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Chapter |
INTRODUCTION AND SUMMARY

For more than ten years it has been known that the isomorphous compounds
KZCuCIh~2H20, (NHA)ZCuCIQ-ZHZO. RbZCuCl“-ZHzo and (NHM)ZCUBrh°2H20 order
ferromagnetically at a temperature of about 1 K. The specific heat, suscep-

tibility and magnetization measurements of Miedema et al.l'z)

3)

and Wielinga
et al. indicate that the magnetic behaviour of these four salts is equivalent.
All the specific heat curves could be brought to coincide using a reduced tem-
perature scale. The thermodynamic and critical behaviour of these compounds

has been explained using various theoretical models for the 3-dimensional

4,5)

b.c.c. Heisenberg ferromagnet with S = } . The nearest neighbour and next-
1 and J2

culated from the experimental values for the Curie-Weiss temperature 6, the

nearest neighbour superexchange interaction constants J could be cal-
ordering temperature Tc’ and the temperature dependence of the specific heat.
The main purpose of the work presented in this thesis is to extend the knowledge
concerning this series of isomorphous Heisenberg ferromagnets, including
CSZCuCl“-ZHZO and RbZCuBrh-ZHZO. by providing insight in the magnetic properties
from a microscopic point of view. To that aim the magnetic and electric hyper-
fine interactions of all nuclei (except those of the oxygen ions) have been
determined using nuclear resonance techniques. From the nuclear interactions,
information is obtained concerning the covalent bond formation of the outer
valence electrons of both the diamagnetic and magnetic ions. The transfer of
unpaired spin from the magnetic copper ions towards the various diamagnetic
ligands can then be calculated using a molecular orbital approach. The change

of the unpaired spin density distribution on substitution of the diamagnetic
halide and alkali ions provides information about the various spin transfer
mechanisms.

The spin transfer coefficients can be related to the magnitude of the super
exchange interactions between the copper ions. Therefore the mentioned experi-
ments also yield a qualitative estimate of the magnitude of the various super
exchange couplings in the six different compounds. This is the more interesting
as no simple relation between the unit cell dimensions and the exchange constants,

as determined from the macroscopic quantities, is found to exist.

7



The nuclear resonance experiments also allow to determine the direction of the
spontaneous magnetization in the ferromagnetic state in zero field, which is
found to be different for the chlorine and the bromine compounds. From the ex-
tremely large difference between the values for the nuclear interaction para-
meters of one of the chlorine ions in the paramagnetic state and those in the
ferromagnetic state, a possible origin of this different preferred direction
of magnetization is suggested.

The temperature dependence of the spontaneous magnetization very near TC has
been measured. Because of very favourable conditions, especially in the bromine
compounds, the value of the critical exponent B, which describes the exponential
behaviour of the spontaneous magnetization just below the Curie temperature,

has been determined much more accurately than is possible with macroscopic
methods.

In chapter 2 a short review of the macroscopic magnetic properties of the
3-dimensional Heisenberg ferromagnet is presented. Especially the relations
between nearest and next-nearest neighbour super exchange interactions and
macroscopically observable quantities are given. Also the influence of aniso-
tropy on the magnetic properties is discussed.

The theoretical concept of covalent bond formation of a 3d-metal ion in an
octahedral environment is outlined extensively in chapter 3. A simplified mole-
cular orbital approach is employed to obtain expressions for the electron or-
bitals involved. The influence of the unpaired spin transfer from the magnetic
jon towards the ligands on the crystal field splitting and the spin-orbit coup-
ling of the magnetic ion is discussed. Expressions for the ligand hyperfine
interactions due to the spin transfer are given. Also an approximate relation
between the magnitude of the super exchange interaction and spin transfer coef-
ficients for a very simple case is derived.

In chapter 4 the properties of the Cu2+ ion in the considered compounds are
