e  r a t i o  betw een th e  c ro s s  s e c t io n s  f o r
energy  g a in  and energy lo s s  i s  l a rg e r  th a n  e x p e c ted . A s im ila r  d i s 

crepancy may be n o t ic e d  betw een th e  s c a t t e r in g  c ro s s  s e c t io n s  o f  th e

Aj phonons f o r  £ > 0 . 7 .  The Ag b ran ch  i s  on ly  o bserved  in  energy

lo s s  s c a n s , in  c o n t r a s t  to  th e  e x p e c ta t io n ,  b a se d  on th e  de
ta i le d - b a la n c e  c o n d itio n  ( 3 .2 2 ) ,  th a t  th e  c ro ss  s e c t io n s  f o r  energy

lo s s  and energy  g a in  s c a t t e r in g  shou ld  be ap p ro x im ate ly  eq u a l (see

a ls o  ( 7 .4 ) ) .  F u r th e rm o re .i t  may be n o t ic e d  th a t  th e  f re q u e n c ie s  o f

th e  A  ̂ phonons a t  £ * 0 .9  and 1.0 a re  c l e a r ly  sm a lle r  th a n  th e  ex

p e c te d  v a lu e s . These d e v ia t io n s ,  b o th  in  th e  i n t e n s i t y  and th e  f r e 

quency, were confirm ed in  an in d ep en d en t experim en t which w i l l  be
d isc u sse d  in  s e c t io n  5 .4 .

The co n s tan t-Q  m easurem ents in  th e  p l l ]  d i r e c t io n  have been  l im ite d

to  th e  o u te r  and in te rm e d ia te  re g io n  o f  th e  B r i l l o u in  zone: q -

(£»C»C) w ith  0 .2 3  $ £ $ 0 .5  ( c f .  f ig u r e  5 .6 . ) •  The average freq u en cy
o f th e  lo n g i tu d in a l  (Aj) phonon a t  £ = 0 .2 3  i s  found to  be 6 .3 7  THz,

which i s  in  re a so n a b le  agreem ent w ith  th e  v a lu e  6 .2 3  + 0 .10  THz de

r iv e d  from th e  r e s u l t s  in  | 2 | by in t e r p o la t i o n .  The a d d i t io n a l  s c a t 
t e r in g  a t  v = 5 THz i s  i n  some r e s p e c ts  s im i la r  to  th a t  ob se rv ed  in

th e  [£00] d i r e c t io n .  The maxima rec o rd e d  in  energy  lo s s  c lo se  to  th e

zone boundary a re  composed o f  c o n tr ib u t io n s  from  th e  mixed mode and A-
phonons, w hereas a weak s in g le  p ea k , due to  th e  mixed mode, i s  ob

se rv ed  in  energy g a in . In  f ig u r e  5 .7 ,  where th e  o bserved  f re q u e n c ie s

have been  p lo t t e d ,  one may n o t ic e  some d if f e r e n c e s  in  com parison w ith
f ig u re  5 .5 .  Owing to  th e  la rg e  s e p a r a t io n  o f  th e  Aj and A, b ran ch es

and to  th e  f a c t  th a t  th e  A b ran ch  i s  s i t u a t e d  below th e  b ran ch  o f

th e  mixed modes, th e  l a t t e r  may be ob se rv ed  in  th e  in te rm e d ia te  re g io n
o f th e  zone (0 .2  < £ < 0 .4 ) ,  where th e  average frequency  v = 4 .8  + 0 .2

THz i s  found. The r e s u l t s  o b ta in e d  in  energy  lo s s  c lo se  to  £ = 0 .5
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Ni polydomain

Q=(-1-C.1+C.1+C)
E = 51.51 me V
energy gein

E - 27.11 meV
energy loss

Figure 5.6.

Results o f  constant-Q scans along the ^l ll] direction in the outer
part o f  the B rillouin zone. Energy gain and energy loss scans were
performed at the same values o f  £. An approximate decomposition o f
double peaks observed in  energy loss has been indicated. Frequencies
indicated by Â  and re fer to the resu lts  o f  Birgeneau e t  a l. \2\.

N ipctJ
energy loss

energy gain

Observed longitudinal phonons (a), transverse phonons (o) and mixed
excita tions (») along the [ i l l ]  direction. The drawn curves Aj and
A_ represent the resu lts  o f  Birgeneau e t  a l. | 2 | .  This figure con-

O

ta ins more data than those presented in  figure 5.6.
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are in d ic a t iv e  fo r  an in te r fe r e n c e  between the A .  phonons and the
mixed mode, which leads to  a change in  the frequency o f  the mixed
mode and, in  a d d itio n , l i f t s  the r e s t r ic t io n s  imposed by cu b ic sym
metry on the neutron s c a tte r in g  by the A phonons.

5 . 3^2_._Scatterin^_by_magnons

As mentioned e a r l i e r ,  the magnon d isp e rs io n  r e la t io n  in  n ic k e l has
been determined p rev io u sly  by d if fe r e n t  research  groups. T h erefore,
the p resen t in v e s t ig a t io n  o f  the magnons has been r e s t r ic te d  to  the
r e la t iv e ly  sm all frequency in te r v a l between 3 and 6 THz, c lo s e  to
the cro ss in g  o f  the magnon d isp e rs io n  r e la t io n  and the f l a t  branch
o f  mixed modes. Q was chosen along the [lOO] d ir e c t io n .

D eta il o f  th e  d isp ers io n  r e la tio n s  c lo se  to  the  zone cen tre . The data
p o in ts  are taken from fig u r e  5 .5 3 energy lo ss . M rep resen ts  the  magnon
d isp ers io n  r e la tio n  h\> = Dq2 fo r  D = 400 meV%2 \? \ ,  th e  i n i t i a l  slope  o f  the

phonon branches 5 and has been c a lc u la te d  from th e  e la s t i c  constan ts
an  = 2.46  x io  and c44 = 1.22  x 1012dyne/am2.

Figure 5 .8  shows the (v,£> reg ion  o f  in te r e s t  and th e d isp e rs io n  r e la 
t io n s  fo r  phonons, magnons and mixed modes. The aim o f  the measurements

was to  in v e s t ig a te  whether there i s  an in te r a c t io n  between the magnons
and th^ mixed modes. I f  t h is  in te r a c t io n  e x i s t s ,  one may exp ect a per
turbation  o f  the magnon d isp e rs io n  r e la t io n  near the cro ss in g  at
v — 5 .25  THz (th e frequency o f  the mixed mode in  energy l o s s ) .

In view o f  the large  grad ient o f  the magnon d isp e rs io n  r e la t io n ,
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c o n s ta n t-v  scans a re  c l e a r ly  more fav o u ra b le  fo r  th e  in v e s t ig a t io n  o f

magnons th a n  c o n s ta n t -^  sc a n s . To in c re a s e  th e  in t e n s i t y  th e  c o llim a -

t io n  was r e la x e d : c o l l im a to r s  o f  4 0 ' and 6 0 ' w ere i n s t a l l e d  in  f ro n t

o f  th e  monochromator and a n a ly z e r  c r y s t a l s ,  r e s p e c t iv e ly .  A s c a t t e r in g

c o n f ig u ra t io n  was chosen where fo c u s in g  o f  neutron-m agnon s c a t t e r in g  i s

r e a l i z e d ,  namely energy  lo s s  s c a t t e r in g  in  th e  c o n f ig u ra t io n  shown in

f ig u re  4 .2  w ith  Q = (2 ~ C ,0 ,0 ) . Thus, th e  magnon peaks w ere w e ll -d e f in e d

in  s p i t e  o f  th e  . l a r g e r  c o l l im a to r  opening  a n g le s . In  o rd e r  to  o b ta in  a

re a so n a b le  s t a t i s t i c a l  accu racy  f o r  th e  magnon s c a t t e r i n g ,  co u n tin g

tim es o f  abou t one hour a t  each sp e c tro m e te r  s e t t i n g  were r e q u ire d .
However, in  ex tended  c o u n tin g  p e r io d s  lo n g -te rm  v a r ia t io n s  in  th e  back

ground in t e n s i t y  may le a d  to  sp u r io u s  maxima, and th e  m easurem ents were

th e re fo r e  c a r r ie d  o u t in  6 su b seq u en t id e n t i c a l  8 m inutes s c a n s , th e  r e 
s u l t s  o f which were added.

Ni multidomain, constant V
V .  3.63 THz

Q = (2-C.0.0)

|  coun ts/11 mil

Comparison o f  the s c a tte r in g  arose se c tio n s  o f  a magnon (z, = 0.076)
and a t\. Phonon ( z -  0.246) in  a con stan t-y  scan.

The r e l a t i v e  m agnitude o f  neutron-m agnon and neu tron-phonon  s c a t t e r in g

i s  i l l u s t r a t e d  in  f ig u re  5 .9 .  In  t h i s  c o n f ig u ra t io n  w ith  sm all |o |  th e
•  •  9magnon s c a t t e r in g  i s  fav o u red  by th e  r e l a t i v e l y  la rg e  v a lu e  o f  F(Q) ,

w hereas th e  s c a t t e r in g  by th e  lo n g i tu d in a l  phonons i s  d ep ressed  by th e
. # 2 2

r e l a t i v e l y  sm all va lue  o f  th e  p o la r i z a t io n  f a c to r  (5/5.) = f) . In

c o n s ta n t-v  scans f o r  v < 3 THz th e re  i s  an o v e rla p  o f  th e  two maxima
and th e  o b s e rv a tio n  o f th e  magnon peak i s  hampered by th e  dom inating
phonon peak .
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Ni single c rysta l
E .-44.1m eV
co n st ant-V scans
p i V(THz) Q =(2-C ,0,0)

vcma
5 .80

O 5  56

Neutron-magnon sca tte r in g  observed in  constant-v scans.

The com plete s e t  o f  e n e rg y - lo s s  c o n s ta n t-v  scans betw een v = 3 .63  THz

and 5 .8 0  THz i s  c o l le c te d  in  f ig u r e  5 .1 0 . The maxima observed  betw een

v -  4 .10  THz and 5 .56  THz a re  o b v io u sly  d i s t o r t e d ;  th ey  a re  b ro a d e r  and
h ig h e r  th an  one would ex p e c t from  in te r p o la t i o n  betw een th e  scans a t

v = 3.87 THz and 5 .80  THz. T his anomalous b eh a v io u r may be more c l e a r ly

dem onstra ted  by p lo t t i n g  th e  in te g r a te d  i n t e n s i t y  in  th e  peaks as a func
t io n  o f  frequency  (see  f ig u r e  5 .1 1 ) .  I t  shou ld  be em phasized th a t  th e  in 

c re a se  in  i n t e n s i t y  from  neutron-m agnon s c a t t e r in g  observed  h e r e ,  i s

superposed  on to p  o f  the  i n t e n s i t y  due to  th e  mixed mode a t  v = 5 THz,

6
t w  "*°6

x103

1 -O
- -o-

-o-
-■o-

-o- -o-
-o-

-o- -o- 14

2 4 -----

o
, vcthi) t * Figure 5.11.

In tegra ted  in te n s ity  in  the magnon peaks as a function  o f  frequency. The
do tted  lin e  ind ica tes the va ria tion  o f  the fa c to r  <n(v)+l> in  the cross sec
tion\t  the sca le fa c to r  being adjusted  to  the data po in t a t  v = 5.80 THz.
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that was observed in constant-^ scans (figure 5.3, C = 0.0 and 0.2).
In the present constant-v scans the scattering by the mixed mode is
not observable as a maximum, but as an increase in the background in
the scans at v - 5.09 THz and 5.32 THz.

No attempt has been made to perform a detailed calculation of the
neutron-magnon cross section according to (3.44), with proper correc—
tions for resolution, analyzer reflectivity and absorption. Only the
variation of the factor <n(v) + l> as a function of v has been indicated
in figure 5.11. There is little doubt, however, with regard to the
general trend of the neutron-magnon scattering in this frequency inter
vals the intensity is expected to decrease monotonically for increasing
v. Hence one may conclude that the observed increase in the neutron-
magnon cross section near the crossing with the mixed mode branch at
v = 5 THz is probably due to the interaction between the magnons and
the mixed modes.

5.4. Comparison of time-of—flight and triple—axis measurements

There is a clear difference between the neutron spectra observed in
energy loss with the time-of-flight spectrometer close to Q * (1,0,0)
(cf. figure 5.2) and with the triple-axis spectrometer at Q * (3,0,0)
(cf. figure 5.3). However, agreement for the frequency of the mixed
mode could be obtained by decomposition of the double maximum in the
triple-axis scan into contributions from the mixed mode and A. phonons.
In this section we shall present the results of a separate triple-axis
experiment close to (1,0,0), which was performed in order to make a com
parison between the two experimental techniques for the same (£. A con
stant-^ scan at (£ ■ (1,0,0) would have to cover a range of small scatter
ing angles, where the background of fast neutrons is quite large. To avoid
the disturbing influence of the background, only one instrumental para
meter, 0J., was varied, while the scattering angle, specimen orientation
and analyzer setting were kept constant. Thus, the set-up becomes similar
to a time-of-flight spectrometer where k is variable instead of k.
In space a scan is performed along the line parallel to k passing through
(1,0,0), as shown in figure 5.12. In order to compare the cross sections in
(1,0,0) and (3,0,0) the value for k was chosen equal to the value used in
the scan at (3,0,0).
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Even in  th e  m od ified  e x p e rim en ta l c o n f ig u ra t io n  a c o r r e c t io n  f o r  th e

fa s t - n e u tro n  background had to  be made. This was done by re p e a t in g  each

scan  w h ile  th e  a n a ly z e r  c r y s t a l  was tu rn ed  away from  i t s  r e f l e c t i o n

p o s i t io n  by about 5 . The e f f e c t  o f  lo n g -te rm  v a r ia t io n s  in  th e  back

ground le v e l  was e l im in a te d  as a c c u r a te ly  as p o s s ib le  by re p e a t in g  each

scan  5 tim es w ith  a s h o r t  c o u n tin g  tim e (= 10 m in .)  F ig u re  5 .12  shows

th e  r e s u l t s  f o r  energy  g a in  and energy  lo s s  s c a t t e r in g  a f t e r  s u b tr a c 
t io n  o f th e  background , which amounted to  about 2200 n /5 0  m in. fo r

energy g a in  and 2900 n /5 0  min. f o r  energy  lo s s .  The s p e c t r a  show maxima

th a t  may be c o r r e la te d  w ith  + phonons and mixed modes, and a re  in  ag re e 
ment w ith  th e  r e s u l t s  o b ta in e d  in  ( 3 ,0 ,0 ) :

(a) Energy g a in  s c a t t e r in g  by th e  mixed mode i s  weak compared w ith  energy
lo s s  s c a t t e r in g .

E . 44.08 meVenergy gain

|  counts
RA m in50 min

1.2 14

energy loss E -  27.11 meV
20 -

in2 ■ counts
l u  1 R A50 min

Figure 5.12.

T rip le-axis experiments in  constant-k configuration oloee to  (1 ,0 ,0 ) , per
formed in  energy gain and energy lose. The figure contains the scanned path

Qrspaoe, the phonon dispersion re la tio n  and energy-transfer curve, and
thé observed spectra corrected fo r  background. The Icrv-frequency peak i s
due to  the mixed mode close to  (1,0,0) .  Frequencies and wave vectors cor
responding to  the observed peaks are ind ica ted  in  the v-Q graph and in
Qrspaoe, resp ec tive ly .
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(b) The s c a tte r in g  by the n early  tran sverse  + phonon c lo se  to  (1 ,0 ,0 )
i s  much stron ger than expected; m oreover, the phonon frequency i s
sm aller than expected  (5 .9 0  THz in stea d  o f 6 .25  THz).

I t  seems l ik e ly  th a t the d iffe r e n c e  between the t im e - o f - f l ig h t  and t r ip le 
ax is  r e s u lts  may be exp la in ed  as a r e so lu tio n  e f f e c t .  Two d if fe r e n t  sc a t
te r in g  p rocesses should be d is t in g u ish e d . F ir s t ,  tran sverse  phonons are
observable in  and c lo s e  to  ( 1 ,0 ,0 )  and ( 3 ,0 ,0 )  in  Q—sp ace , in  s p it e  o f
the fa c t  th a t s c a tte r in g  by purely  tran sverse  phonons i s  forbidden in
th ese  p o in ts  (£.(£ “ 0) and very weak in  the d ir e c t  neighbourhood. Second
ly ,  s c a tte r in g  by the mixed e x c ita t io n  i s  observed , and i t  w i l l  depend
on the experim ental co n fig u ra tio n  whether the s c a t te r in g  by the mixed
mode can be separated  from th e neutron-phonon sc a tte r in g .
The r e so lu tio n  o f  the t r ip le - a x is  spectrom eter in  the con stan t-^  scan
in  (3 ,0 ,0 )  was ob v iou sly  not s u f f ic ie n t  to  ach ieve t h i s ,  whereas the
r e la t iv e ly  good r e so lu t io n  o f  the t im e - o f - f l ig h t  spectrom eter in  the
range between 4 and 6 THz allow ed a c le a r  sep ara tion  o f  the two peaks
c lo se  to  (1 ,0 ,0 )  (see  f ig u r e  5 .2 ) .  The t r ip le - a x is  energy lo s s  exp er i
ment d escrib ed  in  th is  s e c t io n  may be considered  as an in term ed iate case
where the sep ara tion  o f  the two components i s  incom plete.

5 .5 .  D iscu ssion

The measurements describ ed  in  th is  chapter may be considered  as an in tr o 
duction  to  s im ila r  measurements on sin gle-d om ain  n ic k e l sam ples, to be re
ported  in  the n ext chapter. The p resen t d isc u ss io n  w i l l  accord in gly  be

lim ite d  to  those experim ental r e s u lts  th a t seem e s s e n t ia l  fo r  a prelim in 
ary understanding o f  the observed mixed e x c it a t io n ,  and th a t have determin
ed the fu rth er  course o f  the in v e s t ig a t io n . Although the d iscrepancy be
tween energy gain  and energy lo s s  s c a tte r in g  stands out as a ch a llen g in g
problem, the d isc u ss io n  on th is  is s u e  w i l l  be postponed (see  s e c t io n  7 . 4 ) .
The main su b ject in  th is  s e c t io n  w i l l  be the ob servation  o f  "forbidden"
sc a tte r in g  by A ,  and A .  phonons in  r e la t io n  to  the e x is te n c e  o f  the mixed
modes.

I t  has been s ta te d  in  s e c t io n  5 . 3 . 1  th a t in  a sc a tte r in g  con figu ra tion  where

0 / /  q only s c a tte r in g  by lo n g itu d in a l phonons and magnons should be observ
a b le . A c tu a lly , the sc a tte r in g  by tran sverse  phonons i s  n ot s t r i c t l y  fo r 
bidden, because the ob servation  i s  not r e s t r ic te d  to  a s in g le  p o in t Q,
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but to a 4-dimensional region in (m.^-space defined by the resolution
ellipsoid. Close to the zone centre the resolution ellipsoid allows the
observation of phonons with a relatively large range of propagation di-
reotions £/|a|. Since the polarization vector ? of the transverse phonons
is not perpendicular to g if £  is not parallel with £, neutron scattering
by transverse phonons will be observable for small values of c (cf. figures
5.3 and 5.4).

However,the observation of transverse phonons in energy loss close to the
zone boundaries cannot be explained by means of resolution arguments. The
angular spread in the wave vector £  connected with the size of the resolu
tion ellipsoid will decrease as ; increases and therefore the intensity of
the transverse-phonon peaks is expected to decrease continuously with in
creasing ?. This is not the case, as may be seen from the scans in the in
terval 0.4<e*1.0 along [lOO] (figure 5.3) and in the interval 0.23<c«0.50
along ["l 1 l] (figure 5.6, energy loss).

Observation of "forbidden" scattering by A$ or A3 phonons may be expected
if the symmetry of these phonons is reduced by a perturbation with non-
cubic symmetry. As mentioned in chapter I, magnetoelastic interaction may
lead to such a reduction in symmetry, with the result that, for example,
neutron scattering by Aj phonons is allowed in [ill] domains. However,
the experimental results indicate that the perturbation of the phonons
is most pronounced in a limited region of £-space, and it seems therefore
probable that the perturbation is related to the presence of the mixed mode.
The change in the scattering cross section of the A,, and A3 phonons as a
function of £  seems to be due to a resonant coupling between these phonons
and the mixed mode. As a result of the coupling, the originally transverse
phonons become partly longitudinal (i.e. their symmetry is reduced), and
may therefore be observed in the present scattering configuration. Accord
ing to this interpretation the scattering by the perturbed, partly longitudin
al phonons should reach a maximum at the crossing (or the point of closest
approach) of the dispersion relations of the phonons and the mixed modes.
In the [lOO] direction the crossing occurs at C “ 0.55, whereas the closest
approach in the [ill] direction is at the zone boundary, 5 - 0.50. From
figure 5.6 it is seen that the intensity due to the perturbed phonons
is indeed largest near the zone.boundary. Along the [lOO] direction the
frequency difference between the A$ phonons and the mixed modes is small
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in  a la rg e  range o f  c (0 .5< c< 1 .0 ) and th e re fo r e  th e  v a r i a t i o n  in  th e

s c a t t e r in g  by th e  p e r tu rb e d  phonons i s  l e s s  pronounced th an  in  the

One may conclude from th e  observed  p e r tu r b a t io n  o f  th e  phonons, in

p a r t i c u l a r  from  th e  change in  th e  p o la r i z a t io n  v e c to r ,  t h a t  th e  i n t e r 

a c t io n  w ith  th e  a d d i t io n a l  mode le a d s  to  a lo w erin g  o f  th e  phonon sym

m etry . The most p ro b ab le  e x p la n a tio n  f o r  t h i s  e f f e c t  seems t h a t  th e  mode

has m agnetic  p r o p e r t i e s .  This assum ption  i s  su p p o rted  by th e  f a c t  t h a t

a ls o  th e  magnons a re  p e r tu rb e d  n e a r  th e  c ro s s in g  w ith  th e  a d d i t io n a l

b ra n c h . The p ro p e r ty  o f  th e  new mode to  i n t e r a c t  b o th  w ith  magnons and

phonons may be c o n s id e re d  as an in d ic a t io n  th a t  th e  mode i t s e l f  i s  a

mixed e x c i t a t i o n ,  in  which e l e c t r o n i c  ( i . e .  m agnetic) and v ib r a t io n a l

p r o p e r t ie s  a re  combined.

The in c re a s e  in  th e  neutron-m agnon s c a t t e r in g  in  th e  frequency  i n t e r 

v a l  betw een  4 .10  and 5 .50  THz i s  p ro b ab ly  a consequence o f  th e  mixed
c h a r a c te r  o f  th e  e x c i t a t io n .  Due to  th e  in te r f e r e n c e  betw een th e  mixed

mode and th e  magnons, th e  l a t t e r  w i l l  a c q u ire  some l a t t i c e - v i b r a t i o n a l

p r o p e r t ie s .  S ince the  n u c le a r  s c a t t e r in g  n e a r  (2 ,0 ,0 )  i s  much la r g e r

th a n  th e  m agnetic  s c a t t e r i n g ,  th e  adm ix tu re  o f  a v ib r a t io n a l  component

w i l l  le a d  to  an in c re a s e  in  th e  c ro s s  s e c t io n  o f th e  p e r tu rb e d  magnons.

Summarizing th e  p rec e d in g  d is c u s s io n ,  one a r r iv e s  a t  the  fo llo w in g  p re 

lim in a ry  d e s c r ip t io n  o f  th e  p r o p e r t ie s  o f  th e  mixed e x c i t a t io n .  The

e x c i t a t io n  i s  o b se rv a b le  in  d i f f e r e n t  re g io n s  o f  (^-space and may be de

s c r ib e d  by a s p e c i f i c  d is p e rs io n  r e l a t i o n .  However, th e  v a r i a t i o n  in  th e

frequency  i s  sm a ll in  th e  in v e s t ig a te d  p a r t s  o f th e  r e c ip r o c a l  l a t t i c e ,
and in  t h i s  r e s p e c t  th e  e x c i t a t io n  shows some re se n b la n c e  w ith  a l o c a l i z 

ed e x c i t a t io n  o r an o p t i c a l  phonon. From i t s  i n t e r a c t io n  w ith  th e  t r a n s 

v e rse  phonons and th e  magnons one may p ro b ab ly  conclude th a t  th e  e x c i ta 

t io n  i s  a mixed e l e c t r o n i c - v ib r a t io n a l  mode.

d i r e c t i o n . ■
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CHAPTER VI

INVESTIGATION OF NICKEL SINGLE-DOMAIN SINGLE CRYSTALS

6.1. A crucial experiment

From the triple-axis experiments on the multidomain nickel crystal some
indications for the magnetic character of the mixed excitation could be
deduced. Near the zone centre the mixed mode interacts with the magnons,
and near the zone boundaries the interaction between this mode and the
transverse phonons leads to a lowering of the symmetry of the phonons.

More direct evidence for the magnetic properties of the mixed excitation
near the zone boundary was obtained by means of a time-of-flight experi
ment on a single domain. The same specimen that was used previously was
mounted with the [oiT] direction vertical, magnetized in the horizontal
plane along the 1 f] direction in an external magnetic field of 9075 Oe,
and the time-of-flight spectrometer was set to- observe the mixed excita
tion in energy loss at Q = (1,0,0). The scattering configuration is there
fore the same as in one of the previous time-of-flight experiments (cf.
figure 5.2), and the spectrum recorded without external field shows in
deed the additional peak centred at channel 99. Strikingly enough, this
peak is strongly reduced when the crystal is magnetized along the ^lTÏJ
direction, as shown in figure 6.1. The small bump that remains was also
observed in the spectrum of polycrystalline nickel, and is probably due
to incoherent one-phonon scattering. A numerical analysis according to
the normalization procedure used in section 5.2-yields an integrated in
tensity in the "maximum" of -160 +_ 380 for the 1̂1 lj domain relative to
the polycrystalline specimen (cf. table 5.2 for the multidomain crystal).

The result of the present experiment confirms the assumption that the ex
citation is of magnetic origin. On the other hand, the total disappearance
of the peak was not expected and in connection with this a number of ques
tions arise. Since this experiment has been decisive for the further course
of the investigation, a rather detailed discussion of the result is given
below.
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Single c r y s t a l  Ni

X0 >1.47S  A

E0 = 37.6 meV

c o u n t s / 3 2 0 0  min.

1200

1000

o° °°°<

• f ie ld  off

o f ie ld  on

c h a n n e l  nr.

Comparison o f the scattering by the mixed excitation in a multidomain and
a single domain. Channel hip. WO corresponds to an energy transfer o f
17.S meV (\> =  4.23 THz) a t Q = (1,0,0).

A p o s s ib le  e x p la n a tio n  f o r  th e  d isa p p e a ra n c e  o f th e  a d d i t io n a l  peak m ight
be t h a t  th e  energy  o f  th e  e x c i t a t io n  i s  changed to  such an e x t e n t ,  th a t  th e

peak i s  s h i f t e d  o u t o f th e  o b se rv a tio n  range o f  th e  sp e c tro m e te r . However,

a  change in  th e  m agnetic  f i e l d  d i r e c t io n  o f  10°, 20° and 28 in  th e  h o r iz o n 

t a l  p la n e ,  from  £ lT ï]  tow ards [lOO] , le a d s  to  th e  co n c lu s io n  th a t  t h i s  ex

p la n a t io n  can be r u le d  o u t:  th e  peak shows up w ith  in c re a s in g  in t e n s i t y  a t

th e  same p o s i t io n  w here i t  was observed  w ith o u t f i e l d .  One may th e re fo r e
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conclude that the scattering cross section depends on the magnetization
direction. However, the influence of the magnetization cannot be ascribed

. . .  .2 2to factors like {1+fe.m) } or (l-(ê .m) }, present in the cross sections
for magnon scattering (3.44) and magnetovibrational scattering (3.31)*
respectively. In the present configuration, M // [ill] and Q = (1,0,0),

I 2the field dependent term (£.m) has the value 1/3 and the cross sections
(3.31) and (3.44) are different from zero. Consequently, the scattering
must be described by some other mechanism. A detailed discussion of the
peculiar behaviour of the scattering cross section will be given in sec
tion 7.3.

Another conclusion from the present experiment is, that the additional scat
tering in (1,0,0) from the multidomain crystal is probably due to [lio] or
[lOOj domains, because all [ill] domains are equivalent with respect to (£ =
(1,0,0) and are therefore e.xpected to yield the same zero result. At room
temperature the [l 10 directions are the easy magnetization directions, but
the magnetic anisotropy is known to be small 189,901 and therefore [lio]
and [100] domains are likely to be present in the multidomain crystal,
especially as closure domains near the surface. Moreover, one should take
into account that the neutron beam is strongly attenuated on its way through
the large cylindrical sample: the transmission through 3 cm nickel is only
0.3%. Hence the bulk of the sample contributes only little to the observed
scattering, and one observes mainly the surface layer of the crystal, where
the path of the neutrons through the sample is short. In this way one may
understand why the additional scattering is clearly Observed in the multi-
domain crystal, but not in the [ill] single domain.

To this point the discussion has been limited to the scattering in one par
ticular point in (J-space. By consideration of continuity, however, the same
arguments may be used for the triple-axis experiments along [lOO] and [Til]
on the multidomain crystal. The results summarized in figures 5.3 - 5.7
should then be interpreted as a superposition of separate contributions, each
being due to a particular domain type. On the basis of the time-of-flight ex
periment on the Q  11] domain one might expect, for example, that the addition
al branch along [lOO] (cf. figure 5.5) is not observable in [ill] domains.
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6 .2 .  Choice o f s in g le  domain sam ples

In  o rd e r  to  s t a r t  a more s y s te m a tic  in v e s t ig a t io n  of th e  mixed e x c i ta t io n

under d i f f e r e n t  m agnetic  c o n d i t io n s ,  fo u r new sam ples were p re p a re d .
3

P l a t e l e t s  w ith  d im ensions 5x25x25 mm were cu t by means o f sp a rk  e ro s io n
from  a la rg e  s in g le  c r y s t a l ,  su p p lie d  by M etals R esea rch , Cambridge. The

lo n g  edges w ere o r ie n te d  along  d i r e c t io n s  o f  h ig h  symm etry, so th a t  sam ples

o f  th e  ty p e s  [ll0]-[00l], [l lo]- [Tio] and [llo]-[ni] were o b ta in e d  ( c f .

ta b le  6 .1 ) .  D uring th e  m easurem ents a p a r t i c u l a r  sample was mounted in  th e

Table 6.1.

C ryetale used as s in g le  domain

c r y s t a l  n r . o r i e n t a t io n

1, 2 [no]-[ooi]
3 [uo]-[Ti i]
4 [no]-[Tio]

25 mm gap o f  a  C -shaped perm anent magnet g iv in g  a f i e l d  s t r e n g th  o f  3050+30 Oe,

which i s  s u f f i c i e n t  to  re a c h  m agnetic  s a tu r a t io n  a t  room te m p e ra tu re , even

fo r  th e  h a rd  m a g n e tiz a tio n  d i r e c t io n  [ 0 0 l] .  The f i e l d  d i r e c t io n  could  be

chosen e i t h e r  h o r iz o n ta l ly  i . e .  in  th e  s c a t t e r in g  p la n e ,  o r  v e r t i c a l l y .

A lthough i t  was concluded in  s e c t io n  6 .1  t h a t  th e  s c a t t e r in g  c ro ss  s e c t io n

o f  th e  mixed mode w ith  £  = (1 ,0 ,0 )  i s  a fu n c tio n  o f  th e  m a g n e tiz a tio n  d i 
r e c t i o n ,  i t  i s  n o t e v id e n t t h a t  th e  mode a c tu a l ly  has a m agnetic  moment.

I f  th e  s p in  Sz o f  th e  mode i s  z e ro ,  i t  shou ld  be c l a s s i f i e d  acco rd 
in g  to  th e  i r r e d u c ib le  r e p r e s e n ta t io n s  o f  th e  pseudo-m agnetic  p o in t  group

G-M(q ) .  T his w i l l  be th e  case  i f  th e  mode co rresp o n d s to  an e le c t r o n  ex

c i t a t i o n  w ith in  th e  same sp in  band . I f ,  on th e  o th e r  h an d , th e  mode has
a s p in  SZ eq u a l to  +1 o r  - 1 ,  which i s  th e  ca se  f o r  e l e c t r o n  t r a n s i t i o n s

betw een s t a t e s  w ith  d i f f e r e n t  s p in ,  i t  m ust tra n s fo rm  as one o f  th e  i r r e d u 
c ib le  r e p r e s e n ta t io n s  o f  th e  u n i ta ry  subgroup G^(£) o f th e  m agnetic  p o in t

group M(£) ( th e s e  groups have been  d e f in e d  in  s e c t io n  2 .2 ) .  The l a t t e r  o f

th e se  two p o s s i b i l i t i e s  was chosen as b a s is  f o r  th e  s e le c t io n  o f  th e  s c a t 
t e r i n g  c o n f ig u ra t io n  in  th e  experim en ts d e s c r ib e d  below . The m easurem ents

w ere r e s t r i c t e d  to  th e  [lOO] , [ l l0 ]a n d  [ i l l ]  d i r e c t io n s  in  s in g le  dom ains,
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m agnetized  along  one o f  th e se  th r e e  h igh-sym m etry d i r e c t io n s .

Table 6.2.

Magnetic poin t group M(q_) fo r  symmetry d irection s in sing le domains )

M//[00l] M //[ l l0 ] M / / [ l l l ]
po in t
l in e  ^ M(C[)

poin t
l in e  q M ( ( j)

po in t
l in e  q M(<j)

X1 (1 ,0 ,0 ) D2h(C2h> X* (1 ,0 ,0 ) C2h(Ci> X (0 ,1 ,0 ) C2 h « V
X2 (0 ,0 ,1 ) D4h(C4h) X2 (0 ,0 ,1 ) D2h
A1 a , o . o ) C2v(Cs> A1 (c .0 ,0 ) C2(C1> A (0 ,c ,0 ) C2 <Cj)

A2 ( 0 ,0 , c) vv A2 ( 0 ,0 ,C) C2v(Cs>
A ( c ,e ,c ) w A1 ( c . c . c ) W A1 (C.C.S) D,(C,)

A2 ( ? , c , s ) « V A2 ( i . e . c ) W
(C,C,0) S /V E1 (C,C,0) D ,(c , ) E1 ( c .c .0 ) W

z 2 (0,C,S) w I 2 ( i . c . o ) C2v(Cs> E2 ( c ,c ,0 ) Cs (Cl>
e3 (O.c.c) (0 ,)

T  The notation fo r  the symmetry lin es and poin ts has been introduced
by Cracknell \Z6\. D istinction  i s  trade between nonequivalent d irec 
tio n s , while the connection with the notation o f  Bouckaert e t  a l.
fo r  the cubic c ry s ta l \ 441 i s  retained. The po in t group in parantheses
ie  the unitary subgroup <T̂ (g) o f  M(g). For A2 and Z3 in  the [lid ] do
main there are no an ti-un itary elements. The magnetic po in t group for
A in  the \110\ domain has been trea ted  as an example in  sec tion  2.2.

In  s p i t e  o f  t h i s  r e s t r i c t i o n ,  how ever, th e  number o f  m a g n e tic a lly  non-

e q u iv a le n t com binations o f  M and £  i s  l a r g e .  T his i s  due to  th e  f a c t  th a t

v e c to r s  ^  th a t  a re  e q u iv a le n t in  a c r y s ta l  w ith  cu b ic  symm etry, w i l l  b e

come n o n eq u iv a le n t in  a fe rro m a g n e tic  s in g le  dom ain, which has a low er sym

m etry . The n o n e q u iv a le n t com binations o f  M and £ ,  r e le v a n t  to  th e  p re s e n t

in v e s t ig a t io n ,  a re  l i s t e d  in  ta b le  6 .2 ;  com plete ta b le s  may be found in

1361. The m easurem ents to  be d e s c r ib e d  in  t h i s  c h a p te r  cover on ly  a l i m i t 
ed number o f th e se  co m b in a tio n s . The tim e—o f—f l i g h t  experim en ts were aimed
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at the observation of the mixed mode in or close to the points (1,0,0)
and (0,0,1) in different domains, whereas the experiments with the triple-

2 2 —axis spectrometer were limited to the directions A = (0,0,c), I = (c,£,0)
and A = (C,C,C) in a [l lO] domain. The results are presented in sections
6.3 and 6.4, respectively.

6.3. Time-of-flight measurements on [OOl], DlO] and Dll] domains

The time-of-flight experiments on single domains were intended to confirm
and to extend the experiment described in section 6.1. The first aim was
to check the assumption that the scattering by the mixed mode at Q * (1,0,0)
should be due to [ooi] or/and |j 1Ö] domains. In addition, a search was made
for scattering in points like (0,1,1) and (1,1,0), which are equivalent to
the points (1,0,0) and (0,0,1) because they are connected by translations
over a reciprocal lattice vector. A complete list of the various points X
and the investigated cases is given in the tables 6.3, 6.4 and 6.5. Short
ly before the experiments on single domains were started, the new rotor
with the double Slit system was put into operation. Due to the more effi
cient use of the incident beam, the measuring time could usually be kept
within the practical limit of 48 hours, in spitè of the small volume
of the samples. Apart from a change in the delay time from
384 ps to 0 ps, which caused a shift of 48 channels in the spectra, and a
slight change in the energy of the incident neutrons to E =36.4 meV, the
instrumental parameters were the same as before (cf. section 5.2).

Table 6.3.

Experimental results for points X2 and X^ in a \00l\ domain

X2 x 1 x2 X1
M//[00l] (0,0,1)* (1,0,0)* 0,1,0)* (0,1,1)* (1,0,1)

(0,0,T) (T ,0,0)* (1,1,0) (0,T,T) (1,0,1)
(0,1,0) (1,1,0) (0,1,1) (1,0,1)
(0,1,0) (f'1,0) ( o ,T ,D (1,0,1)

investigated yes yes yes yes

crystal nr. 2 1 i i

orientation M hor. vert. vert. hor.

mixed mode
observed yes yes no no

) Investigated points X.
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Table 6.4.

Experimental results for points a in a [ jjf l]  domain

x 2 X1 x 2 x 1
M //[ll0 ] ( 0 , 0 . 1 ) * * 0 . 0 , 0 ) ( 1 . 1 . 0 ) ( 0 , 1 , 1 )  ( 1 , 0 , 1 )

( 0 .0 .T ) ( T .0 ,0 ) (T .T .o ) (o ,T ,T) (T ,o ,T )

( 0 , 1 , 0 ) ( i , T , o ) * * ( 0 , 1 . 1 )  ( 1 , 0 , 1 )
( o .T .o ) ( T . i . o ) ( o . T . o  ( T . o . i )

in v e s tig a te d yes
*

no yes *
no

c ry s ta l  n r . 1,2 3.4
o r ie n ta t io n  M v e r t . v e r t .
mixed mode
observed yes no

) These oases have been investigated by means o f a d ifferent set-up
where the C-magnet with the sample was mounted in a cradle which
could be rotated about a horizontal axis. The results have not been
used, because i t  is  not certain that the f ie ld  was su ffic ien tly  strong
to reach saturation.

**) Investigated points X. Table 6.5.

Experimental results for points X in a [ill]  domain

X X X
M / / [ l l l ] ( 1 . 0 , 0 ) ( 0 , 1 , 0 * ( o . i . O *

(T.o .o) ( 0 , 1 , 0 ( o . T . i )
( 0 , 1 , 0 ) ( 1 , 0 , 0 O .o .T )
( 0 ,1 ,0 ) (T X T ) ( T . o . i )
( 0 , 0 , 0 * 0 , 1 , 0 ) O .T .o )
( 0 . 0 . Ï ) (T .T .o) ( T . l , o )

in v e s tig a te d yes yes yes
c ry s ta l  n r . 3 3 3
o r ie n ta t io n  M h o r . h o r. vert#
mixed mode
observed no no no

) Investigated points X
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In  most ca se s  on ly  one p o in t  X from  each column in  th e  th r e e  ta b le s  was

in v e s t ig a te d .  As may be se en  from  th e  t a b l e s ,  fo u r  m easurem ents were p e r 
formed c lo se  to  th e  p o in ts  (0 ,0 ,1 )  and ( 1 ,0 ,0 ) .  The r e s u l t s  a re  found to

be in  agreem ent w ith  th e  p re lim in a ry  co n c lu s io n  in  s e c t io n  6 .1 :  fo r  a

[ i l l ]  domain th e  a d d i t io n a l  peak i s  a b sen t o r  a t  most very  weak, w hereas
s c a t t e r in g  a t  abou t 4 .0  THz i s  observed  in  [ l io ]  and [ooi] dom ains. In

f ig u re  6 .2  th e  r e le v a n t  p a r t  o f  th e  s p e c tr a  has been p lo t t e d .  The p o s i t io n

o f th e  a d d i t io n a l  maximum (ch an n el 148) i s  in  agreem ent w ith  th e  p rev io u s

m easurem ents. To e s t im a te  th e  i n t e n s i t y  in  th e  maxima, th e  background was

s u b tr a c te d  and th e  rem ain ing  s p e c tr a  no rm alized  to  an in te g r a te d  in te n s i t y

o f  199.1*10 coun ts in  th e  e l a s t i c  in c o h e re n t peak . N ex t, th e  norm alized

spectrum  fo r  th e  [ l 1 l j  domain was s u b tr a c te d  from  th e  th re e  o th e r  s p e c t r a ,
and f i n a l l y  th e  in te g r a te d  i n t e n s i t i e s  in  th e  maxima were determ ined  (see

ta b le  6 .6 ) .  The i n t e n s i t y  in  th e  p o in t  (0 ,0 ,1 )  f o r  a [ooi] domain i s  found
to  be o f  th e  same m agnitude as  th e  in t e n s i t y  observed  in  th e  same p o in t  fo r
th e  m ultidom ain  c r y s t a l .

Table 6 .6 .

Comparison o f  in te n s i t ie s  in  the 4 THz peaks

M a in te g r a te d
in t e n s i t y

Cooi] (0 ,0 ,1 ) 2150 + 450
[001] (1 ,0 ,0 ) 700 + 280
[110] (0 ,0 ,1 ) 1000 + 290
[111] (0 ,0 ,1 ) 0 *)

m u lt i -
domain (0 ,0 ,1 ) 2650 + 450 )

K
/  Spectrum used as re feren ce .

K f
) Value token from tab le  5 .2.
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Ni single domains
5  =.(0,0,1), (i,o,oi

V  =1 .49 9  A
E0 = 3 6 .4  meV

crystal 2
[110] vertical
H / /  [001] hor.

crystal 1
H// [001] vert.

(200)

crystal 1
H / /  [110] vert.

crystal 3
[110] vertical
H7/ [T11] hor.

Figure 6.2.

Scattering by the mixed excitation in four d ifferen t single domains. The
normalization procedure is  described in the tex t. The drawn curves in the
spectra are iden tical and represent the "background" due to incoherent
scattering.

I n  t a b l e  6 . 3  t h e  p o i n t s  X ( o r  X^) l i s t e d  i n  d i f f e r e n t  co lu m n s  a r e

e q u i v a l e n t  b e c a u s e  t h e y  a r e  t r a n s f o r m e d  i n t o  e a c h  o t h e r  b y  o n e  o f  t h e

t r a n s l a t i o n s  _t -  ( 1 , 1 , 1 ) ,  ( 1 , 1 , 1 ) ,  e t c .  S i n c e  t h e  p r o p e r t i e s  o f  a n  a r 
b i t r a r y  e x c i t a t i o n  a r e  i n v a r i a n t  u n d e r  t h e s e  t r a n s l a t i o n s ,  t h e  m ix e d

mode h a s ,  f o r  e x a m p l e ,  t h e  same e n e r g y  i n  t h e  p o i n t s  X 1 = ( 0 , 1 , 1 )  an d

( 1 , 0 , 0 ) .  M o r e o v e r ,  i t s  e i g e n f u n c t i o n  t r a n s f o r m s  a c c o r d i n g  t o  t h e  same

i r r e d u c i b l e  r e p r e s e n t a t i o n  o f  t h e  same p o i n t  g r o u p  G ^(£ )  i n  b o t h  p o i n t s .

H o w ev e r ,  t h e  s c a t t e r i n g  c r o s s  s e c t i o n  o f  t h e  mode i s  n o t  n e c e s s a r i l y  t h e

same i n  t h e s e  p o i n t s ,  b e c a u s e  t h e  s e l e c t i o n  r u l e  f o r  n e u t r o n  s c a t t e r i n g
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4.01 THz
2680 min.

6.07 THz

channel nr.

Time-of-f lig h t experiment close to (1,0,0) in a \00l\ domain.
(a) Part o f the observed tim e-of-fligh t spectrum.
(b) Phonon dispersion relation along the path o f k. The dotted curve

indicates the energy loss o f  the neutron, expressed in THz.
(c) Scattering configuration in ty-space.
The frequencies and ware vectors o f the observed phonon (o) and mixed
node (*) are p lo tted  in (b) and (c).  Moreover, the calculated polarization
vector E of the phonon is  drawn in (c).

i s  based  on th e  p o in t  group o f th e  s c a t t e r in g  v e c to r  2» ^£,(2) ( s t .  s e c t i ° n
3 .4 .3 ) .  Due to  th e  f a c t  th a t  does n o t c o n ta in  e lem en ts t h a t  t r a n s 

form  £  in to  2 +t . th e  p o in t  groups G ^(2 ,) and G^(22) o f th e  s c a t t e r in g  vec

to r s  2 ,  and 22 ” a re  gen e r a l  d i f f e r e n t .

As shown in  th e  ta b le s  6 .3  and 6 .4 ,  d i f f e r e n t  c ro ss  s e c tio n s  a re  observed

f o r  th r e e  p a i r s  o f  e q u iv a le n t  wave v e c to r s  2» co rresp o n d in g  to  p o in ts  X
2 2 _ _  ̂ #

and X in  a [oof] domain and X in  a Q lO] domain. For each p a i r  th e  mixed

mode i s  observed  a t  2  “ (0 ,0 ,1 )  o r  ( 1 ,0 ,0 ) ,  b u t n o t a t  2  “ (1 ,1 ,0 )  o r
( 0 ,1 ,1 ) .  To i l l u s t r a t e  t h i s  d i f f e r e n c e ,  th e  e x p e rim en ta l r e s u l t s  f o r  th e

p o in ts  X1 in  a [OOl] domain have been  summarized in  f ig u re s  6 .3  and 6 .4 .
The experim en t c lo se  to  2  “ ( 1 ,0 ,0 ) ,  shown in  f ig u re  6 .3 ,  has  been  p re se n te d
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earl i er  in  l e s s  d e t a i l  ( c f .  f ig u r e  6 .2 ) .  The experim ental co n fig u ra tio n
i s  g iven  in  the f ig u r e . I t  should be mentioned th a t the c a lc u la t io n  o f
the phonon freq u en cies and the n o ta tio n  for the ir r e d u c ib le  rep resen ta
t io n s  o f  the phonons are based on the dynamical m atrix fo r  the cubic crys
t a l .  In other words, in  th ese  c a lc u la t io n s  the in flu e n c e  o f m agnetic e f 
f e c t s , -  l ik e  m a g n eto str ic tio n , on th e frequency o f  th e phonons i s  n eg le c ted .
This i s  not an e s s e n t ia l  r e s t r ic t io n ,  however, because the c a lcu la ted  phonon
d isp ers io n  r e la t io n  i s  on ly used to  id e n t i fy  the phonon peaks in  the Observed
sp ec tra . I t  has been pointed  out e a r l ie r  th a t in  a m irror plane o f  th e re
c ip r o ca l l a t t i c e  on ly the phonons w ith  even symmetry are ob servab le . In ad
d it io n  to  the mixed mode in  ( 1 , 0 , 0 ) ,  a + phonon i s  observed a t  v = 6.1 THz,
which i s  in  reasonable agreement w ith  the ca lc u la te d  frequency v = 5.95  THz.

The experim ental co n fig u ra tio n  fo r  ob serva tion  o f  th e mixed mode at
^  = ( 0 , 1 , 1 )  in  a LPOlj domain i s  shown in  f ig u r e  6 . 4 .  The measuring time
was ad ju sted  in  such a way, th a t the in te g ra ted  in te n s ity  in  the e l a s t i c
incoherent peak was about the same as in  the preced ing experim ent. In s p ite
o f the fa c t  th a t the mixed mode e x i s t s  in  ( 0 , 1 , 1 )  w ith  a frequency o f  4 .0  THz

5 V (THz)

H / /  [OOl],horizontal
Q » (0,1,1)

counts
3870  min.

5.82 THz

channel nr.(0 0 0 ) (OQ2),

Figure 6.4.

T im e-o f-flig h t experiment c lo se  to  (0 ,1 ,1 )  in  a [OOl] domain. The lay
out in  th is  fig u re  i s  the same as in  f ig u re  6 .3 .
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and that the neutron energy loss in (0,1,1) corresponds to this same
frequency, no inelastic scattering by the mixed mode is observed. On
the other hand, a maximum due to phonon scattering is appearing at
the expected position (calculated frequency: v ■ 5.75 THz).

By a comparison of cross sections for the same excitation in non-
Mequivalent points Q, i.e. points for which the point groups G (0) are

different, it is in general possible to obtain information on the sym
metry properties of the excitation. This will be discussed in detail in

. . 1 2section 6.6 for the pairs of points X and X that have been investi
gated by means of the present time-of-flight experiments.

6.4. Triple-axis measurements on a [llO] domain

In this section the results of triple-axis experiments on a nickel fllOj
domain will be presented. Since the time-of-flight experiments in spe
cific points in Q-space have yielded evidence for the pronounced influence
of the magnetization direction on the scattering cross section of the mix
ed excitation, one may expect the same or a similar influence to exist
throughout the Brillouin zone. The aim of the measurements described in
the present section was to repeat the triple-axis experiments that were
carried out on the multidomain crystal, with the same scattering configura
tion, but this time on a single domain, and to determine in this way to
which extent a particular domain contributes to the total scattering in a
multidomain specimen. A complete investigation of the main symmetry direc
tions of reciprocal space, listed in table 6.2, would occupy the triple
axis spectrometer for at least half a year, and the experiments were there
fore restricted to the directions joOl], JjlO^and (j 11J in a [jio] domain.
This choice was based on the considerations (a) that the magnetic field
should be oriented vertically to obtain a large accessible range of scat
tering angles, and (b) that the measurements along the main three symme
try directions should preferably be carried out on the same crystal.
Crystal nr. 4, magnetized vertically along QlOJ , was used as specimen.
Apart from the specimen, all the instrumental parameters were the same
as specified earlier in section 5.3.1. The constant—Q scans were performed
in the configuration Q//<̂ , which is suitable for the observation of lattice
vibrations that are purely or partly longitudinal.
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The r e s u l t s  o f  t h e  m easurem en ts  a lo n g  th e  |_001J d i r e c t i o n ,  w h ich  w ere

p e r fo rm e d  i n  e n e rg y  l o s s  and e n e rg y  g a i n ,  a r e  sum marized i n  t h e  f i g u r e s

6 .5  and 6 . 6 , r e s p e c t i v e l y .  A co m p ar iso n  w i t h  t h e  r e s u l t s  f o r  t h e  m u l t i -

domain sam ple  ( f i g u r e s  5 .3  and 5 . 4 )  shows t h a t  t h e  s c a t t e r i n g  by th e

mixed mode h a s  d i s a p p e a r e d  e x c e p t  p o s s i b l y  i n  t h e  e n e rg y  l o s s  s c a n s  f o r

C £ v0 . 5 .  A l th o u g h  i t  i s  d i f f i c u l t  to  decompose t h e  a d d i t i o n a l  p e a k s  a t

v = 5 THz f o r  5 = 0 . 7  and 0 . 8  i n  f i g u r e  6 . 5 ,  i t  seems p r o b a b l e  t h a t  t h e s e

maxima a r e  i n  f a c t  d o u b le  p e a k s .  O b s e r v a t io n  o f  th e  m ixed  mode i n  ( 0 , 0 , 3 )

may be  e x p e c t e d  on b a s i s  o f  t h e  t i m e - o f - f l i g h t  r e s u l t  i n  ( 0 , 0 , 1) f o r  t h e

+ < 002)

+<Ï11>

(0 0 0 )

Figure 6,5.

Ni crystal 4
counts H vertical,//[HO]
1° min- Q= <0,0,2+0

a energy gain

(000)

c  *0 .2

>2. 04

V(THz)

Results o f constant-Q scans along the [001] direction in a \llÖ] domain,
performed in energy loss (figure 6.5) and in energy gain (figure 6.6).
The frequencies indicated by A  ̂ and A£ refer to the results o f Birgeneau
et al. \2\. Filled circles are used to distinguish overlapping spectra;
arrows indicate the corresponding scale.
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[110] dom ain, shown in  f ig u r e  6 .2 .  In  a d d i t io n  th e  A£ phonons c o n tr ib u te

to  th e  s c a t t e r i n g ,  td iich  le a d s  to  b road  maxima n e a r  th e  zone boundary .

A s t r i k i n g  d i f f e r e n c e  betw een f ig u re s  5 .3  and 6 .5  i s  th e  absence o f  ad

d i t i o n a l  s c a t t e r in g  a t  c '  0 .4  f o r  th e  [llO ] domain. T his r e s u l t  su p p o rts

th e  e a r l i e r  co n c lu s io n  in  s e c t io n  5 .5  th a t  th e  s c a t t e r in g  by A£ phonons

in  th e  o u te r  p a r t  o f th e  B r i l lo u in  zone h as  an o th e r  o r ig in  th a n  th e  s c a t 

t e r in g  by th e s e  phonons c lo s e  to  th e  zone c e n t r e ,  which i s  due to  th e  f i n 

i t e  d im ensions o f th e  r e s o lu t io n  e l l i p s o i d .

In  f ig u r e  6 .7  th e  m easured f re q u e n c ie s  a re  compared w ith  th e  d a ta  of
B irgeneau  e t  a l . ,  which a re  r e p re s e n te d  by th e  drawn cu rves A. and A ..

The b ro ad  peaks f o r  ?>0.7 have n o t been se p a ra te d  in to  p a r t i a l  c o n t r i 

b u tio n s  from  phonons and mixed modes; th e  w id th  o f  th e  com posite peaks

i s  in d ic a te d  by e r r o r  b a r s .

Figure 6.7.

[001]
energy gain

[001]
energy loss

Observed excitations along the [0Ö2] direction in a domain.

□ lon g itu d in a l phonons,

o: tra n sverse  phonons,
• ;  broad peaks due to  mixed modes and perturbed  A£ phonons.
The drawn curves Aj and A£ rep resen t the r e s u lts  o f  Birgeneau e t  a l .  In
the energy gain scans fo r  & 0 .6 the lon g itu d in a l phonon was ou tside  the

scanned frequency in te r v a l  (cf .  f ig u re  6 .6 ) .
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Along th e  [Til] d i r e c t io n  on ly  th r e e  c o n s ta n t -^  scans w ere c a r r ie d  o u t

iri energy lo s s  a t  ; =  0 .3 ,  0 .4  and 0 .5 .  The r e s u l t s  a re  in  s t r i k i n g  con

t r a s t  w ith  th o se  o b ta in ed  fo r  th e  m ultidom ain  specim en, as may be seen

from f ig u r e  6 . 8  w here s im i la r  scans on b o th  sam ples a re  compared. A part

from  a weak maximum, which may be due to  s c a t t e r in g  by p e r tu rb e d  A_ pho
n ons, no s c a t t e r in g  from  th e  mixed mode could  be d e te c te d  in  th e  scans
on th e  s in g le  domain.

Ni multidomain
Q = (-1-C.H-£f1 + C)

Ni single domain
H// [110] .vertical

i j  15 min. |

< = 0.3

£ -0 .4

co ö '■O o A,

Figure 6 .8 .

Comparison o f  th e  s c a tte r in g  by th e  mixed, mode and p ertu rbed  A_ phonons
along the [ i l l ]  d ir e c tio n  in  a m ultidomain sample and a [llÓ] domain.
The sc a lin g  o f  th e  in t e n s i t i e s  i s  based on th e  A- phonon a t  c » 0 .3.

F in a l ly ,  th e  lo n g i tu d in a l  (E j) phonons a lo n g  th e  [Tio] d i r e c t io n  w ere

in v e s t ig a te d .  The a d d i t io n a l  maxima a t  v=6.7  THz observed  f o r  sm a ll v a lu e s
o f c ( c f .  f ig u re s  6 .9  and 6 .1 0 ) a re  p ro b ab ly  due to  mixed e x c i t a t i o n s ,  a l 

though th e re  i s  no e x p e rim en ta l ev id en ce  t h a t  th e se  e x c i ta t io n s  be lo n g  to
th e  b ranch  o f mixed modes t h a t  was observed  a t  low er f re q u e n c ie s  along

th e  [001] d i r e c t io n .  Near th e  c ro s s in g  betw een th e  f l a t  b ran ch  and th e  E

phonon b ranch  a t  C -0.3 a r e s o n a n c e - l ik e  in te r f e r e n c e  betw een th e  phonons

and th e  mixed modes g iv e s  r i s e  to  an anomalous in c re a s e  in  th e  s c a t t e r in g

by th e  mixed modes. The c o n tin u a t io n  o f th e  f l a t  b ran ch  on th e  o th e r  s id e
o f th e  c ro s s in g  could  n o t be o b se rv ed . I t  shou ld  be em phasized th a t  in

f ig u re  6.10 a mixed mode w ith  a freq u en cy  v=4.0 THz e x i s t s  a t  5 -  1 .0 , which
co rresponds to  th e  p o in t  ( 1 ,1 ,0 ) .  This mode has been observed  in  th e
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Ni c ry s ta l 4
H v e r t i c a l ,/ / [«O]

Ö «<-2  + £,2 -e.O)

c o u n ts /1 9

Figure 6.9.

Results o f  constant-Q scans along the \jlÖ\ direction in a \_110\ domain.
The phonon frequencies indicated by Z^t Z^ and Z. are taken from 12 1. F ill
ed c irc les have been used to distinguish overlapping spectra; arrows in 
dicate the corresponding scale.

CTio]
energy loss

H H [110], vert leal

Q . ( - 2 + C ,2 - C ,0 ) -

Figure 6.10.

Observed frequencies o f  longitudinal phonons (O)} transverse phonons (o)
and mixed modes (0) along the [710\ direction in  a [ 110] domain. The drawn
curves represent the resu lts  o f  Birgeneau e t  a l. |2 | on unmagnetized nickel.
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t im e - o f - f l ig h t  experim en t c lo se  to  (0 , 0 , 1) b u t i s  n o t o b se rv a b le  in  th e

e q u iv a le n t  p o in t  ( 1 ,1 ,0 )  (see  ta b le  6 .4 ) ,  For th e  mixed mode w ith

frequency  6 .7  THz the  c o n d itio n s  fo r  n e u tro n  s c a t t e r in g  a re  re v e rs e d .

This mode i s  o b se rv a b le  in  ( 2 ,2 ,0 )  b u t n o t in  th e  e q u iv a le n t  p o in t
(0 , 0 , 2) ,  which co rresp o n d s to  5 = 0 in  f ig u r e  6 . 7 .

I f  jone rev iew s th e  r e s u l t s  c o l le c te d  in  c o n s ta n t -^  scans on th e  [ l id ]

domain (see  f ig u re s  6 .5 - 6 .1 0 ) ,  i t  i s  s t r i k i n g  th a t  th e  mixed modes a re

only  o b se rv a b le  in  sm all re g io n s  o f  ^ -s p a c e r  c lo se  to  th e  zone boundary

i f  £ / /  [OOl] and c lo se  to  th e  zone c e n tr e  i f  Q // [no], One may th e r e 

fo re  conclude th a t  th e  s c a t t e r in g  by th e  mixed modes o bserved  fo r  th e

m ultidom ain  sample a lo n g  th e  [lOO] and [Til] d i r e c t io n s  (see  f ig u re s

5*3 5 .7 ) ,  must be p a r t l y  due to  o th e r  dom ains. T his a p p l ie s  in  p a r t i c u 

l a r  to  th e  a d d i t io n a l  maxima o bserved  c lo se  to  th e  zone c e n tr e  (0 , 0 , 2 )
i f  £ / /  [OOl] and c lo s e  to  th e  zone boundary i f  £ / /  [Til]. On b a s i s  o f  a

p o s s ib le  i n t e r p r e t a t i o n  o f th e  mixed mode, su g g ested  in  s e c t io n  7 . 3 , i t

seems l i k e ly  th a t  th e  l a t t e r  maxima a re  due to  s c a t t e r in g  in  [T il]  dom ains,

w hereas th e  form er maxima may o r ig in a te  from  [OOl], [OIO] o r  [lOO] dom ains.

6 .5 .  An experim en t a t  l iq u id —n itro g e n  te m p era tu re

In  view  o f th e  mixed m a g n e tic -v ib ra t io n a l  p r o p e r t ie s  o f  th e  new e x c i t a t io n

i t  i s  o f  i n t e r e s t  to  c o l l e c t  f u r th e r  in fo rm a tio n  on th e  o r ig in  o f  th e  e l e c 

t r o n ic  component o f  th e  mode. E xperim ents a t  low te m p era tu re s  o f f e r  th e
p o s s i b i l i t y  to  d i s t in g u i s h  betw een c o l l e c t iv e  e le c t r o n  e x c i t a t io n s  and

s in g le  e le c tro n - h o le  e x c i t a t io n s .  The o c c u p a tio n  numbers <n(c[)>^, ap p e a rin g

in  th e  c ro ss  s e c t io n  o f  th e  c o l l e c t i v e  e x c i t a t io n s  (see  ( 3 .3 0 ) ,  (3 .3 2 ) and

(3 .4 4 ))  a re  governed by B o s e -E in s te in  s t a t i s t i c s  ( 3 .2 5 ) ,  w hereas th e  c ro ss

s e c t io n  (3 .3 9 ) o f  e le c tro n - h o le  e x c i ta t io n s  depends on th e  o c c u p a tio n  num
b e rs  <i>k a>T o f  th e  i n i t i a l  and f i n a l  e l e c t r o n  s t a t e s ,  w hich a re  de term ined

by F erm i-D irac  s t a t i s t i c s  ( 3 .3 7 ) .  C o n seq u en tly , th e  c ro s s  s e c t io n  o f  c o l

l e c t i v e  e x c i ta t io n s  d e c re a se s  when th e  te m p era tu re  i s  reduced  : f o r  T -*• 0

th e  energy g a in  c ro s s  s e c t io n  te n d s  to  z e ro ,  w h ile  th e  energy  lo s s  c ro ss

s e c t io n  approaches a c o n s ta n t v a lu e . On th e  o th e r  hand , th e  c ro ss  s e c t io n
o f a s in g le  e le c t ro n  e x c i t a t io n  i s  de term in ed  by th e  e n e rg ie s  o f  th e  i n i 

t i a l  and f i n a l  e le c t ro n  s t a t e s  r e l a t i v e  to  th e  Fermi energy  E . I t  w i l l  be

shown below th a t  th e  energy lo s s  c ro ss  s e c t io n  in c re a s e s  fo r  d e c re a s in g  T
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i f  th e  e le c t r o n  s t a t e s  a re  c lo se  to  th e  Fermi le v e l  and E does n o t change;r
under th e  same c o n d itio n s  th e  energy  g a in  c ro ss  s e c t io n  d e c re a s e s .

F or a c o l l e c t iv e  e x c i t a t io n  w ith  a frequency  v = 4 .0  THz one o b ta in s  th e

fo llo w in g  o c c u p a tio n  numbers a t  T = 296 K and T = 82 K :

< n(v)> „„£ = 1.10 and < n (y )> „ , = 0 .1 1 . Hence th e  energy g a in  c ro ss  s e c t io n296 ÖZ
changes by a f a c to r  10, w h ile  th e  energy  lo s s  c ro ss  s e c t io n ,  which depends

on < n(v)+ l> T, changes by a f a c to r  - 2 . I f  one c o n s id e rs  e le c t r o n  t r a n s i t i o n s

betw een s t a t e s  s i t u a te d  4 .0  THz below  Ê , and a t  E^, r e s p e c t i v e ly , th e  f o l 

low ing o c c u p a tio n  numbers a re  o f  i n t e r e s t ;

296 “ 0 ,6 5 7 , < V 8 2  ‘  °* 912’ ° ^ 5 - F° r  th e  S ta t6S  ChOSCn

above th e  r a t i o  betw een th e  c ro ss  s e c t io n s  becomes

[ d2a
[dfidE

jLl
dOdE

l o s s ,82

g a in ,82

1.39

0 .2 6  x

[—1[dfidEj

f dV|

lo s s  ,296

dfldE . 00, ̂ • 'g a in ,296

I t  shou ld  be em phasized, how ever, t h a t  th e  c ro ss  s e c t io n  r a t i o  i s  a func

t io n  o f  th e  p o s i t io n s  o f th e  e le c t r o n  s t a t e s  r e l a t i v e  to  Ep .

The experim en t was perform ed on c r y s ta l  n r . - 4 ,  which was mounted in  a
c r y o s ta t  w ith  i t s  [ llÖ J a x is  v e r t i c a l ,  and m agnetized  a long  th e  (TlOj a x is

in  a h o r iz o n ta l  m agnetic  f i e l d  o f  9075 Oe. The t im e - o f - f l ig h t  sp e c tro m e te r

was s e t  to  ob se rv e  th e  mixed mode as c lo s e  to  th e  p o in t  Q. = (0 ,0 ,1 )  as pos
s i b l e .  As a r e s u l t  o f  th e  l im i ta t io n s  to  th e  a c c e s s ib le  an g u la r  range f o r  the

in c id e n t  and s c a t t e r e d  beam th e  experim en t cou ld  n o t be perform ed a t  th e  zone

boundary ; th e  ex p e rim e n ta l c o n f ig u ra t io n  i s  shown in  f ig u re  6 .1 1 . In  th e  p re
s e n t  m easurem ent one has to  app ly  a r a th e r  s tro n g  f i e l d ,  because  th e  m agnetic

a n iso tro p y  c o n s ta n ts  in c re a s e  as th e  te m p era tu re  i s  red u ced . At T = 80 K a

f i e l d  o f  3 kOe would n o t be s u f f i c i e n t  to  m agnetize th e  c r y s ta l  a long  th e
[ j l0 ]  d i r e c t i o n ,  and a d e v ia t io n  o f  th e  m a g n e tiz a tio n  d i r e c t io n  tow ards a

Q 11] d i r e c t io n  would o c c u r. S ince t h i s  d e v ia t io n  would le a d  to  a d e c re a se  in

th e  s c a t t e r in g  c ro s s  s e c t io n  ( c f .  f ig u re  6 .1 ) ,  i t  would be im p o ss ib le  to  draw

any co n c lu s io n  re g a rd in g  th e  o cc u p a tio n  number o f  th e  mode.

M easurements were c a r r ie d  o u t a t  room te m p e ra tu re , T = 296 K, and a t  T = 82 K

th e  o b s e rv a tio n  tim es w ere a d ju s te d  in  such a wav th a t  th e  accum ulated
i n t e n s i t i e s  in  th e  e l a s t i c  in c o h e re n t peak were ap p rox im ate ly  e q u a l.  I t  may
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Ni [Ï10] dom ain

0.4 0.8
•  T »  2 9 6  K
O  T= 8 2  K

3  (4.0 THz)

|  in tensity

(8 .2  THz)'

8 6 4 2 0

channel nr.

Figure 6.11.

Comparison o f  tim e-of-f l ig h t  spectra a t T = 296 K and 82 K

be seen  from f ig u r e  6.11 th a t the s c a tte r in g  by the mixed mode i s

very weak, which i s  due to  the fa c t  th a t the p o in t o f  ob serva tion  i s  rath er
unfavourable. Although the experim ental accuracy i s  poor, i t  s t i l l  seems
p o ss ib le  to  conclude th a t the sc a tte r in g  by th e  mixed mode does not change
appreciably  when the tem perature i s  reduced, w h ile  the frequency in cr ea se s
by about 9Z from 4 .0  to  4 .35  THz. A subsequent measurement was carried  out
a t  room temperature a f te r  removal o f  the c r y s ta l  to  check that the ad d itio n 
a l peak was due to  s c a tte r in g  by the n ic k e l specim en. I t  may be seen  that
the change in  the a n n ih ila t io n  cross s e c t io n  for the n early  lo n g itu d in a l
phonon w ith  v -  4 .0  THz in  f ig u r e  6.11 i s  indeed roughly a fa c to r  10, as
expected  for  a c o l le c t iv e  mode. On the o ther hand, the behaviour o f  the
cross se c t io n  fo r  the mixed mode in d ic a te s  th a t the thermal p ro p er tie s  o f
th is  mode are c o n s is te n t  w ith  those o f  a s in g le  e le c tr o n  e x c ita t io n .
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6.6. Discussion

The experimental results on single domains suggest that the scattering
by the mixed excitation is only observable if specific magnetic condi
tions are fulfilled. At first sight the relative,orientation of the mag
netization direction and the scattering vector seems to plav a dominant
role in the scattering process: in a fixed point in 2"snace one observes
a change in the scattered intensity if the magnetization direction is
changed. However, the variation in the intensity cannot be described by

2,a factor {1+te-m) }.

It seems probable that the peculiar variation in the scattering cross
section is a consequence of the mixed character of the mode. Obviously,
the excitation has magnetic properties and must therefore be some kind
of electronic excitation, probably an electron-hole excitation. On the
other hand, there are indications that the mode has phonon-like proper
ties. Excitations with mixed electronic-vibrational properties may exist,
owing to the interaction between the electrons and the crystal lattice,
which is a consequence of the spin—orbit coupling of the electrons. It
seems probable that the scattering of neutrons by such mixed modes will
be subject to two restrictions. In the first place, the coupling between
the electrons and the lattice is restricted by selection rules that are
connected with the symmetry of the electron states, the lattice vibrations
and the electron-phonon interaction potential (cf. section 2.2). In this
way the magnetization direction may favour or prevent the formation of a
mixed excitation with specific symmetry properties. This aspect will be
discussed in section 7.3. Once the magnetic selection rules permit the
coupling between the electron states and a lattice vibration with a spe
cific symnetry (i.e. a specific polarization vector O ,  the scattering
of a neutron by the mixed mode is restricted by similar selection rules,
based on the transformation properties of the mixed mode and the symmetry
of the interaction potential between the neutron and the mode.

The aim of the present discussion is to arrive at a more detailed specifi
cation of the symmetry properties of the mixed mode, which could only be
described in very general terms in section 5.5. It will be shown that the
irreducible representation belonging to the mixed mode mav be determined
in some of the investigated single domains by means of the selection rules
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that are applicable to the interaction of the mode with neutrons and
phonons. The use of group theory in the analysis of the experimental
data has the advantage that there is no need to specify the eigenfunc
tion of the mode in detail. It is only necessary to define the point
group in which the mode should be classified and, secondly, to which
irreducible representation of this group it belongs. This analysis may
be considered as a definition of the framework, in terms of symmetry,
into which the final interpretation of the experimental results should
be fitted.

One of the complications in the group-theoretical approach is the am
biguity in the choice of the appropriate point group, Although the mixed
mode, has magnetic properties, it may have a higher symmetry than that
allowed by the magnetic point group M(q). By means of additional time-
of flight experiments in the points X it was found that reversal of the
magnetization did not influence the scattering cross section of the mixed
mode. This result does not prove unambiguously that the properties of the
mode are independent of the sign of the magnetization, because the inci
dent neutron beam was unpolarized, but it indicates that one may possibly
use the pseudo-magnetic point group (q) to describe the mixed mode.

Another uncertainty arises in connection with the application of the se
lection rules for neutron scattering. In the present experiments it was
not possible to establish whether the scattering by the mixed mode is a
process with or without spin flip. To distinguish between the two proces
ses , an experimental set-up would be needed in which the incident beam is
polarized and the polarization of the scatteréd neutrons is analyzed. In
view of these uncertainties the following possibilities will be considered:

(a) scattering with or without spin flip on basis of the unitary subgroup
magnetic point group M(q).

(b) scattering without spin flip on basis of the pseudo-magnetic point
„+ M, vgroup G- (£).

It should be emphasized that excitations transforming according to irre
ducible representations of a pseudo-magnetic group cannot possess a mag
netic moment. Consequently the neutron spin cannot flip during the scat
tering process.
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To apply the selection rule (2.13) to inelastic neutron scattering in
a point 0 in reciprocal space, one has to determine the corresponding
subgroup (^(Q) or G- '(£), which consists of the elements of ((j) or
G- (cj) that leave 0 invariant. Suppose that the mixed mode transforms
according to an irreducible representation of G^(q). Since the selec
tion rule is defined for the subgroup G^(£), the representation
of the mode should be decomposed into irreducible representations of
this subgroup by means of (2.5) and (2.6). After these preliminaries
the selection rule may be applied, taking into account that the neutron
states transform as double-valued representations and the mixed mode as
a single-valued representation (cf. section 3.4.3). One may attempt to
determine the irreducible representation of the mode in the point group
(/*(£) by a comparison of neutron scattering cross sections in two points
£, £  = and = £+t_2 » w:*-th different point groups G*(Q). The sub-
duction of the representation of the mode onto these point groups yields
different irreducible representations, which implies that the cross sec
tions in and are different. In appendix B a detailed group-theoreti
cal analysis is given of the time-of-flight results in the various points
X (cf. tables 6.3-6.5). For each case the absence of scattering in a spe
cific point is interpreted as a consequence of interdiction by the selec
tion rule.

An important conclusion from the analysis is that the scattering cross
section of the mixed mode with £  = (0,0,1) or (1,0,0) cannot be explained
by means of magnetic point groups, except for the mode with £  = (0,0,1)
in the [OOl] domain. In the other three cases the experimental results can
be described by means of pseudo—magnetic point groups, which indicates
that the mixed mode has no magnetic moment for these combinations of M and
a. The interpretation of the scattering results by means of selection
rules is less reliable when the cross section is found to be zero in all
investigated points £, which is the case for the points (1,0,0), (0,1,1)
and (0,1,T) in the [ill] domain. In table 6.7 a summary is given of the
possible representations of the mixed mode.
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Table 6 .7 .

Possible irreducible representations for the
mixed modes with £  = (1,0,0) and (0,0,1).

M a p o in t group
p o s s ib le  re p .

mixed mode
an g u la r
momentum
( u n i ts  h )

f i n a l  m
s e le c t io n  )

r5 0

[0 0 1] ( 0 , 0 , 1 ) '  C4h r7
r 8

+1

- 1

[ooi] ( 0 , 0 , 1 ) < £ " (£ ) - D4h rA,r9 0 r 9

[0 0 1 ] ( 1 , 0 , 0 ) <£*(£)
- D2h r5,r8 0 r 5 , r 8

Dio] ( 0 , 0 , 1 ) G±M(£ ) = D2h r \ r 8 0 r 8

[1 1 1 ] ( 1 , 0 , 0 ) ■ C2h rA(?) 0 7

) This selection is  based on the assumption that the mode transforms ac
cording to an odd representation (see page 100).

A s im ila r  p ro ced u re  may be used  to  d e term ine  p o s s ib le  r e p r e s e n ta t io n s  f o r

th e  mixed mode w ith  v -  6 .7  THz and £  -  (0 ,0 ,0 )  in  th e  [lio] dom ain, which

was observed  by means o f t r i p l e - a x i s  ex p e rim en ts  in  Q2 “ ( 2 , 2 , 0 ) ,  b u t cou ld

n o t be observed  in  Qj “ ( 0 ,0 ,2 )  ( c f .  f ig u re s  6 .1 0  and 6 .7 ,  r e s p e c t iv e ly ) .

The p o in t  groups f o r  Qj and 02 a re  id e n t i c a l  to  th o se  f o r  = (0 ,0 ,1 )  and

Qo = O»l»0) ï-n th e  [lio] dom ain, and th e  a n a ly s i s  le a d s  to  th e  co n c lu s io n

th a t  th e  n e u tro n  s c a t t e r in g  by t h i s  mode can o n ly  be e x p la in e d  by means o f

pseudo-m agnetic  p o in t  g ro u p s. By means o f  th e  su b d u c tio n  ta b le  B .4 and th e

ta b le  o f  o b se rv a b le  e x c i ta t io n s  B .2 , two p o s s ib le  r e p r e s e n ta t io n s  a re  found:
3 7

T and r  o f  D2, .  from  t h i s  r e s u l t  one may conclude th a t  th e  modes w ith  £  =

(0,0,0), v “ 6.7 THz and £  = (0,0,1), \> = 4 THz in  th e  [lio] domain a re  e s 

s e n t i a l l y  d i f f e r e n t .  In  o th e r  w ords, i f  th e  modes a re  co n s id e re d  as  s p e c i f i c

p o in ts  (v ,£ )  o f a d is p e r s io n  r e l a t i o n ,  th ey  do n o t b e lo n g  to  th e  same b ran c h .

This may be proved by means o f  th e  c o m p a tib i l i ty  r e l a t i o n s  fo r  th e  e x c i ta t io n s

w ith  £  = (0,0,c), fo r  which g£ M( £ )  = C« , a t  th e  zone c e n tr e  (0,0,0) and the
zone boundary (0 ,0 ,1 )  where G— (£) = D . From ta b le  B.4 i t  i s  seen  th a t  th e

0 2h 4 8mixed mode in  (0 , 0 , 1) ,  which tran sfo rm s  as T o r  o f  D2> , com p atib le  w ith
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a r 2 o r  r 1 b ran ch  along  [OO5]  , w hereas th e  mixed mode in  (0 , 0 ,0) , wtiich

tra n sfo rm s  as  T3 o r  T7 o f  i s  com p atib le  w ith  a T o r  T b ran c h .

As a lo g ic a l  c o n t in u a t io n  o f  th e  a n a ly s i s  in  append ix  B one m ight f i n a l 

ly  a tte m p t to  e x p la in  th e  ex p e r im e n ta l d a ta  by means of p o in t  groups w ith

s t i l l  h ig h e r  symmetry. I t  tu rn s  o u t t h a t  t h i s  approach  f a i l s ,  because  th e
n e x t group i s  Gq (£) -  f o r  each o f  th e  ca se s  in  ta b le  6 . 7 . Consequent

l y ,  th e  mixed mode would tra n s fo rm  ac co rd in g  to  th e  same i r r e d u c ib le  r e 

p r e s e n ta t io n  o f D4h in  each  dom ain, and th e  s e le c t io n  r u le  would a llo w

n e u tro n  s c a t t e r in g  in  £  -  ( 1 ,0 ,0 )  and ( 0 ,0 ,1 )  i r r e s p e c t iv e  o f th e  magne
t i z a t i o n  d i r e c t i o n ,  w hich i s  i n  c o n t r a d ic t io n  w ith  th e  e x p e rim en ta l r e s u l t s .

The f a c t  t h a t  th e  f re q u e n c ie s  o f  th e  mixed modes w ith  £  -  (0 , 0 , 1) o r

( 1 ,0 ,0 )  a r e  ap p ro x im ate ly  th e  same in  d i f f e r e n t  dom ains, su g g e s ts  th a t  one

i s  o b se rv in g  th e  same e x c i t a t i o n  in  each  dom ain. The d i f f e r e n c e  in  th e

s c a t t e r in g  c ro s s  s e c t io n s  may p o s s ib ly  b e  e x p la in e d  a s  a consequence of
th e  m o d if ic a tio n  o f  th e  tra n s fo rm a tio n  p r o p e r t ie s  o f  th e  e x c i t a t io n  by mag

n e t i c  i n t e r a c t i o n s .  A ccording to  t h i s  argum ent one shou ld  p r e f e r a b ly  use a

d e s c r ip t io n  f o r  th e  e x c i t a t io n  t h a t  i s  a p p l ic a b le  to  each  o f th e  dom ains,

i . e .  th e  one b ased  on p seudo-m agnetic  p o in t  groups (£M( 3 ) .  We s h a l l  th e r e 

fo re  assume th a t  th e  mixed mode h as  no m agnetic  moment, and th a t  i t s  mag
n e t i c  p r o p e r t ie s  a re  a r e s u l t  o f  m agnetic  i n te r a c t io n s  t r a n s f e r r e d  v i a  th e

s p in - o r b i t  c o u p lin g  o f  th e  e l e c t r o n s .

A second s e le c t io n  from  th e  p o s s ib le  r e p r e s e n ta t io n s  in  ta b le  6.7 can be made

i f  one ta k e s  in to  acco u n t t h a t  th e  mode h as  a v ib r a t io n a l  com ponent. S ince

th e  l a t t i c e  v ib r a t io n s  w ith  £  -  ( 0 ,0 ,1 )  tra n s fo rm  a c co rd in g  to  odd r e p re 

s e n ta t io n s  ( r ? . ( I )  -  -  I)*0,one may ex p e c t t h a t  th e  mixed mode a l s o  t r a n s 

form s as an  odd r e p r e s e n ta t io n .  Hence th e  r e p r e s e n ta t io n s  T  o f  D ^ ,  V o f
D and r 4 o f  C „ shou ld  be ex c lu d e d . T h is im p lie s  t h a t  th e  c l a s s i f i c a t i o n

o ^ t h e  mixed mode in  th e  Q 11] domain by  means o f  s e le c t io n  r u le s  h as  y ie ld 
ed an in c o r r e c t  r e s u l t .  The f a i l u r e  o f  th e  p ro ced u re  f o r  t h i s  ca se  i s  probably^

due to  th e  f a c t  th a t  no p o s i t iv e  s c a t t e r in g  r e s u l t  i s  a v a i la b le  fo r  one of

th e  p o in ts  2 .  i s  th e r e f o r e  n o t c o n s id e re d  as  a d i s q u a l i f i c a t i o n  of th e

a n a ly s is  f o r  th e  o th e r  dom ains.

I f  th e  mixed mode w ith  £  = ( 1 , 0 , 0) in

form  as  th e  odd r e p r e s e n ta t io n  V o f  C2h

and Q, -  ( 0 ,1 ,1 )  i s  a llow ed  by symmetry.
“ 2

th e  [1 1 0  domain i s  assumed to

, n e u tro n  s c a t t e r in g  in  Qj ” ^ '
S im ila r ly ,  one m ight ex p ec t

trans-

,0 ,0)

* ) S ubduction  o f and X^ o n to  th e  groups l i s t e d  in  ta b le  6.7 y ie ld s  odd

r e p r e s e n ta t io n s •
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• . — t 2scattering in = (0,1,1) if the mode transforms as T of C„ (cf.
table B.4). In section 7.3 a possible explanation for the absence of
scattering in these points will be suggested.

The second item of this discussion is the observation of "forbidden" neu
tron-phonon scattering, which may be related to the symmetry properties of
the phonons. In a crystal with cubic symmetry the phonons with £  along the
symmetry directions A, A and Z are purely transverse or longitudinal, and
neutron scattering by the transverse phonons is forbidden if £//£. The ob
servation of phonon scattering near the zone boundary, at frequencies close
to the transverse branches A, and indicates that the symmetry of the pho
nons is reduced. As stated earlier in section 5.5, it seems probable that
this reduction in symmetry is due to the interaction between the phonons and
mixed modes, because the perturbation is most pronounced in those regions of
the Brillouin zone where the frequencies of the phonons and the mixed modes
are approximately equal. If this assumption is correct, the wave functions
of the perturbed phonons should transform according to irreducible repre
sentations of Gq (<j) or , where the point group is related to the sym
metry of the interaction between the mixed modes and the phonons. Since the
main part of the experimental results on perturbed phonons has been collect
ed in the [OOl] direction, the following analysis of the symmetry properties
of phonons in single domains will be restricted to this direction. The point
groups of interest may be found in table B.l, because the point groups 6f
5. = (0,0,5) and 2. = (0,0,1) are identical (see the definition of the point
group of the scattering vector Q, given in section 3.4.3).

To determine the conditions for neutron—phonon scattering in single domains
one may use the procedure that was applied above to the scattering by the
mixed mode. The representations of the phonons with £  = (5,0,0) and (0,0,5)
are listed in table B.5 for different magnetization directions. It is seen
that a reduction in symmetry results in a removal of the degeneracy of the
Aj phonons. If the phonons are described by means of the point group G^M (£),
neutron scattering by the former Ag phonons is still forbidden if £//£,,
except in the [_11 f] domain. This may easily be verified by a comparison of
the representations in table B.5 with table B.2, where the observable ex
citations with spin 0 are listed. To explain the observation of forbidden
neutron—phonon scattering in the !fl] domain the phonons should therefore
be treated on basis of the magnetic point group G^(£). In that case the
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r e p r e s e n ta t io n  T o f  C- f o r  one o f  th e  t r a n s v e r s e  phonon b ran ch es i s

reduced  to  r  o f  C which a llo w s a d e v ia t io n  o f  th e  p o la r i z a t io n  v e c to r
s

in  th e  p la n e  p e rp e n d ic u la r  to  M and neu tron -phonon  s c a t t e r in g .

T h is a n a ly s i s  f o r  th e  phonons p ro p a g a tin g  along  [00 l] in  a Q 1Ö] domain
shows t h a t  th e  o bserved  p e r tu r b a t io n  o f th e  phonons canno t be e x p la in e d

by l a t t i c e  d e fo rm atio n s t h a t  a re  caused by m a g n e to s tr ic t io n ,  b ecau se  th e se

e f f e c t s  a r e  in v a r i a n t  under m a g n e tiz a tio n  r e v e r s a l  and r e s u l t  in  a sym
m etry  to  be d e s c r ib e d  w ith  (£ ” (£ )•  Hence, i n te r a c t io n  w ith  th e  mixed mode

a t  v = 4 THz ap p ears  to  be th e  m ost p ro b ab le  o r ig in  o f th e  p e r tu r b a t io n

o f th e  phonons. A lthough th e  symmetry p r o p e r t ie s  o f  th e  mixed mode a re
governed by th e  p seudo-m agnetic  p o in t  g roup , th e  i n t e r a c t io n  betw een th e

mode and th e  o r ig in a l ly  t r a n s v e r s e  phonons h as  a low er symmetry and must

be t r e a te d  by means o f th e  m agnetic  p o in t  group .

The observed  in te r f e r e n c e  betw een  th e  mixed modes and th e  phonons in  th e

[llO ] domain o f f e r s  a p o s s i b i l i t y  to  con firm  th e  f i n a l  s e le c t io n  from the

p o s s ib le  r e p r e s e n ta t io n s  f o r  th e  mixed mode g iv e n  in  ta b le  6 .7 .  I f  th e  in 
t e r a c t i o n  p o te n t i a l  i s  in v a r i a n t  under th e  o p e ra tio n s  o f G^(£) > i n t e r f e r 

ence betw een  th e  phonons and mixed modes i s  on ly  p o s s ib le  i f  b o th  t r a n s 

form ac co rd in g  to  th e  same i r r e d u c ib le  r e p r e s e n ta t io n  o f f f |( £ ) .  As th e

mixed mode has no m agnetic  moment in  t h i s  c a s e , th e  fo rb id d e n  n eu tro n -p h o 

non s c a t t e r in g  m ust be due to  T1 phonons. Hence one may conclude th a t  the

mixed mode t h a t  g iv e s  r i s e  to  th e  o bserved  in te r f e r e n c e  w ith  th e  phonons

a t  £  a ( 0 ,0 ,0 .5 )  in  th e  Q l0 ]  dom ain, tra n sfo rm s  as T1 o f  6^(£ ) "  Cg
( i . e .  i t  shou ld  be in v a r i a n t  under r e f l e c t i o n  in  th e  (110) p la n e ) .  The com

p a t i b i l i t y  r e l a t i o n s  in  £  = ( 0 ,0 ,1 )  r e q u ir e  th a t  th e  mixed mode h as  th e

same p r o p e r ty ,  x (IC - ) -  1 , a t  th e  zone boundary , which im p lie s  t h a t  th e

mode w ith  £  -  (0 ,0 ,1 )  i n  th e  Q lO ] domain tra n sfo rm s  as T o f  D2h ( c f .

ta b le  A. 8 ) .

In  a s im i la r  way, th e  r e p r e s e n ta t io n  o f th e  mixed mode w ith  £  = (0 ,0 ,0 )  in

th e  [ l id ]  domain may be de term ined  unam biguously by means o f th e  observed

in te r f e r e n c e  w ith  th e  " lo n g i tu d in a l"  phonons a t  £  * ( 0 ,3 ,—0 .3 ,0 ) .  The
form er Ej phonons tra n s fo rm  as  r '  b o th  in  th e  m agnetic  and th e  pseudo-

m agnetic  p o in t  g roup , w hereas th e  mixed mode w ith  £  « (0 ,0 ,0 )  tran sfo rm s

as T3 o r  r7 o f G-M(q) -  D„, . To e s t a b l i s h  th e  c o m p a tib i l i ty  r e l a t i o n s  fo ro 2h _ ^
th e  mixed mode b ranch  in  th e  [ecO] d i r e c t i o n ,  fo r  which G- (£) -  C2v , th e

su b d u c tio n  ta b le  f o r  th e  [llO ] domain in  ta b le  B .4 may be u sed . I t  i s
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found th a t  th e  r e p r e s e n ta t io n s  r3 and r 7 in  ( 0 ,0 ,0 )  a re  com patib le
• 2  1 —

w ith  th e  r e p r e s e n ta t io n s  r and F a lo n g  [esOj , o f  which o n ly  th e  l a t t e r

can i n t e r f e r e  w ith  th e  T phonons. F u r th e r  re d u c tio n  to  th e  m agnetic  p o in t

group G^(c,C»0) = c does n o t change th e  in te r f e r e n c e  c o n d i t io n ,  because
2 1 8 2 1 .

T and r  o f  C2v a re  reduced  to  f  and o f  Cg , and hence one may con

c lude  th a t  th e  mixed mode w ith  ^  « (0 ,0 ,0 )  in  th e  f l i o j  domain tra n sfo rm s

as T o f No c o n c lu s io n  can be drawn w ith  r e s p e c t  to  th e  symmetry o f
th e  i n t e r a c t io n  betw een th i s  mode and th e  phonons.

As shown above, a d e t a i l e d  in v e s t ig a t io n  o f th e  phonon d is p e r s io n  r e l a t i o n
in  s in g le  domains may be u s e fu l  as  an in d ep en d en t check on th e  d e te rm in a

t io n  of th e  i r r e d u c ib le  r e p r e s e n ta t io n  f o r  th e  mixed mode w ith  q -  ( 0 ,0 ,1 )

o r  ( 1 ,0 ,0 ) .  By means o f  m easurem ents a lo n g  th e  [cOO] d i r e c t io n  in  a  [0 0 ll
domain one may d is t in g u is h  betw een th e  two p o s s ib le  r e p r e s e n ta t io n s

and r  g iv e n  in  ta b le  6 .7 .  I f  in te r f e r e n c e  betw een th e  mixed mode and th e

o r ig in a l ly  t r a n s v e r s e  phonons i s  o b se rv e d , th e  form er shou ld  tra n s fo rm  as
T o f  < £ (C .0 ,0 ) -  Cg , a r e p r e s e n ta t io n  which i s  com p atib le  w ith  r® o f
G- ( 1 ,0 ,0 )  = D„, , b u t n o t w ith  r ^ .o Zn

The p re s e n t  d is c u s s io n  h as been  r e s t r i c t e d  to  a c l a s s i f i c a t i o n  o f  th e  mixed

modes acco rd in g  to  t h e i r  tr a n s fo rm a tio n  p r o p e r t i e s ,  in  o rd e r  to  e x t r a c t  as

much in fo rm a tio n  from th e  e x p e r im e n ta l r e s u l t s  as p o s s ib le ,  w ith o u t spe

c i fy in g  th e  e ig e n fu n c tio n s  o f  th e  modes in  d e t a i l .  In  th e  n e x t s ta g e  o f  th e
a n a ly s i s ,  to  be p re s e n te d  in  c h a p te r  V II ,  an a tte m p t w i l l  be made to  con

s t r u c t  p h y s ic a l ly  r e a l i s t i c  e x c i t a t i o n s ,  in  which e l e c t r o n i c  and v ib r a t io n 

a l  p r o p e r t ie s  a re  combined in  such a way t h a t  th e  mixed e x c i t a t io n s  have
th e  tra n s fo rm a tio n  p r o p e r t ie s  d e r iv e d  above .
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CHAPTER VII

DISCUSSION AND CONCLUSION

7.1. Introduction

The discussion presented in this concluding chapter may be considered as
the third stage in the interpretation of the results, complementary to the
preliminary discussion in section 5.5 and the group—theoretical analysis
in section 6.6. In contrast to the analysis in section 6.6, where the sym
metry properties of the mixed modes were determined in a straightforward
way from the experimental results, the following interpretation is much
more speculative. This applies in particular to section 7.3, where a pos
sible interpretation of the mixed electronic-vibrational modes is suggested,
and to section 7.4, where a tentative explanation is given for the discrep
ancy between energy gain and energy loss scattering by the mixed modes.

Although the final interpretation of the mixed modes is speculative, the
existence of these additional modes in nickel could be established with more
certainty. In general, spurious maxima occur quite frequently in neutron
scattering experiments, and some possible sources of spurious scattering
are mentioned in section 7.2. In the present investigation, however, it could
be shown (by applying a magnetic field along symmetry directions) that the
observed additional scattering was not due to spurious scattering processes.

The interaction between the mixed modes and the magnons, which has not been
considered in section 6.6, is discussed in section 7.5. In addition, this
final section contains a summary of the characteristic properties of the mixed
modes, and a short speculation concerning the possible existence of similar
modes in other metals.

7.2. Observation of mixed modes and forbidden phonon scattering
Below we shall consider the experimental limitations for the observation of
the mixed modes and perturbed phonons. In the outer region of the Brillouin
zone the modes are in general not easily observed because their frequency is
of the same order as the frequency of the transverse phonons. Moreover, the
scattering cross section is small compared to that of the phonons, and ob
servation of the mixed modes is therefore only possible in scattering con
figurations where scattering by the transverse phonons is weak or forbidden
by symmetry.
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From th e  ex p e rim en ta l d a ta  i t  i s  obv ious th a t  even in  th e  c o n f ig u ra t io n s

th a t  a re  most fa v o u ra b le  f o r  i n t e n s i t y  r e a s o n s ,  i . e .  energy  l o s s ,  con

s t a n t - ^  scans w ith  Q along  high-sym m etry d i r e c t i o n s ,  th e  s c a t t e r in g  by

th e  mixed mode i s  n o t observed  s e p a r a te ly ,  b u t in  com bination  w ith  s c a t 

te r in g  from n e a r ly  t r a n s v e r s e  phonons w hich have been  p e r tu rb e d  by i n t e r 
fe re n c e  W ith th e  mixed mode. Hence a second c o n d it io n  f o r  th e  o b s e rv a tio n

o f th e  a d d i t io n a l  mode i s  t h a t  th e  in s tru m e n ta l  r e s o lu t io n  a llo w s a sepa

r a t i o n  o f th e  two c o n t r ib u t io n s ,  a c o n d it io n  w hich i s  in  g e n e ra l n o t f u l 

f i l l e d  in  co n v e n tio n a l phonon scans w ith  a t r i p l e - a x i s  sp e c tro m e te r .

A c o m p lic a tin g  f a c to r  in  th e  in v e s t ig a t io n  o f  m agnetic  p e r tu r b a t io n s  o f

phonons i s  th e  p o s s ib le  o cc u rre n ce  o f  sp u r io u s  phonon p e a k s , even when

th e  in s tru m e n ta l c o n f ig u ra t io n  has been  chosen e s p e c ia l ly  to  e l im in a te  th e
s c a t t e r in g  by th e se  phonons. One p o s s ib le  so u rce  o f  sp u r io u s  n e u tro n —phonon

s c a t t e r in g  a re  double s c a t t e r in g  p ro c e s s e s ,  in  w hich th e  in c id e n t  n eu tro n s

a re  s c a t t e r e d  e l a s t i c a l l y  in  th e  sample (a  Bragg r e f l e c t i o n  co rresp o n d in g

to  a r e c ip r o c a l  l a t t i c e  v e c to r  t_j ) p r io r  to  th e  i n e l a s t i c  s c a t t e r in g  p ro 

ce ss  | 9 1 | • The f i r s t  r e f l e c t i o n  r e s u l t s  in  a secondary  in c id e n t  beam w ith
a wave v e c to r  * k - T ,  and hence th e re  a re  two p o s s ib le  s c a t t e r in g  vec

to r s  Q = ]So""— an<  ̂ S ' = k  * ^o r  w btch th e  s e le c t io n  r u le s  f o r  phonon s c a t 
te r in g  a re  d i f f e r e n t .  A s im ila r  s i t u a t i o n  o cc u rs  when th e  sequence in  th e

double p ro c e ss  i s  r e v e rs e d ;  in  t h a t  ca se  th e  i n e l a s t i c  p ro c e ss  p rec ed es  th e
Bragg s c a t t e r in g ,  and th e re  i s  a p rim ary  and a secondary  s c a t t e r e d  beam.

U nexpected s c a t t e r in g  by tr a n s v e r s e  phonons in  Ni Pd , „ , observed  r e c e n t-
.55 .45

ly  by K am itakahara and Brockhouse | 9 2 | , h a s  been  a t t r i b u t e d  to  t h i s  ty p e  o f
m u lt ip le  s c a t t e r in g .

A second sou rce  o f sp u r io u s  s c a t t e r in g ,  which i s  r e l a t e d  to  th e  in stru m en 

t a l  r e s o lu t io n ,  i s  o f  im portance f o r  a l k a l i  m e ta ls ,  where th e  d is p e r s io n

su r fa c e s  a re  h ig h ly  a n is o t r o p ic .  The consequences o f  a r a p id  v a r i a t i o n  o f  the
phonon f re q u e n c ie s  and p o la r i z a t io n  v e c to r s  w ith in  th e  volume o f  th e  r e s o lu 
t io n  e l l i p s o i d  have been  c o n s id e red  by Copley f o r  rub id ium  | 9 3 | and by Werner

and Pynn f o r  sodium |9 4 | .  S purious phonon s c a t t e r in g  may be p a r t i c u l a r l y  p ro 

nounced i f  th e  lo n g i tu d in a l  and t r a n s v e r s e  phonons a re  n e a r ly  d e g e n e ra te ,

which i s  th e  ca se  i n  b o d y -c e n tre d  cu b ic  c r y s t a l s  f o r  £  = ( 0 ,0 ,1 ) .  In  n ic k e l
t h i s  e f f e c t  i s  ex p ected  to  be le s s  im p o rta n t.

At th e  o u ts e t  o f  th e  p r e s e n t  experim en ts on th e  m ultidom ain  sample th e  con

d i t i o n s  have been  chosen  in  such a way th a t  o b se rv a tio n  o f  th e  mixed mode
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was relatively easy. The search for additional scattering processes close
to the zone boundary by means of the time-of-flight spectrometer was aimed
in particular at the frequency region around 5 THz, and special care was
taken to suppress the scattering by transverse phonons. Furthermore, the
instrumental resolution for energy loss processes was sufficient to separ
ate the additional maximum from the weak maximum corresponding to the trans
verse phonon, which indicated that two distinct excitations contributed to
the scattering.

In a later stage of the experiments a series of constant-^ scans was per
formed on the multidomain sample to check if the broad maximum observed in
£  = (3,0,0), in particular the phonon contribution at v = 5.90 THz, could
be due to double scattering processes. No significant difference could be
observed between three scans for which the final wave vector was chosen
equal to 3.93, 4.28 and 4.66 X respectively. This result indicates that
double processes are not contributing to the scattering, because the Bragg
scattering in such a process is expected to be very sensitive to a change
in the neutron wave vectors k and k .—o —
Positive indications for the magnetic origin of the additional mode and the
unexpected scattering by transverse phonons were finally obtained from ex
periments on single domains. The variation in the scattering cross section
of the mixed mode as a function of the magnetization direction (cf. figures
6.1 and 6.2) shows clearly that the mode has magnetic properties. Further
more, it could be shown (by applying a magnetic field along the fllOj direc
tion) that the forbidden scattering by the A_ phonons, observed in the multi-
domain sample close to £  = (-3/2, 3/2, 3/2), is almost entirely due to a
change in the phonon symmetry by a magnetic perturbation (cf. figure 6.8).
It seems likely that the forbidden scattering by the A, phonons close to £  =
(0,0,3) may be influenced in a similar way by the magnetization direction.
Experiments at 0 * (0,0,3) in other single domains, in addition to those in
the [llOJ domain, have not been performed because of time limitation. There
are other experimental results, however, which indicate that the scattering
cross section of the Xl phonons depends on the magnetization direction. In
comparing the time-of-flight experiments presented in figures 5.1 and 6.4,
which were performed on a multidomain sample and a £00l] domain, respective
ly, one observes a pronounced increase in the scattering cross section of the
+ phonon with v = 5.9 THz in the [ÖÓl] domain. Since this + branch is compat
ible with the X' phonon in (0,1,1) one may expect similar changes in the cross
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section of the X' phonons in (1,0,0) and (3,0,0).

The interference between the mixed modes and the phonons is strongest if
their frequencies are approximately equal, and therefore the perturbation
of the phonons is most pronounced in a few parts of the dispersion rela
tion: the Ag, I| and branches close to the zone boundary point X, and
the branch A^ close to the zone boundary point L (see figures 2.1 and 2.2).
In connection with the present results, it seems likely that the anomalous
frequency shifts observed by DeWit and Brockhouse in the and Z branches
(denoted as T(££E) and A(0?1) in their paper |l8|) are caused by the inter
action between these phonons and the mixed modes.

Observation of additional scattering from a 60Ni crystal has been reported
by Lowde and coworkers |9,77|, who performed time-of-flight, energy gain
scans in the (100) plane. An excess of scattering was observed close to the
zone boundaries for small u, which was ascribed to longitudinal spin-spin
correlations <S S >T(see eq. (3.34)). Although our data show that the energy
gain scattering by the mixed modes is weak along the [OOlJ direction, the
observed excess might be due to these modes. Unfortunately, it is quite dif
ficult to compare the results for 60Ni with our time-of-flight scans close
to the zone boundary points X, because the former data are presented after
averageing over different directions e - £/Q in the (100) plane and inte
gration over small intervals of 5 meV in Hu (which corresponds to a resolu
tion of 1.21 THz).

7.3. A possible interpretation of the mixed modes

In the course of the present investigation the following properties of the
additional modes could be established:

(a) The modes have both magnetic and vibrational properties. It was found
that the neutron scattering cross section depends on the magnetization
direction, that the modes interact with the magnons, and finally that
the interaction between the modes and the phonons has the symmetry of
the magnetic or the pseudo-magnetic point group. From a comparison be
tween the cross sections at T - 296 K and 82 K it was concluded that the
variation of the occupation number of the mode as a function of tempera
ture is consistent with that of an electron-hole excitation. On the other
hand, the magnitude of the cross section in energy loss experiments, which
is of the same order as the neutron-phonon cross section, is too large to
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be e x p la in e d  by m agnetic  s c a t t e r in g .  Hence i t  seems p ro b ab le  t h a t  the

main c o n t r ib u t io n  to  th e  s c a t t e r in g  i s  due to  th e  v ib r a t io n a l  compon

e n t o f  th e  modes.

(b) The energy  o f  th e  modes i s  alm ost ind ep en d en t o f  £  and v ery  sm all in

com parison w ith  th e  e le c t r o n  e n e r g ie s .

(c) In  th e  FllcO domain two d i f f e r e n t  mixed modes w ere o b se rv e d , which
7 8tra n s fo rm  a c co rd in g  to  th e  i r r e d u c ib le  r e p r e s e n ta t io n s  T and r  o f

D-. , and have c l e a r ly  d i f f e r e n t  e n e rg ie s .  Each o f  th e  modes i s  ob-2h
s e rv a b le  in  a l im i te d  re g io n  o f  (£-space.

(d) The modes w ith  £  = ( 0 ,0 ,1 )  and £  = ( 1 ,0 ,0 ) ,  o bse rved  in  th e  [boQ

dom ain, tra n s fo rm  ac co rd in g  to  i r r e d u c ib le  r e p r e s e n ta t io n s  th a t  a re
9 7n o t com patib le  ( r  o f  i s  com patib le  w ith  T o f  • Hence th e se

modes have d i f f e r e n t  tr a n s fo rm a tio n  p r o p e r t i e s ,  a lth o u g h  t h e i r  e n e rg ie s

a r e  eq u a l w ith in  th e  ex p e rim en ta l ac cu rac y .

The appearance  o f an a d d i t io n a l  b ranch  in  th e  e x c i t a t io n  spectrum  o f  a c ry s 

t a l  can be e x p la in e d  in  two ways: e i t h e r  i t  may be due to  a m ixing o f  o th e r

known e lem en ta ry  e x c i t a t i o n s ,  o r  i t  may be a t r u ly  new branch  which i s  r e 

l a t e d  to  a deg ree  o f  freedom  n o t co n s id e re d  b e f o r e .  With re g a rd  to  th e  f i r s t

p o s s i b i l i t y ,  i t  i s  d i f f i c u l t  to  conceive  how a com bination  o f  phonons and

magnons m ight le a d  to  a new b ran ch  w ith o u t d is p e r s io n .  The same d i f f i c u l t y

i s  en c o u n te re d  i f  one t r i e s  to  c o n s tru c t  mixed e x c i ta t io n s  from  s in g le  e le c 

tro n  e x c i t a t io n s  and phonons, b ecau se  th e  e le c t ro n - h o le  e x c i ta t io n s  in  th e

e le c t ro n  system  occupy a continuum  in  (Q ,a>)-space. Hence i t  seems t h a t  th e

mixed e x c i ta t io n s  shou ld  be e x p la in e d  by invok ing  a new degree o f  freedom .

Most o f th e  ex p e rim e n ta l r e s u l t s  can be u n d ersto o d  q u a l i t a t i v e l y  i f  i t  i s

assumed t h a t  th e  mixed modes a re  p o la r  e l e c t r o n —h o le  e x c i ta t io n s  s im ila r  to

th e  p o la r  magnons c o n s id e red  by S la te r  | 9 5 | and S o k o lo ff | 9 6 | . As a r e s u l t

o f  th e  f i n i t e  range  o f  th e  i n t e r a c t io n  betw een th e  e l e c t r o n s ,  an e le c t r o n -

h o le  p a i r  may form  a bound s t a t e .  I n s te a d  o f  moving in  an u n c o r re la te d  way

th rough  th e  l a t t i c e ,  th e  e le c t r o n  and h o le  spend most o f  t h e i r  tim e on n e a r

e s t  n e ighbour s i t e s  o r ,  o c c a s io n a l ly ,  on s i t e s  w ith  a l a r g e r  r e l a t i v e  d i s 

ta n c e . These p o la r  modes may in  f a c t  be c o n s id e red  as  an im p u rity  in  th e

p e r io d ic  charge d i s t r i b u t i o n  o f th e  e l e c t r o n s ,  and th e  c a lc u la t io n  o f  t h e i r
e ig e n fu n c tio n s  and e n e rg ie s  may be perform ed in  a s im i la r  way as f o r  a mass

d e f e c t  o r  a m agnetic  im p u rity  in  th e  l a t t i c e .
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By identifying the observed inodes with polar electron-hole excitations,
one may understand the results (c) and (d) listed above. If the hole is
supposed to be localized at one particular lattice site, while the elec
tron spends its time on the nearest neighbour sites, there are 12 polar
modes, which transform as the irreducible representations of the point
group G- of the considered set of 13 lattice sites. Inclusion of more
distant lattice sites leads to an increase in the number of possible
modes. Each of the polar modes has a constant energy, except in those
regions of (£,ü))-space where interference with other excitations is
strong.

For a theoretical-treatment of the polar modes in a metal, it is con
venient to start from a description of the 3d electrons by means of
Wannier functions w. (r-Z) localized on the lattice sites l_. The rela
tion between the Wannier functions and the Bloch functions (2.29) is
given by

wja(.Tl> ■ N *1 exp(-ik.Z) Vj^Cr), (7.1)

where the summation is over all the Bloch functions of the band charac
terized by the indices j‘ and a, with k covering the first Brillouin zone.
The main argument for applying Wannier functions to describe the polar
modes is that the condition on which the description in terms of Bloch.
functions is based, viz. the translational periodicity of the lattice, is
no longer fulfilled in this case.

To explain the small energy of the modes, the admixture of a vibrational
component, and the observation of the modes by means of neutron scattering,
the description of the polar modes given by Sokoloff |96| has to be modi
fied. The modes considered by Sokoloff are polar magnons with a spin quan-
turn number S * 1, which correspond to electron transitions between Wannier
states with different spin. Their energies are of the same order of magni
tude as the exchange splitting AE^ between the 3d bands, which is about
0.35 eV = 0.026 Ry for Ni 1971 (corresponding to a frequency v = 85 THz).
In figure 2.5, where a value AE. - 0.07 Ry has been used, the branches of
the polar magnons would be expected in the energy interval between 0.01
and 0.07 Ry. The neutron scattering cross section of polar magnons is re
lated to the correlation functions <S*S >̂  and <£ S > in (3.34) and is
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found to be extremely small except in the region of (£,u)-space where
the flat branches corresponding to the polar modes cross the magnon dis
persion relation. Hence Sokoloff concludes that outside this region the
polar magnons are not observable by means of neutrons.

The excitations observed in the present experiments have in some respects
quite different properties. In the first place they do not possess a mag
netic moment (i.e. SZ = 0), and the electron transition which leads to the
formation of the mixed excitation must therefore connect Wannier states
with the same spin. In terms of Wannier functions, the states w. + (r-Z) are
all occupied, whereas the number of holes in the upper states w.^ (r_—"V) is
determined by the condition that the average number of unoccupied + states
per lattice site should be = 0.6. A polar electron excitation with S - 0
may be visualized as a transition of an electron from the state w.̂ (ir—Z)
to an unoccupied state w..(r—Zf) localized at a nearest neighbour site of-- 9 to
Z, which results in final electron configurations (3d) and (3d) at the
sites Z and V , respectively. Since the excitation must be compatible with
the synmetry of the lattice, the transferred electron is distributed over
the 12 nearest neighbour sites of Z, in such a way that the eigenfunction
of the final state transforms as an irreducible representation of the point
group of the 13 lattice sites considered in this example. This means that
the electron performs a hopping motion between equivalent lattice sites.
Obviously, the same arguments may be used in the case where a hole is dis
tributed over the nearest neighbour sites of Z'. On a local scale, these
polar excitations are very similar to the polar model proposed by Van Vleck
11011 to describe the electronic and magnetic properties of nickel. In this
model it is assumed that 60% of the Ni atoms is in the (3d) configuration
and 40% in the (3d)10 configuration, these two configurations being con
tinuously redistributed over the lattice sites. The redistribution may be
realised by a hopping of holes from atom to atom*

It seems possible that the mixed excitations observed in the present scat
tering experiments are polar modes, similar to the one described above.
In a neutron scattering (energy loss) process a polar excitation may be
created from the ground state where the charge distribution has the
periodicity of the crystal lattice. It is quite difficult to estimate the



energy difference between the ground state and the excited state, be
cause it may be expected that the perturbation in the charge distribution
due to the hopping 3d holes will be compensated to a large extent by the
4s electrons (cf. ref. |lOl|). Moreover, the electronic excitation is mix
ed with a perturbation of the lattice, which means that a part of the ener
gy transferred to the specimen is absorbed by the lattice (see section 7.5).

The admixture of a vibrational component to the electron-hole excitation is
of importance for the observation of the excitations by means of neutrons.
In Sokoloff's description of polar magnons the interaction between these
electronic excitations and the lattice is neglected. For excitations with
frequencies much larger than the phonon frequencies this approximation is
justified, because the lattice is unable to adapt itself to the rapid
oscillation of the electron between the different lattice sites. If, how
ever, like it seems to be the case here, the frequency of the polar mode
is within the phonon frequency band, a strong coupling with the lattice
is expected. When a localized, polar electron excitation with a low fre
quency to. is created, the atoms in the perturbed region start to oscillate
about their equilibrium positions Z with the same frequency w, and polari
zation vectors The directions of the polarization vectors are directly
related to the transformation properties of the polar excitation, and may
be determined by means of projection operators if the irreducible repre
sentation belonging to the polar electron excitation is known. The coup
ling between the electronic mode and the lattice is equally important in a
scattering process. It may be expected that it is possible to induce elec
tron transitions between Wannier states by creating a local disturbance in
the lattice periodicity. Hence, creation of mixed electronic-vibrational
modes with low frequencies may occur in neutron scattering processes where
a number of atoms in a relatively small region of the crystal lattice is
displaced from their equilibrium positions. In such a situation, a redis
tribution of the electrons over the vibrating atoms may even result in a
state which has a lower energy. If this is the case, the creation
of a mixed mode requires less energy than the creation of a purely vibration
al mode (see section 7.5).

The neutron scattering cross section of a mixed excitation may be calculated
by means of the general expression (3.2), where both nuclear and magnetic
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interactions should be taken into account. If one considers the inelastic
scattering by a single localized excitation, the integrations over r and
r' in (3.2) may be restricted to the perturbed region of the crystal. De
composition of the correlation function <•••>,£ in (3.2) into a nuclear
and a magnetic part, as applied in the derivation of (3.18) and (3.31),
is not possible in this case, because the instantaneous positions of the
oscillating electron and atoms are correlated. For nickel the situation
is more favourable, because the magnetic scattering by the electron is
small in comparison with the nuclear scattering, and may be neglected in
first approximation. Hence the main contribution to the cross section of
a mixed mode in nickel is given by eq. (3.12), where the summation over
I and I' is restricted to the lattice sites in the perturbed region.

It may seem odd that the observed cross sections, vrtiich clearly depend on
the magnetization direction, should be mainly due to interaction with the
nuclei. This paradox may be explained by the fact that the distribution of
the electron over the lattice sites and the atomic displacement vectors
u,(t) are governed by the magnetization direction, as will be shown for the
simplified case considered below.

Symmetrvproperties of polar excitations

In order to show that the experimental results can be interpreted, at least
qualitatively, in terms of scattering by polar electron excitations, we
shall consider a very simple model, which involves only 13 lattice sites.
It will be assumed that the electron-hole excitation consists of a hole
localized at site and an electron distributed over the nearest neighbour
sites 2,...,13 (see figure 7.1). Furthermore, we assume that the Wannier
functions w. + (r-Z), belonging to the states occupied by the electron, are
characterized by the same indices j+ for each Z, and spherically symmetric.
Under these conditions, the eigenfunction of a localized electron-hole ex
citation is a vector with 13 components fj, where the subscript refers to
the lattice sites. If ¥ is normalized by

the probability to find the electron at site I  is equal to Moreover,
each f transforms according to an irreducible representation of the point

of the set of 13 lattice sites.group
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Figure 7. 2.

Lattice sites involved in a nearest-neighbour polar mode.

The number of polar modes and their eigenvectors may be determined by
means of the decomposition formulae (2.5) and (2.6), and the projection
operators (2.7). Both in the paramagnetic and ferromagnetic phase there
are 12 polar modes and 1 "acoustic" mode, the latter consisting of an
electron and hole at site _1_. In the paramagnetic (cubic) phase the modes
transform as the irreducible representations of G = 0. . The decomposition
yields

1 3 5 Q ior - 2r © r © r © r  © r (7.2)
5 9 10 . 3  1where T , T and r are three-dimensional, T two-dimensional and r

one-dimensional (cf. table A.15).

In a ferromagnetic single domain a number of degeneracies is removed, and
the electron distribution over the lattice sites is changed as a result of
spin-orbit interaction. Since the observed modes have almost equal frequen
cies, they should probably be interpreted as nearly degenerate modes that
originate from the same degenerate mode in the cubic phase. It has been con
cluded earlier (cf. section 6.6) that the mixed modes must transform as odd
representations, if the point group contains I. Consequently, the mixed modes
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can o n ly  o r ig in a te  from th e  th r e e - f o ld  d eg e n e ra te  s t a t e s  r9 o r in

th e  cu b ic  p h ase . In  th e  fo llo w in g  i n t e r p r e t a t i o n  we s h a l l  c o n s id e r  th e

lhixed modes a r i s i n g  from  th e  r9 s t a t e ;  th e  modes r e l a te d  to  th e  r 10
s t a t e  a re  d is c u s se d  b r i e f l y  in  s e c t io n  7 .5 .

I t  h a s  been  concluded  in  s e c t io n  6 .6  th a t  th e  mixed modes tra n s fo rm  as
. . +M .i r r e d u c ib le  r e p r e s e n ta t io n s  o f th e  pseudo-m agnetic  p o in t  groups G- (ij) ,

and we s h a l l  th e r e f o r e  in v e s t ig a te  th e  change in  th e  p r o p e r t ie s  o f  th e
9 . . +M

I  s t a t e s  tdien th e  c r y s t a l  symmetry i s  low ered from G to  G- .

T able 7 .1 .

Sub d u ctio n  o f  T9 o f  0^ o n to  G^ .

M
+1 o
C5 t a b le su b d u c tio n

[0 0 1 ] D4 h A . 12 r9 ® r 10

[1 1 0 ]
D2h A . 8 r6 ® r7® r8

[ 1 1 1 ] °3d A . 14 r5 © r 6

In  t a b le  7.1 th e  su b d u c tio n  o f th e  r e p r e s e n ta t io n  F o f  0. on to  th e  sub

groups G-^ i s  g iv en  fo r  th e  domains o f  i n t e r e s t .  The e ig e n v e c to rs  o f  th e se

p o la r  modes may be c o n s tru c te d  by means o f p r o je c t io n  o p e ra to rs  and a re

g iv en  in  append ix  C, t a b le  C . l .  I t  i s  found th a t  th e  p r o b a b i l i ty  d i s t r i b u 

t io n  o f  th e  e le c t r o n  i s  s t ro n g ly  in f lu e n c e d  by th e  m a g n e tiz a tio n  d i r e c t io n .

L e t us c o n s id e r  the  T9 mode in  th e  [OOl] domain as  an exam ple: th e  e le c t r o n

i s  found w ith  eq u a l p r o b a b i l i ty  1/8 a t  th e  s i t e s  4 ,5 ,6 ,7 ,1 0 ,1 1 ,1 2 ,1 3 ,  and

perfo rm s an o s c i l l a t i o n  along  th e  m a g n e tiz a tio n  d i r e c t io n .  By com paring the

v e c to r  components and th e  r e l a t i v e  p o s i t io n s  o f  th e  s i t e s  in  f ig u re  7.1

i t  i s  seen  th a t  th e  th r e e  p o la r  e l e c t r o n i c  modes co rrespond  to  e le c t r o n
o s c i l l a t i o n s  i n  m u tu a lly  p e rp e n d ic u la r  d i r e c t i o n s ,  one d i r e c t io n  b e in g

p a r a l l e l  to  M. These d i r e c t io n s  w i l l  be deno ted  as  th e  p o la r i z a t io n  d i r e c 

t io n s  o f  th e  modes.

F or th e  i n t e r p r e t a t i o n  of th e  s c a t t e r in g  c ro ss  s e c t io n  i t  i s  n e c e s sa ry  to

d e r iv e  th e  symmetry p r o p e r t ie s  o f  th e  d isp lac em e n ts  u, o f th e  l a t t i c e  s i t e s ,
induced  by th e  p o la r  e le c t r o n  e x c i t a t io n .  The o s c i l l a t i o n s  o f  th e  13 l a t t i c e

s i t e s  in  f ig u r e  7.1 may be d e s c r ib e d  by means o f  a 39 -d im ensional v e c to r  u
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w ith  components u* , and , w hich tra n sfo rm s  ac co rd in g  to  th e  same

i r r e d u c ib le  r e p r e s e n ta t io n  as  th e  p o la r  mode: P r o je c t io n  o p e ra to rs  have

been  used to  c o n s tru c t  th e  v e c to r s  ti l i s t e d  in  ta b le s  C .2 -C .4 . One may

ex p ec t t h a t  th e  av erag e  d i r e c t io n  o f  th e  13 v e c to r s  u .  i s  p a r a l l e l  w ith

th e  p o la r i z a t io n  d i r e c t io n  o f  th e  p o la r  mode, and t h i s  i s  indeed  con
firm ed  by th e  r e s u l t  o f  th e  p r o je c t io n  p ro c e d u re . A lthough some compon

e n ts  o f  th e  u ^ 's  a r e  p e rp e n d ic u la r ,  m ost components a re  p a r a l l e l  w ith  th e

p o la r i z a t io n  d i r e c t io n  o f th e  mode.

A f te r  th e se  c o n s id e ra t io n s  th e  o b s e rv a tio n  o f  th e  v a r io u s  mixed modes
w ith  d i f f e r e n t  tr a n s fo rm a tio n  p r o p e r t ie s  may be e x p la in e d . I f  th e  mag

n e t i c  s c a t t e r in g  i s  n e g le c te d ,  th e  c o h e re n t c ro s s  s e c t io n  o f  a mixed

mode w ith  a frequency  tu ., lo c a l i z e d  a t  13 l a t t i c e  s i t e s ,  i s  g iv e n  by

2
d a  k  1 +”
-------  = -j- YHh exP (“ i “ t )  exp{-2W (£)} x
dfldE o - “

,  13 13
<b> I I expU Q . ( r - Z ) } < { Q . u 7 ( 0 ) H q . u 7 , ( t ) } > _  , (7 .3 )

7-1 Z ' - l  ”  - I T

where u ^ i ( t )  = u ^ , (0)exp(ii»K t ) . E x p re ss io n  (7 .3 )  may be w r i t t e n  in  a more

co n c ise  way i f  th e  dynamic s t r u c t u r e  f a c to r  F(Q) o f  th e  mode i s  in tro d u c e d :

13
-F(Q) “ I  (Q .u7 (0 )} e x p ( - i£ .Z ) .  (7 .4 )

7-1 t

S u b s t i tu t io n  o f  (7 .4 )  in to  (7 .3 )  y ie ld s

.2d a . _
-----2  exp{-2W (2)}<b>Z< r^ (2 )F (5 )>  6 (h u -h o ).) . (7 .5 )
dfldE o

The s c a t t e r in g  c ro s s  s e c t io n  o f  a mixed mode in  a p o in t  Q i s  d i r e c t l y  r e 
l a te d  to  i t s  s t r u c t u r e  f a c t o r ,  w hich may be d e r iv e d  from th e  v e c to r s  u^

ta b u la te d  in  th e  ta b le s  C .2 , C.3 and C .4 . F or each  o f  th e  modes c o n s id e r 

ed in  appendix  C th e  v a lu e  o f  F (Q) was de term ined  fo r  th o se  p o in ts  Q th a t

have been  in v e s t ig a te d  in  th e  p r e s e n t  work ( c f .  t a b le s  C .5 , C.6 and C .7 ) .
In  each case  th e  s t r u c tu r e  f a c to r  v a n ish e s  in  a number o f  p o in ts  Q. This

i s  a c tu a l ly  a consequence o f th e  symmetry p r o p e r t ie s  o f  th e  mode, and

cou ld  have b een  p r e d ic te d  on b a s is  o f th e  s e le c t io n  r u le s  fo r  n e u tro n
s c a t t e r in g .  Some o f th e  observed  modes may be i d e n t i f i e d  unam biguously by
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means of the structure factor tables. The excitations observed at Q =
(0,0,1) and Q * (1,0,0) in the Q)01J domain are the mixed modes trans

it 10forming as T and (r )̂  of D^ ,  respectively. The modes observed at
= (0,0,1) and (2,2,0) in the (_! 1 cT| domain correspond to the modes

8 7transforming as T and r of Dj. » respectively. This interpretation is
in agreement with the final selection of representations given in table
6.7, where the mixed modes were considered as excitations with a wave
vector q. The correspondence between the selected representations of
G—̂ (<j) in table 6.7 and the representations of G— in table 7.1 is evi
dent for ^  = (0,0,1) in the [OOll and R  lol domains, because G- (q) and
+M . . .  0G- are identical. Moreover, it can be shown that the polar mode trans
forming as (T' ), of D,. , transforms as T of G-M (q) = D„. if it is in-1 4h o Zh
terpreted as an excitation with wave vector £.

In the time-of-flight experiments performed close to the points
Q = (1,1,0), (0,1,1) and (1,1,0), the scattering by the mixed modes was
too weak to be detected (cf. tables 6.3, 6.4 and 6.5). For one (in some
points: two) of the three mixed modes, scattering in these points is for
bidden by symmetry, but the remaining mode(s) should have been observable
according to the structure factor tables C.5 - C.7. Consider, for example,
the experiment at Q = (0,1,1) in the [000 domain, shown in figure 6.4,
where scattering by the (T1 )j mode is forbidden. Since no scattering from
the other two modes was observed, it seems probable that their structure
factors in £ = (0,1,1) are very small. If one assumes, as a first approx
imation, that the structure factors of these other modes are zero, some
additional relations between the displacement vectors of nonequivalent
atoms may be derived. It should be emphasized, however, that the deriva
tion of these relations, which is given below for different modes, is
based on a very simple model. In reality, the number of lattice sites in
volved in the mode is expected to be of the order of 1000 (see section
7.4).

Let us consider a relatively simple case: the T mode in the [000 do- -
main. The displacement vectors u^ are characterized by four amplitudes,
denoted by a, b, c and d in table C.2, where the latter three refer to dis
placements along the z direction. From the fact that the mode was not ob
served in Q = (0,1,1), one may conclude that F(0,1,1) = b-4c = 0. This
means that the oscillations of the atoms 1,2,3,8 and 9 are in phase, the
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am p litu d es f o r  th e  atoms 2 ,3 ,8  and 9 b e in g  1/4 o f  th e  am p litude  f o r  atom

1. Hence one o b ta in s  th e  fo llo w in g  v a lu e s  f o r  F ( Q) in  Q = (0 ,0 ,1 )  and

( 0 ,0 ,2 ) :  F (0 ,0 ,1 )  “ 8 c -8 d , F (0 ,0 ,2 )  = 8c+8d. As th e  s c a t t e r in g  by th e  mode

in  (0 ,0 ,1 )  i s  r a th e r  la r g e ,  i t  seems l i k e ly  t h a t  c and d have o p p o s ite

s ig n s ,  i . e .  th e  atoms in  a l t e r n a t e  la y e r s  move in  o p p o s ite  d i r e c t io n s .  The
v ib r a t io n  o f th e  atoms i s  th e re fo r e  very  s im i la r  to  a lo n g i tu d in a l  l a t t i c e

v ib r a t io n  w ith  wave v e c to r  £  * ( 0 ,0 ,1 ) .  I t  may be expected  th a t  th e  s c a t -
9

te r in g  by th e  F mode i s  weak in  ( 0 ,0 ,2 ) ,  because  F (0 ,0 ,2 )  i s  sm all i f  c
. . 9and d have o p p o s ite  s ig n s .  The s c a t t e r in g  c ro s s  s e c t io n  o f  th e  T mode in

£  = ( | , i , è )  i s  determ ined  by F(Cj) = J (b+8a) , where b d en o tes  th e  d is p la c e 
ment o f  atom 1 along th e  z a x is  and a th e  d isp lac em e n ts  o f e ig h t  atoms p e r 

p e n d ic u la r  to  th e  z a x is .  On b a s i s  o f th e  v ib r a t io n  p a t t e r n  o f th e  atoms

along th e  z d i r e c t i o n ,  which was su g g e sted  above, i t  seems l i k e l y  th a t  a

p o s i t iv e  d isp lacem en t u* i s  accom panied by p o s i t iv e  d isp lac em e n ts  u? and

u , ,  and n e g a tiv e  d isp lac em e n ts  u^ and u^ , (see  f ig u re  7 .1 ) .  In  o th e r  w ords,^ 9 o 1 1
th e  am p litu d es a and b fo r  T in  ta b le  C.2 have o p p o s ite  s ig n s .  Consequent

ly ,  a sm all c ro s s  s e c t io n  in  ( i , i , i ) may be ex p ec ted  i f  | a |  i s  sm all in  com
p a r is o n  w ith  I b I .

A s im ila r  d is c u s s io n  may be g iv e n  f o r  th e  (F *^). mode in  th e  [ÖOl] dom ain,

which was observed  in  Q = ( 1 ,0 ,0 ) ,  b u t n o t in  ( 1 ,1 ,0 )  ( c f .  ta b le  6 .3 ) .  Ac

co rd ing  to  ta b le  C.2 the  v ib r a t io n  p a t t e r n  o f  th e  atoms i s  de term ined  by s ix

independen t p a ra m e te rs , o f which a ,  b ,  c and d r e f e r  to  d isp lac em e n ts  along

th e  x d i r e c t io n .  I f  i t  i s  assumed t h a t  th e  e f f e c t  o f  th e  s p in - o r b i t  co u p lin g
on th e  d isp lac em e n ts  i s  sm a ll,  one may reduce  th e  number o f p a ra m e te rs  by

u sin g  th e  app rox im ations b = d and e = - f ,  which le a d s  to  th e  r e s u l t  ? ( 1 ,0 ,0 )

= a+ 4c-8d , F ( 1 ,1 ,0 )  = a -4 c .  From th e  i n t e n s i t i e s  in  (1 ,0 ,0 )  and (1 ,1 ,0 )  one may

f i n a l l y  conclude th a t  a -  4 c , and th a t  c and d have o p p o s ite  s ig n s ,  which
co rresponds to  a v ib r a t io n  p a t t e r n  s im i la r  to  a lo n g i tu d in a l  l a t t i c e  v ib r a t io n

w ith  £  ■ ( 1 ,0 ,0 ) .  In  th e  same way i t  may be shown th a t  th e  ( r '  ) .  mode r e 

sem bles a lo c a l iz e d  lo n g i tu d in a l  v ib r a t io n  w ith  £  = ( 0 ,1 ,0 ) .  Hence th e  th re e

mixed modes in  the  [7)0 f] domain a re  v ery  s im i la r ,  and i t  i s  th e r e f o r e  n o t s u r 

p r i s in g  th a t  t h e i r  f re q u e n c ie s  a re  found to  be eq u a l w ith in  th e  e x p e rim en ta l
accu racy .

N ext, we c o n s id e r  th e  mixed modes in  th e  fllO-] domain, fo r  w hich th e  s t r u c tu r e

f a c to r s  a re  l i s t e d  in  ta b le  C .6 . I f  one compares th e  d isp lacem en t v e c to r s  in
Q

the  ta b le s  C.2 and C .3 , i t  i s  seen  th a t  th e  v ib r a t io n  p a t t e r n  o f  th e  r °  mode
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in  th e  p i o ]  domain i s  s im i la r  to  th a t  o f  th e  r  mode in  th e  [oofl domain.

T his s im i l a r i t y  i s  confirm ed by th e  f a c t  t h a t  th e  f re q u e n c ie s  o f  th e  modes

a re  ap p ro x im ate ly  e q u a l. I f  th e  e f f e c t s  o f  th e  s p in - o r b i t  co u p lin g  a r e  a s -g
sumed to  be s m a ll,  one may reduce  th e  number o f  p a ram ete rs  fo r  th e  T mode

by ta k in g  a = 0 and d = e .  A f te r  th e se  s im p l i f ic a t ib n s  one o b ta in s
8F ( - 3 / 2 , 3 /2 ,3 /2 )  = (3 /2 )* (c+ 8 b ) and s in c e  th e  T mode was n o t observed  in

■ ( - 3 /2 ,3 /2 ,3 /2 )  ( c f .  f ig u r e  6 .8 )  one may conclude th a t  c+8b = 0 . This

means t h a t  th e  am p litu d e  o f  atom 1 along  th e  z a x is  i s  abou t 8 tim es la r g e r

th a n  th e  am plitudes o f  th e  atoms 4 ,5 ,6 ,7 ,1 0 ,1 1 ,1 2  and 13 p e rp e n d ic u la r  to

th e  z a x i s .

The v ib r a t io n  p a t t e r n  o f  th e  T^ mode in  th e  f l io ]  domain may be expected
to  be e s s e n t i a l l y  d i f f e r e n t ,  because  t h i s  mode i s  o b se rv a b le  a t  th e  zone

c e n tr e  (2 , 2 ,0 ) ,  and b ecau se  i t  has  a la r g e r  freq u en cy  th a n  th e  modes con

s id e re d  above (=6 .7  THz in s te a d  o f  =4 THz). The mode cou ld  n o t be observed

in  ( 1 ,1 ,0 ) ,  and one may th e r e f o r e  conclude th a t  a+2b+2c = 4d+4e ( c f .  ta b le
C .6 ) . A la rg e  c ro ss  s e c t io n  in  ( 2 ,2 ,0 )  i s  ex p ected  i f  a ,  b ,  c ,  d and e have

th e  same s ig n ,  w hich co rresp o n d s to  a v ib r a t io n  p a t t e r n  s im i la r  to  a lo n g -
- 1  _  7

i tu d i n a l  v ib r a t io n  w ith  £  = (0 ,0 ,0 )  and jj_ = 2 5 ( 1 ,1 ,0 ) .  S ince th e  T mode

was n o t o b se rv a b le  in  (£ = ( - 3 / 2 ,3 / 2 ,3 / 2 ) ,  i t  seems p ro b ab le  th a t  a+2b+4f

= 2c.

I t  has been  found e x p e r im e n ta lly  th a t  th e  th r e e  mixed modes in  th e  f l l O J
domain a re  n o t o b se rv a b le  in  (—3 /2 ,3 /2 ,3 / 2 ) .  The th re e  mixed modes in  th e

8fOOi] domain a re  v e ry  s im i la r  to  th e  T mode in  th e  f l id] domain, and one

may th e r e f o r e  ex p e c t t h a t  th e s e  modes a re  n o t o b se rv a b le  in  th e  zone boun

dary  p o in ts  L, e i t h e r .  C o nsequen tly , th e  mixed mode o bserved  in  ( 3 /2 ,3 /2 ,3 /2 )

f o r  th e  m ultidom ain  sample ( c f .  f ig u re  5 .7 )  shou ld  p ro b ab ly  be a s c r ib e d  to
[ j i n  dom ains. I t  seems l i k e l y  t h a t  t h i s  mode co rresp o n d s to  th e  T mode in

th e  f i l l ]  domain. I n s p e c t io n  o f  ta b le  C.4 shows th a t  th e  d isp lacem en t v e c to rs

u . f o r  th e  mode a re  m ain ly  along  th e  Q 1 f] d i r e c t i o n .  The components o f

u along  th e  Q 1f j  d i r e c t io n  a re  eq u a l fo r  th e  atoms 2 ,4 ,7 ,8 ,1 0  and
l5 ,  and th e  same a p p l ie s  to  th e  d isp lacem en t components along  f i l l ]  fo r  the

atoms 3 ,5 ,6 ,9 ,1 1  and 12. A la rg e  c ro s s  s e c t io n  of th e  T mode in
Q = ( 3 /2 ,3 /2 ,3 /2 )  may be ex p ec ted  i f  th e se  two s e ts  o f  atoms v ib r a t e  in  op

p o s i t e  d i r e c t io n s .  I f  t h i s  i s  th e  c a s e ,  th e  mode resem bles a lo n g i tu d in a l

v ib r a t io n  w ith  £  -  ( | , i , i ) -  From th e  absence o f s c a t t e r in g  in  Q -  (0 ,0 ,1 )
and (0 ,1 ,1 )  (see  t a b le  6 .5  and f ig u re s  6 .1  and 6 .2 )  one may conclude th a t
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th e  s t r u c tu r e  f a c to r s  in  th e se  p o in t s ,  w hich a re  g iv en  in  ta b le  C .7 , a re

sm a ll. T h is may be e x p la in e d  i f  i t  i s  assumed th a t  th e  d isp lac em e n ts  p e r 

p e n d ic u la r  to  [ i l l ]  a re  s m a ll,  and t h a t  th e  a b s o lu te  v a lu e s  o f th e  d i s 

p lacem ents along  [ i l l ]  a re  ap p ro x im ate ly  e q u a l.  In  t h a t  case  one has

b “ d = - c  = - e ,  F (0 ,0 ,1 )  « a and F (0 ,1 ,1 )  = 2 a , which im p lie s  th a t  on ly

atom 1 c o n t r ib u te s  to  th e  s c a t t e r in g .  I f  no s im p lify in g  assum ptions a re

made f o r  th e  a m p litu d e s , th e  sm all v a lu e s  o f  th e  two s t r u c tu r e  f a c to r s

may be in te r p r e te d  in  term s o f  th e  fo llo w in g  r e l a t i o n s :  Ja  = b+c = d+e.

We s h a l l  n o t p ro ceed  to  a d is c u s s io n  o f  th e  r °  mode in  th e  Q 1ÖJ domain

and th e  r modes in  th e  [ill] dom ain, because  th e se  modes have n o t been

observed  in  th e  p re s e n t  s c a t t e r in g  e x p e rim en ts . An in v e s t ig a t io n  o f  th e
T mode in  th e  | 110| domain shou ld  p r e f e r a b ly  be perform ed a lo n g  th e

[ l lO | d i r e c t io n ;  th e  two modes (r ) and (r6)_ in  th e  [ i l l ]  domain a re

expected  to  be o b se rv a b le  a lo n g  [ l l2 ]  and p l O ] ,  r e s p e c t iv e ly .

A lthough th e  g e n e ra l b eh a v io u r o f  th e  s c a t t e r in g  c ro s s  s e c t io n  can be

e x p la in e d  by means o f  ( 7 .3 ) ,  d i f f i c u l t i e s  a re  en co u n te red  when a quan
t i t a t i v e  com parison i s  made betw een th e  c ro ss  s e c t io n s  f o r  energy  lo s s

in  (̂  = ( 1 ,0 ,0 )  and ( 3 ,0 ,0 ) .  S ince  th e s e  s c a t t e r in g  v e c to r s  d i f f e r  by
a r e c ip ro c a l  l a t t i c e  v e c to r  j_, fo r  which ex p (ir_ .I )  » 1 (se e  ( 2 .2 ) ) ,  th e

phase f a c to r s  exp{iQ . ( . t ' -Z ) }  a r e  eq u a l f o r  th e  two c o n s id e re d  s c a t t e r in g

v e c to r s ,  and hence one would ex p e c t th e  c ro ss  s e c t io n  to  be p ro p o r t io n a l  to
2

Q exp{-2W((J)}. A ccording to  th e  v a lu e s  l i s t e d  in  t a b le  7 .2  th e  s c a t t e r 

in g  c ro ss  s e c t io n  in  (3 ,0 ,0 )  sh o u ld  be a f a c to r  8 l a r g e r  th a n  in  ( 1 ,0 ,0 ) .

A rough e s t im a te  o f  th e  i n t e n s i t i e s  in  th e s e  p o in ts  y ie ld s  190 n /1 0  m in.

in  ( 3 ,0 ,0 )  ( f ig u r e  5 .3 ,  5 = 1 .0 ) and 160 n /1 0  m in. in  ( 1 ,0 ,0 )  ( f ig u r e  5 .1 2 ) .
F or th e  d e te rm in a tio n  o f  th e  l a t t e r  v a lu e  th e  background in  f ig u re  5 .12

was assumed to  be 1100 n /5 0  m in. a t  v = 4 .5  THz. Thus one o b ta in s  th e  r a t i o

I ( 3 , 0 , 0 ) / I ( l ,0 ,0 )  -  1.2 betw een th e  observed  i n t e n s i t i e s ,  w hich i s  in  d is 
agreem ent w ith  th e  ex p ec ted  r a t i o .

T his d isc re p an c y  may p o s s ib ly  be in te r p r e te d  as an in d ic a t io n  th a t  th e  th e o 

ry  o f  i n e l a s t i c  s c a t t e r in g ,  summarized in  s e c t io n  3 .4 ,  does n o t g ive  a p ro 

p e r  q u a n t i t a t iv e  d e s c r ip t io n  o f  th e _ s c a t te r in g  c lo se  to  th e  zone b o u n d a r ie s .
I t  has been p o in te d  o u t in  s e c t io n  5 .3 .1  th a t  th e  s c a t t e r in g  c ro ss  s e c t io n

o f th e  mixed mode f o r  energy lo s s  p ro c e s se s  c lo s e  to  th e  zone b o u n d a rie s  i s

much la r g e r  th a n  one would ex p ect on b a s i s  o f th e  d e ta i le d - b a la n c e  c o n d itio n
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(3 .2 2 ) .  I t  seems p ro b ab le  t h a t  th e s e  d is c re p a n c ie s  betw een th e  ex p e rim en ta l

r e s u l t s  and th e  s c a t t e r in g  th e o ry  a re  r e l a t e d  to  each o ther.- A p o s s ib le  ex

p la n a t io n  o f  th e  unexpected  r e s u l t s  i s  su g g ested  in  th e  n e x t s e c t io n ,  where

th e  a t t e n t io n  i s  fo cu sed  on th e  d e ta i le d - b a la n c e  c o n d it io n .

Table 7.2.

Comparison o f  sca tterin g  cross sections in (1,C,0J and (3,0,0)

a la! tf"1) exp(-2W) Q2 exp(-2W) ex p . v a lu e
I (£ )

0 ,0 ,0 ) 1.783 0 .984 3.128 » 16 n /m in .

(3 ,0 ,0 ) 5.349 0 .863 24.69 = 19 n /m in .

7 .4 . The d e ta i le d - b a la n c e  c o n d itio n

As m entioned in  s e c t io n  3 .4 ,  th e  r a t i o  betw een th e  c ro s s  s e c tio n s  f o r

energy g a in  and energy  lo s s  s c a t t e r in g  i s  determ ined  by th e  d e t a i l e d -

b a la n c e  c o n d itio n  ( 3 .2 2 ) ,  w hich i s  v a l id  i f  (a) th e  s c a t t e r in g  sample

i s  i n  the rm al e q u i l ib r iu m  and (b) th e  s c a t t e r in g  p ro c e ss  i s  r e v e r s ib le
In  th e  a c tu a l  e x p e rim en ta l c o n f ig u ra t io n  th e  f i n a l  n eu tro n  wave v e c to r

in  th e  energy  lo s s  scan  i s  n o t equa l to  th e  i n i t i a l  wave v e c to r  in  th e

energy g a in  sc a n , and (3 .2 2 )  shou ld  be r e w r i t te n  as

M l o s s

(k /k  ) io g s  ^ d2o )
dftdEJ'  '  gain

(7 .6 )

c a lc u la t io n o f th e  r a t i o  betw een  the two c ro s s  s e c tio n s fo r

5 .0  THz, T = 298 K, k  = 3.617 X ” 1
lo s s

and k  . = 4 .9 8 6g a in
X ' y ie ld s

I d2°  \ 1 30 “ fd2<J 1 (7 .7 )
« l o s s « g a i n

A com parison betw een th e  e x p e rim en ta l r e s u l t s  in  th e  f ig u re s  5 .3  and

5 .4  shows th a t  th e  s c a t t e r in g  by th e  mixed mode observed  a t  £  = (2 ,0 ,0 )
i s  in  approxim ate agreem ent w ith  ( 7 .7 ) .  C lose to  () = ( 3 ,0 ,0 ) ,  how ever,
th e  d i f f e r e n c e  betw een energy  lo s s  and energy g a in  s c a t t e r in g  i s  much

la r g e r  th a n  p re d ic te d  by th e  d e ta i le d - b a la n c e  c o n d i t io n .  I t  may be seen
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from  f ig u re s  5 .6  and 5 .12  t h a t  s im i la r  d is c re p a n c ie s  betw een th e  c ro ss

s e c t io n s  a r e  found c lo s e  to  * (1 ,0 ,0 )  and 2. "  (“ 3 /2 ,  3 /2 ,  3 /2 ) .

As th e  d e ta i le d - b a la n c e  c o n d it io n  i s  d i r e c t l y  r e l a t e d  to  two fundam ental

assum ptions in  th e  s c a t t e r in g  th e o ry ,  i t  i s  o f i n t e r e s t  to  c o n s id e r  why
th e  c o n d itio n  m ight be v io la te d  in  th e  p re s e n t  s c a t t e r in g  e x p e rim en ts .

I t  seems v e ry  u n l ik e ly  t h a t  th e  s c a t t e r in g  sample would n o t be in  the rm al
e q u il ib r iu m , because  th e  p e r tu r b a t io n s  in tro d u c e d  by i n e l a s t i c  the rm al

n e u tro n  s c a t t e r in g  a r e  n e g l ig ib le  in  com parison w ith  th e  th e rm al d is o r d e r
a lre a d y  p r e s e n t .  Hence th e  observed  d e v ia t io n  from  (7 .6 )  shou ld  p ro b ab ly

be in te r p r e te d  as an in d ic a t io n  th a t  th e  n e u tro n  s c a t t e r in g  by th e  mixed

mode i s  n o t r e v e r s i b l e .  Below, we s h a l l  su g g e s t a p o s s ib le  e x p la n a tio n ,

which i s  based  on th e  i n t e r a c t io n  o f  th e  lo c a l i s e d  p o la r  mode w ith  th e

su rro u n d in g  l a t t i c e .

The mixed p o la r  modes in tro d u c e d  in  th e  p re v io u s  s e c t io n  a re  s u b je c t  to

in te r a c t io n s  w ith  o th e r  e x c i t a t i o n s ,  in  p a r t i c u l a r  w ith  th e  phonons. The

in t e r a c t io n  w ith  th e  t r a n s v e r s e  phonons n ea r  th e  zone b o u n d a r ie s  i s  s tro n g

because th e  f re q u e n c ie s  a re  ap p ro x im ate ly  e q u a l.  This i n t e r a c t io n  h as  been
d isc u sse d  in  c o n n e c tio n  w ith  th e  o b s e rv a tio n  o f  fo rb id d e n  phonon s c a t t e r in g .

M oreover, th e  i n t e r a c t io n  w ith  lo n g i tu d in a l  phonons h as  been  o bserved  in

some experim en ts ( c f .  f ig u r e  6 .9 ) .  As a r e s u l t  o f  th e  i n t e r a c t io n  betw een

th e  mixed mode and th e  phonons, r e la x a t io n  e f f e c t s  may b e  e x p e c te d . I f  th e

p o la r  mode i s  i n i t i a l l y  c re a te d  as  an e x c i t a t io n  lo c a l i z e d  a t ,  f o r  exam ple,
13 l a t t i c e  s i t e s ,  i t  i s  ex p ec ted  to  sp read  o u t o v er more d i s t a n t  n e ig h b o u rs

in  th e  co u rse  o f  tim e , w h ile  i t  r e t a in s  th e  same tra n s fo rm a tio n  p r o p e r t i e s .

S ev e ra l p r o p e r t ie s  o f th e  mixed mode may be a f f e c te d  by t h i s  r e la x a t io n :

th e  phase d i f f e r e n c e s  betw een th e  v ib r a t in g  atom s, th e  e le c t r o n  d i s t r i b u t i o n ,
the  d isp lac em e n ts  U j, and even  th e  fre q u en c y . In  g e n e r a l ,  th e  lo c a l i z e d  mode

w i l l  a c q u ire  p r o p e r t ie s  which a re  rese m b lin g  th o se  o f a c o l l e c t iv e  l a t t i c e
v ib r a t io n .

I t  seems p o s s ib le  t h a t  th e  v io l a t i o n  o f  th e  d e t a i l e d —b a la n c e  c o n d itio n ' may

be e x p la in e d  i f  one assumes th a t  th e  r e la x a t io n  tim e i s  la rg e  in  com parison
w ith  th e  tim e in v o lv ed  in  th e  n e u tro n  s c a t t e r in g  p ro c e s s . In  t h a t  case  th e

mixed mode c re a te d  by a n e u tro n  has a more lo c a l iz e d  c h a r a c te r  th a n  th e  r e 

la x ed  modes which a re  observed  in  th e  energy  g a in  e x p e rim en ts . In  o th e r  w ords,

th e  f i n a l  s t a t e  in  th e  energy lo s s  experim en t i s  n o t i d e n t i c a l  to  th e  i n i t i a l
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s t a t e  in  th e  energy g a in  ex p e rim en t, which im p lie s  th a t  c o n d it io n  (b) on page

40 does n o t h o ld .

The o b s e rv a tio n  tim e may be e s tim a te d  by means o f  th e  u n c e r ta in ty  r e l a t i o n

AE -  -fi/A t. In  th e  t im e - o f - f l i g h t  ex p erim en ts  th e  mixed mode was observed

w ith  a frequency  w id th  o f  th e  o rd e r  0 .25  THz (AE = 1 meV), which co rresponds
-12to  an o b se rv a tio n  tim e o f  ap p ro x im ate ly  0 .6 5  x 10 s .  On th e  o th e r  hand ,

-12th e  r e la x a t io n  tim e i s  ex p ec ted  to  be o f th e  o rd e r  1 * 10 s ,  which i s  on ly
s l i g h t l y  la r g e r  th a n  th e  tim e in v o lv ed  in  th e  s c a t t e r in g  p ro c e s s . S t i l l ,  i t

seems p o s s ib le  th a t  a mixed mode, c r e a te d  in  an energy  lo s s  p ro c e s s ,  does

n o t re a c h  i t s  e q u i l ib r iu m  s t a t e  d u rin g  th e  o b s e rv a tio n  tim e . The d is ta n c e
covered  by th e  n e u tro n  d u rin g  t h i s  tim e (= 1 7 a ) i s  about 5 tim es l a r g e r  th an
th e  l a t t i c e  c o n s ta n t (a  = 3 .524 X ) , and th e  s e t  o f l a t t i c e  s i t e s  in tro d u c e d

in  s e c t io n  7 .3  can th e r e fo r e  o n ly  be co n s id e re d  as a f i r s t  app rox im ation  in

th e  d e s c r ip t io n  o f  th e  e x p e rim en ta l r e s u l t s .

The mixed inodes observed  in  energy  g a in  p ro c e s se s  a re  in  e q u ilib r iu m

w ith  th e  su rro u n d in g  l a t t i c e ,  and may be assumed to  in v o lv e  a la rg e

number o f l a t t i c e  s i t e s .  In  t h i s  la r g e r  system  th e  s i t e s  can be grouped
in to  s e t s  t h a t  o s c i l l a t e  w ith  th e  same phase and a m p litu d e , in  a s im ila r

way as was done f o r  th e  13—s i t e  m odel. S ince  th e  number o f  l a t t i c e  s i t e s

i s  l a r g e r ,  th e  number o f  ind ep en d en t p a ra m e te rs  in  th e  d isp lacem en t vec

to r s  u^ i s  l a r g e r ,  and one may ex p e c t th a t  th e  s c a t t e r in g  c ro ss  s e c t io n
o f th e s e  modes does n o t show th e  pronounced maxima a t  th e  zone b o u n d a r ie s ,

t h a t  a re  c h a r a c t e r i s t i c  fo r  a lo c a l i z e d  mode where n e a r e s t  neighbour s i t e s

o s c i l l a t e  i n  o p p o s ite  p h ase . T h is  i s  in  agreem ent w ith  th e  o b se rv a tio n

th a t  th e  c ro ss  s e c t io n  fo r  energy  g a in  s c a t t e r in g  i s  ap p ro x im ate ly  in d e 

pendent o f  (£ ( c f .  (£ = (2 ,0 ,0 )  and () * (3 ,0 ,0 )  in  f ig u re  5 .4 ) .

Our assum ption  t h a t  th e  mixed modes c r e a te d  by a n eu tro n  a re  n o t in
e q u il ib r iu m  w ith  th e  l a t t i c e ,  i s  su p p o rted  by th e  r e s u l t s  o f th e  con
s ta n t- ! )  experim en ts along  th e  [_! 1 l~f d i r e c t io n  on th e  m ultidom ain  sample

( c f .  f ig u r e  5 .7 ) .  C lose to  th e  zone boundary th e  energy t r a n s f e r  betw een

th e  n e u tro n  and th e  mixed mode i s  c l e a r ly  d i f f e r e n t  in  th e  energy gain

and energy  lo s s  ex perim en t; th e  energy  r e q u ire d  fo r  th e  c r e a t io n  o f  the

mode i s  l a r g e r  th a n  th e  energy  r e le a s e d  in  th e  a n n ih i la t io n  p ro c e s s .
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7 . 5 . C onclusion

This in v e s t ig a t io n  grew o u t o f  e a r l i e r  work on n ic k e l  a l lo y s  | 2 0 | . The

p o la r  modes observed  in  th e  p r e s e n t  ex p erim en ts  on n ic k e l  show a rem ark

ab le  s im i l a r i t y  w ith  th e  s u b je c t  o f  th a t  in v e s t ig a t io n :  th e  m agnetic  im

p u r i ty  modes o f  a n e a re s t-n e ig h b o u r  p a i r  o f i r o n  atoms in  N i(Fe) | 9 8 | . The

ex p erim en ts  on Ni(4%Fe) were aimed a t  a  se a rc h  f o r  a p o s s ib le  im p u rity  mode

tran sfo rm in g  as th e  odd r e p r e s e n ta t io n  r  o f  In  view  o f  th e  ex p ec ted

v a r ia t io n  in  th e  c ro ss  s e c t io n  o f t h i s  mode as  a  fu n c tio n  of Q, th e  m easure
m ents were c o n c e n tra te d  n e a r  th e  zone boundary  | 20 | . O b v io u sly , t h i s  r e 

g io n  in  Q -space i s  a ls o  fa v o u ra b le  fo r  th e  o b s e rv a tio n  o f o th e r  e x c i ta t io n s

transfo rm ing  as odd r e p r e s e n ta t io n s ,  such a s  p o la r  e le c t ro n - h o le  e x c i t a t io n s .

In  th e  i n t e r p r e t a t i o n  g iv e n  in  s e c t io n  7 .3  th e  a t t e n t io n  has  been  fo cu sed
9

on th e  T p o la r  mode in  a n e a re s t-n e ig h b o u r  m odel, and n a t u r a l l y  th e  ques

t io n  a r i s e s  w hether one of th e  o th e r  p o la r  modes cou ld  be th e  o r ig in  o f  th e
observed  s c a t t e r in g .  I n s p e c t io n  o f th e  decom position  (7 .2 )  shows t h a t ,

. 9 . 10b e s id e s  T , o n ly  one o th e r  odd r e p r e s e n ta t io n  ( r  ) i s  p r e s e n t  f o r  th e

1 3 - s i te  m odel. S ubduction  o f o n to  th e  p o in t  groups £7—̂  le a d s  to  the
10 °

r e s u l t  t h a t  two o f  th e  th r e e  modes o r ig in a t in g  from  T o f  0, in  th e  cull
b ic  p h ase , may induce l a t t i c e  v ib r a t io n s  in  s in g le  dom ains. The l a t t i c e

s i t e  d isp lac em e n ts  u7 o f th e  r e s u l t i n g  mixed modes tra n s fo rm  as  i  "  o f
^ 6  7 6in  th e  [pOlJ domain, T and T o f  D_, in  th e  Q lO ] domain and T o f

in  th e  ["i 1 f] domain (see  ta b le s  C .2 , C .3 and C .4 , r e s p e c t i v e ly ) .  I t

i s  obvious t h a t  th e  e x p e rim en ta l r e s u l t s  canno t be e x p la in e d  on b a s is  o f

th i s  mode, because  i t  does n o t le a d  to  th e  fo rm a tio n  o f mixed modes t r a n s -
9 8form ing as T o f  and T o f  as  r e q u ir e d  by th e  r e s u l t s  in  ta b le

6 .7 .

Only l i t t l e  a t t e n t io n  has been  g iv en  to  th e  observed  in t e r a c t io n  b e

tween th e  mixed inodes and th e  magnons a lo n g  th e  [c00]] d i r e c t i o n ,  m ain ly

because th e  e x p e rim en ta l r e s u l t s  a r e  s c a r c e .  On b a s is  o f th e  p rec ed in g

i n t e r p r e t a t i o n  o f th e  mixed inodes i t  i s  p o s s ib le  to  make some rem arks

w ith  re g a rd  to  t h i s  i n t e r a c t io n .  As th e  magnons have a s p in  Sz = 1, th e

coup ling  w ith  mixed modes (w ith  Sz = 0) can  on ly  be due to  an i n t e r a c t io n

H am ilton ian  which has th e  symmetry o f  ( ^ ( 3 ) .  S p in -o r b i t  co u p lin g  seems to

be th e  most p ro b ab le  i n t e r a c t io n  mechanism. The s e le c t io n  r u le s  a p p l ic a b le

to  the  i n t e r a c t io n  betw een  mixed modes and magnons may be found in  ta b le
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• • • •  • ' «* ' 3  2B. 2:  co u p lin g  i s  p o s s ib le  i f  th e  mixed modes tra n sfo rm  as r  o f C ., T
1 ' 4

o f Cg , o r  T o f  C .. To app ly  th e  s e le c t io n  r u le s  th e  c o m p a tib i l i ty  betw een

th e  r e p r e s e n ta t io n s  o f  G- and u (q) has to  be determ ined  f o r  each s in g leo o — °
domain, which le a d s  to  th e  r e s u l t s  in  ta b le  7 .3 .  I t  tu rn s  o u t th a t  th e  p o la r

. . .  9modes o r ig in a t in g  from  th e  T modes in  th e  cub ic  p h a se , may in t e r f e r e  w ith
th e  magnons in  each of th e  domains in v e s t ig a te d  in  t h i s  work.

Summarizing th e  d is c u s s io n  p re s e n te d  in  t h i s  c h a p te r ,  one may conclude th a t

a lm ost a l l  e x p e rim en ta l r e s u l t s  can be e x p la in e d , a t  l e a s t  q u a l i t a t i v e l y ,

by p o la r  e le c t ro n - h o le  e x c i ta t io n s  i n t e r a c t in g  w ith  l a t t i c e  v ib r a t io n s .
S p in -o r b i t  c o u p lin g  p la y s  a dom inant r o le  in  th e  observed  phenomena. When

th e  c r y s t a l  i s  m ag n etized , two c h a r a c t e r i s t i c  p r o p e r t ie s  o f th e  mixed mode,
v iz .  th e  e l e c t r o n  d i s t r i b u t i o n  over th e  s i t e s ,  and th e  am p litu d es and phases

o f th e  d isp lacem en t v e c to r s  u ^ ( t ) ,  a r e  governed by s p in - o r b i t  c o u p lin g .

S econd ly , th e  i n t e r a c t io n  betw een th e  mixed modes and th e  magnons would be

im p o ss ib le  m  absence o f  sp in —o r b i t  c o u p lin g . The symmetry p r o p e r t ie s  o f  th e

T able  7 .3 .

Subduction table for the representations o f the mixed modes onto the mag
netic  point groups (s*(qj for  £  = (0,0, z )  and (z3030).

M / / [ 0 0 1 ] M //[U0] M / / [ n i ]

_+M „9 10 ~ „6 7 8 ^ t.5 „6<7-0 D4h r  r °2h F F F D3d F

g ” ( 0 , 0 , s )0
1 3 4

C,  r  T O T c r 2 r 1 r 1
S

c1 r  r 1© r 1

o
^ ✓“N <rt o o c r 2 r 1©

S
Cj r 1 r 1 r 1 c . r 1® r 1

mixed modes d eterm ine th e  c h a r a c t e r i s t i c  f e a tu re s  o f th e  s c a t t e r in g  c ro ss  ■

s e c t io n ,  in  p a r t i c u l a r  th e  p e c u l ia r  v a r i a t io n  o f  the  c ro ss  s e c t io n  as a

f u n c tio n  o f  th e  m a g n e tiz a tio n  d i r e c t io n .  P o la r  modes of th e  type c o n s id e r 

ed above a re  most e a s i l y  observed  i f  th e  s c a t t e r in g  v e c to r  i s  e i th e r
p a r a l l e l  w ith  o r  p e rp e n d ic u la r  to  th e  m a g n e tiz a tio n  d i r e c t io n .  Along th e se

d i r e c t io n s  th e  c ro ss  s e c t io n  f o r  energy  lo s s  s c a t t e r in g  i s  a p e r io d ic  func

t io n  o f Q due to  in te r f e r e n c e  betw een th e  s c a t t e r in g  c o n tr ib u t io n s  from

d i f f e r e n t  s i t e s .  I f ,  on th e  o th e r  hand , Q i s  n o t o r ie n te d  along  o r  perpen 

d ic u la r  to  M, th e  s c a t t e r in g  c ro s s  s e c t io n  i s  in  g e n e ra l sm all as a r e s u l t

o f d e s t r u c t iv e  i n te r f e r e n c e .
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O ther a s p e c ts  o f  th e  ex p e rim en ta l d a ta ,  in  p a r t i c u l a r  th e  c o n s ta n t f r e 

quency o f each o f  th e  modes, and th e  i r r e v e r s i b i l i t y  o f  th e  n e u tro n  s c a t 

te r in g  p ro c e ss  due to  r e la x a t io n  e f f e c t s ,  a r e  r e l a t e d  to  th e  f a c t  th a t

th e  mixed mode i s  a lo c a l iz e d  e x c i t a t io n  in  i n t e r a c t io n  w ith  i t s  su rro u n d 
in g s . The o b se rv a tio n  th a t  the  energy  lo s s  s c a t t e r in g  does n o t v a ry  ap

p re c ia b ly  w ith  te m p era tu re  i s  in  acco rdance w ith  th e  i n t e r p r e t a t i o n  in  term s

o f  a s in g le  e le c t r o n  e x c i t a t io n  co n n e c tin g  s t a t e s  c lo s e  to  th e  Ferm i l e v e l .

A few comments shou ld  be added w ith  re g a rd  tó  th e  freq u en cy  o f th e  mixed
modes. To e x p la in  th e  pronounced maxima in  th e  energy  lo s s  c ro s s  s e c t io n

a t  th e  zone boundary p o in ts  X and L , we had to  assume t h a t  th e  v ib r a t io n s

o f the  atoms in  a l t e r n a t e  la y e r s  p e rp e n d ic u la r  to  Q were in  o p p o s ite  d i r e c 
t i o n s ,  p a r a l l e l  and a n t i p a r a l l e l  w ith  £ .  In  t h i s  c a s e ,  th e  o s c i l l a t i o n s  o f

th e  atoms in  th e  mixed mode a re  v e ry  s im i la r  to  th o se  in  a lo n g i tu d in a l  l a t 

t i c e  v ib r a t io n  w ith  a wave v e c to r  £  co rresp o n d in g  to  X o r  L , th e  main d i f 

fe re n c e  b e in g  th a t  th e  mixed mode in v o lv e s  o n ly  a sm all number o f atom s.

S t i l l ,  one m ight ex p e c t t h a t  th e  frequency  o f th e  lo c a l i z e d  mode would

be ap p ro x im ate ly  eq u a l to  th e  freq u en cy  o f  th e  lo n g i tu d in a l  phonon in  X

or L , i f  th e  co u p lin g  w ith  th e  e le c t ro n - h o le  e x c i t a t io n  w ere "sw itch ed

o f f " .  I t  seems th e re fo r e  p ro b ab le  t h a t  th e  energy  d i f f e r e n c e  betw een  th e

p o la r  e l e c t r o n  d i s t r i b u t i o n  and th e  p e r io d ic  e le c t r o n  d i s t r i b u t i o n  i s
ro u g h ly  eq u a l to  th e  energy  d i f f e r e n c e  betw een th e  lo n g i tu d in a l  phonon

and th e  mixed mode a t  th e  same p o in t  a t  th e  zone boundary . From th e  ex

p e r im e n ta l r e s u l t s  in  (J = ( 3 ,0 ,0 )  fo r  th e  m ultidom ain  sam plè ( c f .  f ig u re

5 .5 )  one o b ta in s  in  t h i s  way an e s tim a te d  v a lu e  fo r  th e  energy  of the

e le c t ro n  e x c i ta t io n :  -  17 .8  meV. The minus s ig n  in d ic a te s  th a t  in  t h i s
e x c e p t io n a l c a s e , ïe re  a lo c a l  p e r tu r b a t io n  has been  c re a te d  in  th e  l a t 

t i c e ,  th e  p o la r  e l e c t r o n  d i s t r i b u t i o n  has a low er energy  th a n  th e  p e r io d ic

e le c t ro n  d i s t r i b u t i o n .  The v a lu e  g iv e n  above has  been  d e r iv e d  from th e

f re q u e n c ie s  v = 8.55 THz and A .25 THz; a c c id e n ta l ly ,  th e  d i f f e r e n c e  i s  a l 
most equal to  the  freq u en cy  o f  the mixed mode.

There i s  a s t r i k in g  s im i l a r i t y  betw een th e  s c a t t e r in g  by th e  mixed modes

and the  s c a t t e r in g  by th e  p e r tu rb e d  A. and A, phonons c lo se  to  th e  p o in ts

X and L (see  f ig u re s  5 .3 ,  5 .4  and 5 .6 ) .  The s c a t t e r in g  by th e  p e r tu rb e d

phonons i s  o b v io u sly  in  d isag reem en t w ith  th e  d e ta i le d - b a la n c e  c o n d i t io n .
An e x p la n a tio n  o f  t h i s  d isag reem en t betw een energy  lo s s  and energy  g a in

s c a t t e r in g  in  term s o f  r e la x a t io n  e f f e c t s ,  as  p re s e n te d  in  s e c t io n  7 .4
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f o r  th e  mixed inodes, may be g iv e n  i f  one assumes th a t  th e  p e r tu r b a t io n  of

th e  phonons i s  due to  th e  i n t e r a c t io n  w ith  th e  p o la r  e le c tro n - h o le  e x c i ta 

t io n s ! ;  As a consequence o f th e  p e r tu r b a t io n  o f  th e  l a t t i c e ,  in tro d u c e d  in

th e  co u rse  of th e  c r e a t io n  p r o c e s s ,  a lo c a l iz e d  e le c tro r .-h o le  e x c i t a t io n
i s  c r e a te d  in  a d d i t io n  to  th e  phonon. S ince th e  p o la r  e l e c t r o n  e x c i ta t io n s

a re  e s s e n t i a l l y  lo n g i tu d in a l  modes, th e  i n t e r a c t io n  w ith  th e  t r a n s v e r s e

phonons i s  weak. The c o u p lin g  le a d s  to  a change in  th e  d i r e c t io n  o f th e

p o la r i z a t io n  v e c to r  o f  th e  phonon and a s l i g h t  change in  th e  phonon fre q u en 

cy . Both e f f e c t s  have in  f a c t  been  o b se rv e d . I f  th e se  mixed modes a re  i n i 

t i a l l y  c re a te d  as  s tro n g ly  lo c a l i z e d  modes, which a re  n o t in  e q u i lib r iu m

w ith  th e  l a t t i c e ,  v io l a t i o n  of th e  d e ta i le d - b a la n c e  c o n d it io n  may be ex p e c t

ed in  t h i s  c a s e ,  to o .

For th e  t h e o r e t i c a l  d e s c r ip t io n  o f th e  e le c t ro n s  in  t r a n s i t i o n  m e ta ls  i t  is

o f  i n t e r e s t  t h a t  p o la r  e le c t ro n - h o le  e x c i t a t i o n s ,  in  com bination  w ith  l a t 

t i c e  v ib r a t i o n s ,  a r e  found to  be p r e s e n t  in  n ic k e l .  From th e  f a c t  t h a t  the

f re q u e n c ie s  o f th e  mixed e l e c t r o n i c - v ib r a t i o n a l  modes a re  w e l l -d e f in e d ,

one may conclude t h a t  t h e i r  l i f e  tim e m ust be l a r g e r  th a n  = 0 .7  * 10 s .

F u rth e rm o re , i t  has  been  shown th a t  th e s e  mixed modes, w hich have f r e 

q u en c ie s  o f  th e  same o rd e r  as th e  phonon f re q u e n c ie s ,  may be observed  by

means o f n e u tro n  s c a t t e r in g .  I f  a mixed mode i s  c re a te d  in  a n eu tro n  s c a t 

t e r in g  p ro c e s s ,  i t  i s  f a i r l y  lo c a l i z e d ,  b u t n o t in  e q u i l ib r iu m  w ith  the

su rro u n d in g  l a t t i c e .  I t  seems l i k e l y  th a t  mixed e x c i ta t io n s  w ith  low f r e 

q u en c ie s  a re  a l s o  p re s e n t  in  o th e r  m e ta ls ,  e s p e c ia l ly  in  th o se  m e ta ls  where

th e  e le c tro n -p h o n o n  i n t e r a c t io n  i s  s t ro n g . However, i t  i s  e a s ie r  to  perform
an in v e s t ig a t io n  on th e se  modes in  a fe r ro m a g n e tic  m e ta l ,  because  i t  i s  pos

s ib l e  to  d is t in g u is h  th e  s c a t t e r in g  by th e  modes from  p o s s ib le  sp u r io u s  s c a t 

t e r in g  p ro c e s se s  by a p p ly in g  a m agnetic  f i e l d  along  symmetry d i r e c t io n s .
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APPENDIX A

Character tables

In this appendix a compilation is given of the transformations and
character tables used in the preceding chapters and in appendices B and C.

The proper rotations {r |o } are defined by means of the following notation
for the symmetry directions: |24|

a : [110] a : [ITl] x : [100]
b : [no] i  : [In] 21 : [°l03
c : [101] i : [ill] z : [OOI]
d : [Toi] i  : [111]
e : [oil]
L ! [on]
transformations are denoted by
E : the identity operation,
r etc.: rotation through 2n/n in the right-hand screw sense

about the a direction,
I : space inversion,
IC ,etc. : improper rotation,na

In table A.1 a list is given of the transformation matrices for the
proper rotations R. The traces of the matrices Dj(R), which are needed
for the reduction of Tg^Di into double—valued representations r^, are
listed in table A.2. In the following tables A.3 — A.15 the characters
of the irreducible representations are given for 14 of the 32 point
groups. The subscripts in r“ and have been omitted and the represen
tations are denoted by a superscript only; in some cases the notation
according to Bouckaert et al. (BSW) |44| is given in addition. A class
of operations, which may consist of more than one element, is denoted
by R. in the tables A.5 - A.15. The characters for the "barred" rotations
R have been omitted from the tables. These may be derived by making use
of the relations x ( R )  “ X(R) for the single-valued, representations and
x(R) “ -X(R) for the double—valued ones. In general the double—valued
representations are listed only if they have actually been mentioned or
used in the text. In the last column of each table the letters a, b or
c indicate to which case the representation belongs with respect
to time reversal. The phonon polarization vectors for the



128 -

doubly degenerate A5 and A3 branches have been determined by means of
the two-dimensional representations given in tables A.11 and A.13.
The two-dimensional representations I-10 of and T6 of given in
tables A.12 and A.14, respectively, have been used to determine the
eigenvectors V and u for the polar modes (cf. appendix C). For the
other two- and three-dimensional representations only the characters
are tabulated. Finally, each table contains a list of the corresponding
point groups G^(Q), <rM (<p , G^(q), g£M (0  or Gq (q) with their symmetry
operations.

Table A.1.

Coordinate transformation matrices fi

Improper rotations: I = -E, IR - -R
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Table A. 2.

Traces o f the matrices D (̂R)

R T rD J R T r D j R T rD i R T rD j

E 2
C2 y

0 C2 a
0 C2 e

0

C2 x
0 C2 z

0 C2 b
0 C2 f

0

CAx C4 z
J l C2 c

0 C3S
1

Cl i J i c~]4 z
J Ï C2 d 0 C36

1

Table A. 3.

Character table for the point group Cj

t ime
re v .

1r l a

GM((p -  C, f o r  M / /  [ i l l ] ,  2 -  ( 1 , 0 , 0 ) ,  ( 0 , 1 , 1 ) ,  (0,1 , T ) ;
M / /  [OOI] , £  -  ( 0 , 1 , 1 ) .

Table A. 4.

Character table for the point group Ĉ

E I t ime
re v .

1r l l a

r2 i - l a

ff“ (q) = f o r  M / /  [ i l l ] ,  q -  ( 1 , 0 , 0 ) .
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Table A.S.

Character tab le fo r  the po in t groups Cg and C2

BSW
*1 * 2

t i m e
r e v .

r ;  ♦ n 1 1 a

-  ■ r 2 1 - 1 a

r D r 3 1 i b

r “ 1 - i b

M Q *1 *2.

“  Cs  S C001] ( 1 . 1 . 0 ) ,  ( 1 , 0 . 0 ) E IC 2z

[no] ( 0 , 0 , 1 ) ,  ( 1 , 1
( 0 , 0 , 2 ) ,  ( 2 , 2

. 0 )

. 0 )
E IC 2 a

[ 0 1 T] ( n . c . c ) E IC 2e

+M
C (a> -  v [001] ( 0 , 1 , 1 ) E « 2 »

D » 3 0 , 0 , 0 ) .  ( 0 , 1 , 0 E IC 2e

+M
G -M( 2 )  -  C2 : [ m ] ( 0 , 1 , 1 ) E C2 e

Character

Table A .6 .

tab le  fo r  the p o in t

^1 ^ 2  ^3  ^4

group C2h

t i m e
r e v .

r s  r l 1 1 1 1 a

r 2 1 1 -1 -1 a

r 3 1 -1 -1 1 a

r 1* 1 -1 1 -1 a

M q «1 i?2 ify

* • < « >  -  c 2h s [O O l] 0 . 0 , 0 ) E c 2 z  1 IC 2 z

[ n o ]  (c1 ,0 ,1 ) ,  ( 0 ,0 ,0 ) E c 2 a  1 I c 2 a

Cf< S >  ■ c 2 h : [111] ( 1 ,0 ,0 ) E c 2 e  1 I c 2 e
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Table A. 7.

Character table for the point group C2v

+M
c :  (Q) -  c 2vo  —

[ooi] d , o , o )

[OOI] ( 1 ,1 ,0 )

[ n o ]  ( 0 ,0 ,1 ) ,  (o ,o ,2 )
[ l io ]  ( 1 ,1 ,0 ) ,  (2 ,2 ,0 )

C2v f o r  3 ( 0 , 5 , C)

c 2x

C2a

C2z

C2b

c 2f

IC2y IC2z
IC2z xc2b

IC2a IC2b

IC2z IC2a

!C2x IC2e

Table A. 8.

Character table for the point group

re v .

M £ #1 R 2 ^3 ^4 ^5 *6 «7 *8
[OOI] ( 1 ,0 ,0 ) E C2x C2y c 2z I i c 2x IC2y xc2z

[ n o ]  ( 0 ,0 ,1 ) ,  (o ,o ,2 ) E c 2z c 2a c 2b 1 IC2z i c 2a IC2b
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Table A.9.

Character table for the point group

i?j r 2 r 3 r u
tim e
re v .

r 1 l i i i a

r 2 .1 - l  l - l a

r 3 1 i  -1 - i b
r*» 1 - i  —1 i b

G^(Q) -  C4 f o r  M / /  [001] . Q -  ( 0 ,0 ,1 ) :  )?, -  E;  Fz  -  C4 z ; R 3 -  C2 z ;

ra ■ < £ .

Table A. 10.

Character table for the point group C

re v .

C*J(q) -  C4h f o r  M / /  [oOl] , q -  ( 0 ,0 ,1 ) :  )?, "  E ; "  C4z ; *3 “ C2z 5

■ ^ 4  “  » ^ 5  “  *  » ^ 6  * ^ 4 z  »

i?7 -  IC2z ; S8 -  1C"' .
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Table A .11.

Character table fo r  the poin t group

0 - /2a7 r

) The n o ta t io n  Ag and A7 fo r  IT i s  due to  E l l i o t t  j 99 j .

u f ( Q )  -  C4y for  M / /  [OOI], Q = ( 0 ,0 ,1 )

c o (q) •  c4v fo r  2 **

*1 * 2 * 3 P.U P

E C2z C4 z * < £ IC2x»IC2y IC2 a -IC2b

E c 2x C4 x *^4x i c 2 y , i c 27 XC2 e > ̂ 2 f

Two-dimensional rep resen ta t ion  A5 fo r  q = ( c , 0 , 0 ) :

E c 2x C4x IC2y IC2z IC2 f  IC2e

r\ ON f- 1 ON /  0 IN fO -IN / - I  ON n  ON /  0 -IN f  0 IN
lo 1J t o  - l j  l - l  o j  l l  oj t o  1J l o  - l j  l - l  oj  11 0 J



134 -

Table A. 12.

Character table for the point group

BSW R \ R 2 R3 Rb ^ 5  R6 R 1 R 8 V

r s X1 r 1 1 1 1 1 1 1 1 1 1

x 2 r 2 1 1 1 - 1 - 1 1 1 1 -1

x3 r 3 1 - 1  1 - 1 1 1 - 1 1 -1

x 4 r “ 1 - 1 1 1 -1 1 - 1  1 1

x 5 r 5 2 0 - 2 0 0 2 0 - 2 0

x i r 6 1 1 1 1 1 -1 -1 -1 -1

x 2 r 7 1 1 1 - 1 - 1 - 1 - 1 -1 1

x 3
r 8 1 - 1  1 - 1 1 - 1  1 - 1 1

x4 r 9 1 - 1 1 1 -1 - 1 1 - 1 -1

x 5
pl O 2 0 - 2 0 0 - 2 0 2 0

(T M(q )  - D4h :o r  M / /  [001] , q ( 0 ,0 , 1 ) :

i?, -  E ; *2  ■ C2x* C2y » R 3 “  C2z * R ü “ C4z* C4z ' *5

* 6  “  1 5 *7  ’ IC 2x IC2y J 7?8 “ ^ 2 z  • ^ 9  m x®4z* IC l i

T w o -d im en sio n a l r e p r e s e n t a t i o n  I- 1 ®

E c 2x c 2y C2z c 4z C" '4z c 2a

tim e

1
-1

1
-1
0

-I
1

-1

1

0

c 2a» c 2b 5

L2a*

c:) c.:) t::) c:.:) (.::) c 'D ca u° ‘3

IC2b-

r 10(iR) = - r 10(R)



135 -

Table A.13.

Character table for the point group

*)BSW 9 ^1 r2 r3 time
rev.

hi r 1 1 1 r a
a2 r 2 1 1 -1 a
a3 r 3 2 - 1 0 a

Ai, r 1* 1 -1 i b
a5 r 5 1 -1 - i b
a6 re 2 1 0 c

• ) The notation Ai,, A5 and Ag for r is due to Parmenter 1100(

^ ( 5) * Cjv for q = (£»£»() 5 J?j m E « i?2 " ^35 * ^3“ ^̂ *2b» ^2d* ^^2e‘

Two-dimensional representation A3 for q = (£,?,?)•

E C36 C36 IC2b IC2d IC2e
T 1 O'! ( ~ 1 i / J ' l  p i  0 1  /  J ( i - i / T j
U  1) U/3 -i J l-J/3 -J J I 0 J lj/3 -i J l-Jv'T -i )

Table A. 14.

Charaoter table for the point group

rev.
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G0M “ D3,j £or M//[lll]: “ E ; J?2 - C3fi, C36 ; i?3 - G2b> C2(J, C2e ;
*4 “ 1 » “ IC35* IC3  ̂5 R6 “ Ic2b» Ic2d’ IC2e’

Two-dimensional representation r6

E C36 C36 C2b C2d C2e
f  I ON /-* -i✓ SS / -i i^N f-l ON / i J/3N (  i -J-'Tn
U lj lj/3 -i J l-i^3 -1 ) l o  lj  U*T - i J  U | / ï  -i J

t6(ir) - -r6(R)

Table A. IS.

Character table for the point group 0^

rev.

V  *1 E j i?2

/?
C3a’ C30’ C3y ’ C36'

C-1 r ~̂  r—  ̂ r ~̂  •
C3a* C36* 3y* 36 *

3 7 c2x* C2y* c2z * Rb = t4x’C/._. C4y , C4Z, C^, C C 4*

^5 “ C2a» c2b* C2c» C2d’ C2e* C2£ 5
the elements in f?5+j are the improper rotation IR
corresponding to the proper rotations R in Rj•
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APPENDIX B

Analysis of neutron scattering data by application of selection rules

In this appendix a group-theoretical analysis is given of the time-of-
flight results summarized in tables 6.3, 6.4 and 6.5. We recall that
scattering by the mixed modes was observed at Q = (0,0,1), (1,0,0) and
(1,0,0) in a [00l] domain, and at Q * (0,0,1) in a Qio] domain. The
mixed mode was not observed at () “ (1,1,0) and (0,1,1) in a [OOl^ do
main, at Q = (1,1,0) in a Qld] domain, and at Q = (0,0,1), (0,1,1) and
(0,1,1) in a [ill] domain. The absence of scattering for a particular
scattering vector Q is interpreted as a consequence of the selection
rule for neutron scattering, which is based on the point group of Q
(cf. section 3.4.3). Below we shall treat the two cases (a) and (b)
mentioned in section 6.6.

Case ia ^  Neutron scattering with or without spin flip on basis of the
point groups GM (£). In table B.1 the subgroups G q (Q) for the investi
gated points Q are listed, while the symmetry operations and character
tables belonging to these point groups are given in appendix A.
By inspection of the character tables one may easily identify the
irreducible representations for excitations with spin 0 and tl, which
can give rise to neutron scattering without and with spin flip, res
pectively. Excitations with spin 0 transform as T1 in each group, where
as excitations with spin ±1 are characterized by X(IC2Z) = X(C2Z) “ ”1
and X(IC^Z) ■ X(C£Z) “ + i in the [00l] domain and by X(IC2a) “ x(C2a) =
-1 in the fllOl domain. The representations of observable excitations
are listed in the left-hand part of table B.2.

One may conclude from table B.l that the selection rules based on the
magnetic point groups do not give a satisfactory explanation for all
experimental results:

1. In several cases the point group is C. with only one single-valued
representation r*. Hence neutron scattering by the mixed mode is not
forbidden in the points Q, , ant* S3 f°r fhe D  * 0 dotnaiii and in Q2
for the [OOI] domain.

2. For the [lio] domain the subduction of an arbitrary representation
of 02^ onto the identical point groups of Q̂j and yields the same
representation of C , and the cross sections in these points should
therefore be of comparable magnitude.
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Both conclusions are valid irrespective of the spin states of the
neutron before and after scattering, and are in disagreement with the
experimental results.

Table B.l

Magnetic and pseudo-magnetic point groups in single domains

M ! •  2i <=»o table o table

1 [001] a  - (i.o.o) C2h A. 6 °2h A. 8
3, - 0,0,0) cs A. 5 c2v A. 7
32 “ (0,1,1) C 1 A.3 cs A. 5

[001] a  - (0,0,0 c4h A.10 D4h A. 12
3, - (0,0,0 c4 A. 9 C4v A. 11

32 “ O.i.o) Cs A.5 c2v A.7

[ m ] q - (1,0,0) ci A.4 C2h A. 6
3, - 0,0,0) C1 A. 3 cs A. 5
32 - (0,1,1) C1 A. 3 Cs A.5
S3 - (0,1,1) C 1 A. 3 C2 A. 5

[no] a  - (o.o.i) C2h A. 6 D2h A. 8
3, - (o.o.i) Cs A.S C2v A.7
32 - (1.1.0) Cs A.5 C2v A.7

Table B.2

Excitations observable by means of neutron
scattering with scattering vector Q.

G0(2> C4 cs ci c4v c2v Cs ^2 t?^(3)

As = 0 r 1 r 1 r 1 r 1, r 3 ri.r2 r 1 t 1 As “0
As = ± 1 r 3, r 1* r2 r 1
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On the other hand, one may select three possible representations for the
mixéd mode with £  = (0 ,0 ,1) in the |_0 0lj domain that are in agreement
with the experimental results. To establish the selection rules one has
to reduce the eight irreducible representations of G^(£) = onto the
subgroups “ C4 and (/̂ (Ĉ ) “ 0S. This subduction is performed by
means of (2.5) and (2 .6), where the summation in (2 .6) is restricted to
the elements of the subgroups and the characters are taken from the
appropriate tables in appendix A. The results are collected in table B.3
Since the mixed mode is observed in Q, = (0,0,1) it must transform as r1

of C. if its spin is 0 or as r3(r1>) if its spin is +1(-1). The absence
of scattering in Q„ = (1,1,0) indicates that the mode transforms as r2

of C_ if its spin is 0 or as r1 if its spin is +1. From table B.3 it is
found that the excitations transforming as r5, T' and r° of C,. satisfy
these requirements.

Table B.3.

Subduction table for excitations with £  - (0,0al) in a [00l\ single domain.
Possible representations for the mixed mode hate been indicated.

a -  9.i 0 table

£  - (0 ,0 ,1) C4h A. 10 r 1

s, - (0 ,0 ,1) C4 A. 9 r 1

✓“N0■<yf Cs A.5
1

r 1

,

r 2 r 3 T* r 5 r 6 r 7 r 8

r 2 r 3 r “ r 1 r 2 r 3 r 1*

r 1 r 2 r 2 r 2 r 2 r 1 r 1

Neutron scattering without spin flip on basis of the pseudo-
magnetic point groups GT (£)• As mentioned in section 6 .6 , excitations
transforming as irreducible representations of a pseudo-magnetic point
group do not have a magnetic moment, and only scattering without spin
flip can occur. Furthermore, there is no distinction between the two
spin states of the neutron: the spin states |+> and |+> transform either
as a two-dimensional representation (T5 of C2V , T6 of Cav) or as a
pair of complex conjugate, one-dimensional representations ( r 3 and r 1*

of Cg or 0 2). In the latter case r 3 and T1* represent two different li
near combinations of both spin states and neutron scattering without



140 -

spin change occurs if the initial and final state of the neutron trans
form as the same representation. If the neutron states transform as a
two-dimensional representation, one may distinguish between scattering
processes with and without spin flip by applying the selection rule
considered in section 3.4.3.

. . . ±M.The selection rules are applied to the point groups Gq (Q) listed in
table B.l. For each of these groups the observable excitations with
spin 0 are given in the right-hand part of table B.2, and the subduc-

±M . +mtion of the representations of Gq (q) onto the subgroups G~ (Q) in
table B.4. It should be emphasized that the pseudo-magnetic point groups
for the scattering vectors ^  and in the Qio] domain do not consist
of the same elements; hence the subduction onto these two groups yields
in general different irreducible representations, which means that the
scattering cross sections in (̂. and (jL are different. On the other hand

+M . +M .  ̂ p i  .the point groups Gq (C)j ) and G~ (Q^) for the [_111J domain are identical
and the cross sections in (J, and (L are therefore of comparable magni
tude in this domain.

A selection of possible irreducible representations for the mixed mode
can be made by means of the subduction table B.4, which leads to the
results given in table 6.7. When the experimental results in ^  = (0,0,1)
and = (1,1,0) in the |_001J domain are treated on basis of pseudo-
magnetic point groups, one finds that the mixed mode with = (0,0,1)
transforms either as T1* or as r9 of GT̂ (<j) “
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Table B.4

Subduotion table for excitations in single domains.
Possible representations for the mixed mode haoe been indicated.

M 3.» S i
+ M

G0 t a b l e r s

[0 0 1] 1 - ( 0 .0 ,1 ) D4h A. 12 r 1 r 2 r 3 I* r 5 r 6 r 7 r 8 r 9 p 10

s , - ( 0 .0 ,1 ) C4v A. 11 . r 1 r 2 r 1* r 3 r 5 r 3 r 1* r 2 r 1 r 5

S 2 - ( 1 ,1 .0 ) C2v A. 7 r 1 r 1* r 1 r 1* r 2 e r 3 r 2 r 3 r 2 r 3 r i e r 1*

[001] 1 - 0 . 0 , 0 ) D2h A. 8 r 1 r 2 r 3 r 1* r 5 r 6 r 7 r 8

S i - ( 1 ,0 ,0 ) C2v A. 7 r 1 r 1* r 3 r 2 r 2 r 3 r 11 r 1

S 2 - ( 0 ,1 ,1 ) c s A .5 r 1 r 2 r 2 r 1 r 2 r 1 r 1 r 2

[no ] 1 m ( 0 ,0 ,1 ) D2h A. 8 r 1 r 2 r 3 r 1* T‘1 p6 r 7 r 8

Si m ( 0 ,0 ,1 ) C 2 V A. 7 r 1 r 1* r 3 r 2 r 2 r 3 1* r 1

S2 - (1 ,1 ,0 ) c2v A. 7 r 1 r 3 r 2 r** r 2 r 1* r 1 r 3

[ m ] a ■ ( 1 ,0 ,0 ) c 2h A. 6 r 1 r 2 r 3 r 1*

Si - ( 1 ,0 ,0 ) C8 A. 5 r 1 r 2 r r 2

S2 - ( 0 ,1 ,1 ) CS A. 5 r 1 r 2 r 1 r 2

S3 ( 0 ,1 ,  T) c 2 A. 5 r 1 r 1 r I r 2
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Neutron-phonon scattering in single domains

To establish the selection rules for neutron-phonon scattering in single
domains the representations of the phonons should be subduced onto the
magnetic or pseudo-magnetic point groups. For phonons with <} along the
[001] direction the results of this subduction are collected in table B.5.

Table B.S

Subduction table for and is ■phonons in single domains

M <L
+MV  <£> Ai i5 £^(a) AX AS

[001] (5.0,0) c 2v r1 r 3e  r1* c r1 r 1®  r2S
[001] (0,0,5) c 4v r1 r5 c4 r1 r 3 ® ? 1*
[111] (5,0,0) c8 r1 r 1®  r2 c. r1 2 T1
[110] (0,0,5) c2v rl r3®r** c r1 r 1®  r2S
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APPENDIX C

Symmetry properties of polar modes

In this appendix the eigenvectors are tabulated for the polar modes that
originate from the triply degenerate r“ state in the cubic crystal.
The eigenvectors of the electron-hole excitations are listed in table
C.l for three magnetization directions. Each mode may be characterized
by a specific polarization direction, indicated in the last row of the
table. The probability to find the electron at site I is given by Y,V-,

”  u L
where the positions of the sites are shown in figure 7.1.

Table C.l.

Eigenvectors of polar modes in single domains '

M//[00l] M//[no] m //[iii]

I v(r9) ^ ( r 10) ^ ( r 10) Y(r6) ¥(r7) ^(r8) v(r5) l2(r6)
1 0 0 0 0 0 0 0 0 0
2 0 b b b 0 0 f -2e 0
3 0 “b b 0 d 0 0 0 d
4 a 0 C C e a f e e
5 -a 0 c C e -a 0 -3d/2 id
6 a “C 0 “C e a 0 3d/2 id
7 a C 0 C -e a f e -e
8 0 -b -b -b 0 0 -f 2e 0
9 0 b —b 0 -d 0 0 0 -d
10 -a 0 -c “C -e -a -f -e -e
11 a 0 "C “C -e a 0 3d/2 -id
12 -a C 0 c -e -a 0 -3d/2 -id
13 -a -c 0 -c e -a -f -e e

pol.
dir. [ooi] Doo] [010] [no] [no] [001] [in] [112] [no]

*) a • 8 ‘j f * 6 1; the values of b, c, d, and e are defined for each
domain separately, and are subject
13I
>  1

*
I 1.

to the normalization condition
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A polar electron-hole mode induces vibrations of the lattice sites, which
are described by the displacement vectors tî . For each of the polar modes
in table C.l the symmetry properties of the vectors u, for the 13 sites
in figure 7.1 are summarized in the tables C.2, C.3 and C.4. When some
components u*, u^, or u^ in the tables are equal the corresponding oscilla
tions of the sites are in phase and have equal amplitudes. Similarly,
components with the same absolute value but opposite signs correspond
with oscillations in opposite phase with equal amplitudes.

Table C.2.

Displacement vectors u for mixed, polar modes

in a [pOl] domain; G~^ =

*' a, b, c, ... are defined for r9 and T10, separately.
u 2(r10) is constructed by means of the projection

p2i (r10) u i ( r 19) = u2(r10)

to obtain the proper phase relationship between Uj and jj 2 •
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Table C. 3.

Displacement vectors m for mixed polar modes
■in a [lio] domain;

*) a, b, c are defined for each representation separately
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Table C.4.

Displacement vectors w for mixed polar modes
in a [ill] domain; G~^ =

u(r5) /$ xu^r6) U2(r6)

1 X
Ul

X
«I

z X
“i

z
ui

1 a a a a a -2a a -a 0
2 b b d c-h c-h -2e b —b 0
3 c c e g-i g-i -2f d —d 0
4 d b b e b+h -b—c e -c h
5 e c c f d+i -d-g f -g i
6 c e c d+i f -d-g g -f -i
7 b d b b+h e -b-c c -e -h
8 b b d c-h c-h -2e b -b 0
9 c c e g-i g-i -2f d -d 0
10 d b b e b+h -b-c e -c h
11 e c c f d+i -d-g f -g i
12 c e c d+i f -d-g g -f -i
13 b d b b+h e —b—c c -e -h

a, b, ....... are defined for T5 and r6, separately.
U l( r 6) is constructed by means of the projection

p 12( r6) u 2 ( r 6) -  u j ( r 6) .
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Structure factors for mixed polar modes

The neutron scattering by a mixed polar mode is related to the struc
ture factor of the mode, which is defined in (7.4). In the following
tables C.5, C.6 and C.7 the structure factors F(Q) are listed for
those points Q  that are of interest for the present investigation.
The parameters a, b .....used for a specific mode, are identical to
the parameters occurring in the displacement vector u for the same
mode. It should be emphasized that the parameters are defined for
each representation, separately.

Table C.S.

Structure factors F(Q) for mixed, polar modes

in a \00l\ domain

2 r9 ( r 10) , ( r,0)2

(0,0,1) b+4c-8d 0 0
0,0,0) 0 a-4b+4c-4d 0
(0,1,0) 0 0 a-4b+4c-4d
(1,1,0) 0 a+4b*~4c~4d a+4b-4c-4d
d , T , o ) 0 a+4b-4c-4d -a-4b+4c+4d
(0,1,1) b~4c 0 a-4b-4c+4d
(i,i,i) J (b+8a) J(a-4e+4f) J(a-4e+4f)
(0,0,2) b+4c+8d 0 0
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Table C.6.

S tru c tu re  fa c to r s  F(Q) fo r  mixed p o la r  modes
in  a [ lio ]  domain

a r 6 r 7 r 8

( 0 ,0 ,1 ) 0 0 c+2d+2e-8f

(1 ,0 ,0 ) a-2 b _ 2c+4d-4e a-2b-2c+ 4d-4e 0

(0 ,1 ,0 ) a-2 b _ 2c+4d-4e -a+2b+2c~4d+4e 0

(1 ,1 ,0 ) 2a+4b+4c-8d-8e 0 0

( 1 ,1 ,0 ) 0 - 2(a+2b+2c~4d“ 4e) 0

( i >i  »i ) 0 -a-2b+ 2c- 4f jc+d-e+4a+4b

(2 ,2 ,0 ) 0 “ 4 (a+2b+2c+4d+4e) 0

Table C.7.

S tru c tu re  fa c to r s  F(Q) fo r  mixed p o la r  modes
in  a [ i l l ]  domain '

1 r5 ( r 6 , i ( r6) 2

( 0 ,0 ,1 ) a-4b“ 4c+2d+2e -2a+4b+4c+4d~4e- 4f+4g 0

( 1 ,0 ,0 ) a-4b-4c+2d+2e a-2b-2c-2d+ 2e+ 2f-2g a-2b-2c-2d+ 2e+ 2f-2g

( 0 ,1 ,0 ) a-4b-4c+2d+2e a-2 b _ 2c- 2d+2e+2f-2g -a+2b+2c+2d-2e-2f+2g

(1 ,1 ,0 ) 2a-4d-4e 2a-4b+4c-4d-4e-4f+4g+

-8 h -8 i

0

( 1 .1 ,0 ) 0 0 2a+4b-4c+4d-4e-4f-4g

( J . I . i ) (3 a /2 ) - 6b+6c- 3d+3e 0 0

(è .T .è) ia-2b+2c+3d- 3e a-2b+2d-2h+2i a+2b-2d+2h-2i

*  ̂ The column f o r  ( f  ) j  c o n ta in s  th e  v a lu e s  /3  * F Q )»



149 -

REFERENCES

1. S. Hautecler and W. van Dingenen, J. de Phys. 25 (1964) 653.

2. R.J. Birgeneau, J. Cordes, G. Dolling, and A.D.B. Woods,
Phys. Rev. J^6 (1964) A1359.

3. S. Hautecler and W. van Dingenen, Physica 34 (1967) 257.

4. M. Hatherly, K. Hirakawa, R.D. Lowde, J.F. Mallett, M.W. Stringfellow,
and B.H. Torrie, Proc. -Phys. Soc. 84̂  (1964) 55.

5. T. Riste, G. Shirane, H.A. Alperin, and S.J. Pickart, J. Appl. Phys.
3£ (1964) 1076.

6. A. Furrer, T. Schneider, and W. Haig, Solid State Comm. 4 (1966) 99.

7. M.W. Stringfellow, J. Phys. C _1_ (1968) 950.

8. S.J. Pickart, H.A. Alperin, V.J, Minkiewicz, R. Nathans, G. Shirane,
and 0. Steinsvoll, Phys. Rev. 156 (1967) 623.

9. S. Komura, R.D. Lowde, and C.G. Windsor, in Neutron Inelastic Scatter-
ing, Vienna, IAEA (1968), Vol. II, p. 101.

10. H.A. Mook, R.M. Nicklow, E.D. Thompson, and M.K. Wilkinson,
J. Appl. Phys. 4£ (1969) 1450.

11. V.J. Minkiewicz, M.F. Collins, R. Nathans, and G. Shirane,
Phys. Rev. J82 (1969) 624.

12. C. Kittel, Phys. Rev. J_K) (1958) 836.

13. E. Schlomann, J. Appl. Phys. 3J_ (1960) 1647.

14. B.Kh. Ishmukhametov, Fiz. Metal. Metalloved. J_7 (1964) 323, 641.

15. K.B. Vlasov and B.Kh. Ishmukhametov, JETP (USSR) 46 (1964) 201;
English translation: Soviet Phys. JETP \9_ (1964) 142.

16. H. Bommel and K. Dransfeld, Phys. Rev. Letters 3 (1959) 83.

17. G.A. Alers, J.R. Neighbours, and H. Sato, J. Phys. Chem. Solids 9
(1958) 21.

18. G.A. deWit and B.N. Brockhouse, J. Appl. Phys. 39 (1968) 451.

19. E. Frikkee, Phys. Letters 34A (1971) 23.

20. E. Frikkee, RCN-140 (1971).



150 -

21. E.P. Wigner, Group Theory and its Application to the Quantum Mecha
nics of Atomic Spectra, New York, Academie Press (1959).

22. V. Heine, Group Theory in Quantum Mechanics, London, Pergamon Press
(1960).

23. M. Tinkham, Group Theory and Quantum Mechanics, New York,
McGraw-Hill (1964).

24. J.F. Cornwell, Group Theory and Electronic Energy Bands in Solids,
Amsterdam, North-Holland Publ. Co. (1969).

25. C.J. Bradley and A.P. Cracknell, The Mathematical Theory of Symmetry
in Solids, Oxford, Clarendon Press (1972).

26. J.S. Lomont, Applications of Finite Groups, New York, Academic Press
(1959).

27. F. Bloch, Z. Phys. 52 (1928) 555.
28. G.F. Koster, J.0. Dimmock, R.G. Wheeler, and H. Statz, Properties of

the Thirty-Two Point Groups, Cambridge, M.I.T. Press (1963).
29. O.V. Kovalev, Irreducible Representations of the Space Groups, New

York, Gordon and Breach Science Publ. (1965).

30. W. Opechowski, Physica 7_ (1940) 552.
31. R.J. Elliott, Phys. Rev. £6 (1954) 280.
32. L.M. Falicov and J. Ruvalds, Phys. Rev. 172 (1968) 498.
33. E.P. Wigner, Nachr. Ges. Wiss. Gottingen, Math. Phys. (1932) 546

(English translation in |21|).
34. B.A. Tavger and V.M. Zaitsev, Soviet Phys. JETP 3_ (1956) 430.
35. J.0. Dimmock and R.G. Wheeler, J. Phys. Chem. Solids 23̂  (1962) 729.

36. A.P. Cracknell, J. Phys. C, Metal Phys. Suppl. (1970) S175.

37. A.P. Cracknell, Adv. Phys. \J_ (1968) 367.
38. M. Born and K. Huang, Dynamical Theory of Crystal Lattices, Oxford,

Clarendon Press (1956).
39. A.A. Maradudin, E.W. Montroll, and G.H. Weiss, Solid State Physics,

Suppl. 3, New York, Academic Press (1963).



151

40. E.P. Wigner, Nachr. Ges. Wiss. Gottingen, Math. Phys. (1930) 133
(English translation in A.P. Cracknell, Applied Group Theory,
Oxford, Pergamon Press (1968)),

41. S.H. Chen, Phys. Rev. M>3 (1967) 532.

42. A.A. Maradudin and S.H. Vosko, Rev. Mod. Phys. 40 (1968) 1.

43. J.L. Warren, Rev. Mod. Phys. 40 (1968) 38.

44. L.P. Bouckaert, R. Smoluchowski, and E. Wigner, Phys. Rev. 50
(1936) 58.

45. S. Wakoh, J. Phys. Soc. Japan 2£ (1965) 1894.

46. L. Hodges, H. Ehrenreich, and N.D. Lang, Phys. Rev. 152 (1966) 505.

47. J.W.D. Connolly, Phys. Rev. 159 (1967) 415.

48. E.I. Zornberg, Phys. Rev. B]_ (1970) 244.

49. J.M. Tyler, T.E. Norwood, and J.L. Fry, Phys. Rev. BI (1970) 297.

50. J. Callaway and H.M. Zhang, Phys. Rev. BJ_ (1970) 305.

51. J. Langlinais and J. Callaway, Phys. Rev. B5 (1972) 124.

52. T. Izuyama, Progr. Theor. Phys. 23_ (1960) 969.

53. T, Izuyama, D.J. Kim, and R. Kubo, J. Phys. Soc. Japan (1963) 1025.

54. F, Englert and M.M. Antonoff, Physica 30 (1964) 429.

55. D.C. Mattis, Phys. Rev. K32 (1963) 2521.

56. E.D. Thompson, Adv. Phys. _14. (1965) 213.

57. M.M. Antonoff, J. Appl. Phys. 38 (1967) 1059.

58. H. Yamada and M. Shimizu, J. Phys. Soc. Japan 22 (1967) 1404.

59. L.R. Walker, "Spin Waves and other Magnetic Modes", in Magnetism,
editors T. Rado and H. Suhl, New York, Academie Press (1963),
Vol. I, p. 377.

60. D.M. Edwards, Proc. Roy. Soc. A300 (1967) 373.

61. E.D. Thompson and J.J. Myers, Phys. Rev. 153 (1967) 574.

62. J. Schwinger, Phys. Rev. 73 (1948) 407.



152 -

63. L.L. Foldy, Phys. Rev. 83 (1951) 688, 87 (1952) 693.

6A. I.I. Gurevich and L.V. Tarasov, Low-Energy Neutron Physics, Amsterdam,
North-Holland Publ. Co. (1968).

65. Y.A. Izyumov and R.P. Ozerov, Magnetic Neutron Diffraction, New York,
Plenum Press (1970).

66. W. Marshall and S.W. Lovesey, Theory of Thermal Neutron Scattering,
Oxford, Clarendon Press (1971).

67. L.I.- Schiff, Quantum Mechanics, New York, McGraw-Hill, second edition

(1955), i 29.

68. A.J.P. Meyer and G. Asch, J. Appl. Phys. 32̂  (1961) 330S.

69. H.A. Mook and C.G. Shull, J. Appl. Phys. 3]_ (1966) 1034.

70. H.A. Mook, Phys. Rev. 148 (1966) 495.

71. C.G. Shull and E.0. Wollan, Phys. Rev. £M_ (1951) 527.

72. Ref. |66|, p. 62.

73. Ref. |66|, p. 52.

74. R.M. Bozorth, Ferromagnetism, New York, D. van Nostrand, Inc. (1951),

p. 270.

75. R.J. Elliott, Proc. Roy. Soc. (London) A235 (1956) 289.

76. C.G. Windsor, R.D. Lowde, and G. Allan, Phys. Rev. Letters 2£

(1969) 849.

77. R.D. Lowde and C.G. Windsor, Adv. Phys. _19. (1970) 813.

78. S.W. Lovesey and C.G. Windsor, J. de Phys. 32̂ , Suppl. Cl (1971) 573.

79. S.W. Lovesey and C.G. Windsor, Phys. Rev. B4 (1971) 3048.

80. H. Teutsch, Nukleonik 3̂ (1961) 15.

81. J. Bergsma, Thesis, Leiden (1970); RCN-121 (1970).

82. M.J. Cooper and R. Nathans, Acta Cryst. 23̂  (1967) 357.

83. R. Stedman and G. Nilsson, Phys. Rev. 145 (1966) 492.

84. M. Nielsen and H. Bjerrum Miller, Acta Cryst. A25 (1969) 547.



153 -

85. O. Steinsvoll, IFA NF-20 (1969).

86. H. Bjerrum Maller and M. Nielsen, in Instrumentation for Neutron
Inelastic Scattering Research, Vienna, IAEA (1970), p. 49.

87. J. Bergsma and C. van Dijk, RCN-34 (1965); also in Inelastic
Scattering of Neutrons by Condensed Systems, BNL 940 (1966), p. 163.

88. R. Stedman, Rev. Sci. Instr. 39 (1968) 878.

89. R.M. Bozorth, Ferromagnetism, New York, D. van Nostrand, Inc. (1951),
p. 567.

90. J.J.M. Franse, Thesis, Amsterdam (1969).

91. G. Dolling and A.D.B. Woods, "Thermal Vibrations of Crystal Lattices",
in Thermal Neutron Scattering, editor P.A. Egelstaff, London,
Academic Press (1965), p. 205.

92. W.A. Kamitakahara and B.N. Brockhouse, in Neutron Inelastic Scattering,
Vienna, IAEA (1972), p. 73.

93. J.R.D. Copley, Solid State Comm. 9_ (1971) 531 .

94. S.A. Werner and R. Pynn, J. Appl. Phys. 42_ (1971) 4736.

95. J.C. Slater, Phys. Rev. 52 (1937) 198.

96. J.B. Sokoloff, Phys. Rev. L73̂  (1968) 617.

97. E.P. Wohlfarth, Proc. Intern. Conf. Magnetism Nottingham (1964), p. 51.

98. E. Frikkee, J. Phys. C 2 (1969) 345, 928.

99. R.J. Elliott, Phys. Rev. 96 (1954) 280.

100. R.H. Parmenter, Phys. Rev. J00 (1955) 573.

101. J.H. van Vleck, Rev. Mod. Phys. 25 (1953) 220.



154 -

-1  ’- 2 ’- 3
lA>.IV

3j (a.) »3j (a.)
b i

-1  ’- 2 '- 3
c

Cj k a ,Cjk a
C , e t c .nx

d200
D

D J

£(S)
da/dll
da/dO dE

dO
- e

e -  ^/Q

E

Ë

E (jk a )

F^Q)

F(.q)
f ( r )

g ,g D
g
g(w)
G

LIST OF SYMBOLS

l a t t i c e  c o n s ta n t
b a s is  v e c to r s  o f  th e  p r im i t iv e  l a t t i c e
f i n a l  and i n i t i a l  e ig e n s ta te s  o f  th e  s c a t t e r in g

specim en
Boson c r e a t io n  and a n n ih i la t io n  o p e ra to rs

n u c le a r  s c a t t e r in g  le n g th

b a s is  v e c to r s  o f th e  r e c ip ro c a l  l a t t i c e

v e lo c i ty  o f  l i g h t

Ferm ion c r e a t io n  and a n n ih i la t io n  o p e ra to rs

r o t a t i o n  th rough  2ir/n abou t x d i r e c t io n

sp ac in g  betw een l a t t i c e  p la n e s  (200)

sp in-w ave s t i f f n e s s  c o n s ta n t

tw o-d im ensional r e p r e s e n ta t io n  based  on th e  sp in

fu n c tio n s  u+ i

dynam ical m a tr ix
d i f f e r e n t i a l  s c a t t e r in g  c ro ss  s e c t io n
double d i f f e r e n t i a l  s c a t t e r in g  c ro ss  s e c t io n

s o l id  an g le  elem ent

e le c t r o n  charge
u n i t  s c a t t e r in g  v e c to r

id e n t i t y  tra n s fo rm a tio n

r o t a t i o n  th rough  2w
f i n a l  and i n i t i a l  energy  o f  th e  n e u tro n

u n i t  m a tr ix
Fermi energy

energy  e ig e n v a lu e
energy  e ig e n v a lu e  o f  e le c t ro n

m agnetic  form  f a c to r
s t r u c t u r e  f a c to r  o f a lo c a l iz e d  mode 115

r a d ia l  p a r t  o f o n e - e le c tr o n  wave fu n c tio p

o rd e r  o f group G, G

gyrom agnetic  r a t i o  o f e le c t r o n

phonon frequency  d i s t r i b u t i o n

space group

page

5

5

32

40

33

5

34

27
127

62

29

11

16

32
32

31

35
127

11

32
128

45

22
35

,147

23

7
44

43
6



155 -

page

Go point group 8
GHo unitary subgroup of the magnetic point group 13
fliMo pseudo-magnetic point group 15
GQ(a), etc> point group of the wave vector 9
Go(£), etc. point group of the scattering vector Q 48
H Hamiltonian
Ho Hamiltonian of unperturbed system
H' perturbation operator
•fi Planck's constant divided by 2w
-fib) energy loss of the neutron 32
H(r) magnetic field 34
I space inversion 127
Im imaginary part of complex number 44
j band or branch index 16,22

Ji’io final and initial wave vector of the neutron 31
k electron wave vector 22

kB Boltzmann's constant
I lattice vector 5
1a dimension of representation ra (T) 7
L £ “ (l.i.i) 19
mn neutron mass
mp proton mass
me electron mass
m - M/M unit vector along magnetization direction 42
M average mass of a Ni atom 15
M magnetization vector 13
q) magnetic point group 13

n primitive translation 8
njka Fermion occupation number 28,45
n.(£) Boson occupation number 40
N number of lattice sites 8
0(r,t) arbitrary operator 32
2i momentum operator of i-th electron 21
P(Ao),P(so) statistical weight factors 32
P(T) operator corresponding to transformation T 7
P“ .ij projection operator 7
£ wave vector of a collective excitation 8,16,28



-  156 -

Q ■ k -k■* —o — scattering vector

page

32

Q rotation transforming into -ĉ  or 12
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SUMMARY

The present thesis deals with excitations in ferromagnetic nickel in
the frequency range between 1 and 10 THz, the interest being focused
on the mutual interaction between the excitations in the electron sys
tem (magnons and electron-hole excitations) and those in the crystal
lattice (phonons). The experimental investigation was carried out on
natural Ni by means of two neutron spectrometers installed at the High
Flux Reactor in Petten. All the experiments except one were performed
at room temperature» both on multidomain and single—domain single crys
tals. A separate experiment was performed at T = 82 K.

To investigate the coupling between the electrons and the phonons, a
search was made for magnetic perturbations of the phonons. From the
observation of "forbidden" neutron-phonon scattering along the sym
metry directions flOOj and flllj it was concluded that the polarization
vectors of the phonons deviate from the directions expected in a crys
tal with cubic symmetry. The deviations of the polarization directions
were interpreted as a result of the spin—orbit coupling of the elec
trons, which leads to a reduction in the symmetry of the crystal.

In addition to the phonons and magnons, a new type of excitation was
found. The formation of these excitations, which possess both electro
nic and vibrational properties, is probably a result of electron-phonon
interaction. Various mixed modes with different transformation proper
ties were observed. Each of the modes could only be observed in a limit
ed region of the Brillouin zone, their neutron scattering cross section
being strongly dependent on the orientation of the scattering vector Q
and the magnetization direction. The energy of each mode was found to
be almost independent of the wave vector, and the analysis of the experi
mental data led to the conclusion that the spin quantum number Sz of the
modes is probably zero. Most of these results could be explained by as
suming that the mixed modes consist of a localized lattice vibration
coupled with a polar electron—hole excitation.

The analysis of the experimental results has to a large extent been car
ried out by means of group-theoretical methods. Selection rules were ap
plied to derive the transformation properties of the perturbed phonons
and the mixed modes from the scattering cross sections observed in dif
ferent points in reciprocal space.
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Strikingly enough, the neutron scattering by the mixed modes and the
perturbed transverse phonons was found to he in disagreement with the
detailed-balance condition, which gives the relation between the cross
sections for energy gain and energy loss processes. The perturbed pho
nons and mixed modes are easily observed in creation (energy loss) pro
cesses, but are almost unobservable in annihilation (energy gain) experi
ments. These results seem to indicate that the localized mixed modes and
nearly transverse phonons that are created in an energy loss process,
are not in equilibrium with the surrounding lattice. This may be the case
if the relaxation time is larger than the time involved in the neutron
scattering process.



161

SAMENVATTING

Het in dit proefschrift beschreven onderzoek is gericht op de excitaties
in ferromagnetisch nikkel, in het bijzonder op de wisselwerking tussen
de excitaties in het elektronensysteem (magnonen en elektron-gat exci
taties) en de excitaties in het kristalrooster (fononen). Het experi
mentele onderzoek is uitgevoerd met behulp van inelastische neutronen
verstrooiing, waarbij gebruik is gemaakt van twee neutronenspektrometers,
opgesteld bij de Hoge Flux Reactor te Petten. Met uitzondering van één
experiment bij T = 82 K zijn de metingen verricht bij kamertemperatuur.
Als preparaat zijn éénkristallen van natuurlijk nikkel gebruikt, aan
vankelijk ongemagnetiseerd, later gemagnetiseerd langs symmetrierich-
tingen.

De wisselwerking tussen elektronen en fononen kon worden aangetoond door
de waarneming van magnetische storingen in de roostervibraties. Uit het
optreden van "verboden" neutron-fononverstrooiing langs de (JOCH en QllJ
richtingen kon worden afgeleid dat de polarisatievektoren van de transver
sale fononen afwijken van de richtingen die voor een kristal met kübische
symmetrie verwacht worden. Deze afwijkingen in de polarisatierichtingen
worden toegeschreven aan een verlaging van de kristalsymmetrie als gevolg
van de spin-baankoppeling van de elektronen.

Behalve fononen en magnonen zijn, onverwacht, gemengde excitaties waarge
nomen. Het bestaan van deze excitaties, die zowel magnetische als vibratie
achtige eigenschappen blijken te bezitten, is waarschijnlijk een gevolg van
de wisselwerking tussen de elektronen en het kristalrooster. Verschillende
gemengde excitaties, te onderscheiden aan de hand van hun transformatie-
eigenschappen, konden worden waargenomen. Elke excitatie bleek echter slechts
in een beperkt gebied van de Brillouin zone waarneembaar te zijn, waarbij
de werkzame doorsnede voor verstrooiing bovendien sterk afhankelijk is van
de richting van de magnetisatie ten opzichte van de verstrooiingsvector.
De energie van elke excitatie bleek nagenoeg onafhankelijk van de golfvector
te zijn. Daarnaast kon uit de resultaten afgeleid worden dat de excitaties
waarschijnlijk geen magnetisch moment bezitten (S =0). De meeste van boven
genoemde resultaten konden worden verklaard door aan te nemen dat de gemengde
excitaties ontstaan door een koppeling tussen een lokale roostervibratie
en een polaire electron-gat excitatie.



162 -

Bij de analyse van de experimentele resultaten is veelvuldig gebruik ge
maakt van methoden uit de groepentheorie. Selectieregels zijn gedefi
nieerd voor de verstrooiing van neutronen door willekeurige excitaties in
een kristal, waarna met behulp van deze regels de transformatie-eigenschap-
pen van de waargenomen gestoorde fononen en gemengde excitaties zijn afge
leid uit de grootte van de werkzame doorsnede in verschillende punten van
de reciproke ruimte.

In tegenstelling tot de verwachting bleek, dat de neutronenverstrooiing
door de gemengde excitaties niet voldeed aan de "detailed-balance" voorwaar
de, waardoor de verhouding tussen de werkzame doorsneden voor creatie- en
annihilatie-processen wordt bepaald. De gestoorde transversale fononen en
gemengde excitaties zijn goed waarneembaar in creatie-processen, daaren
tegen niet of nauwelijks in annihilatie-processen. In dit resultaat kan mo
gelijk een aanwijzing gezien worden dat de aangeslagen excitaties gedurende
het verstrooiingsproces niet in thermisch evenwicht met het omringende roos
ter komen. Dit zou zich voor kunnen doen als de relaxatietijd groter is dan
de tijd gedurende welke het verstrooiingsproces plaats vindt.
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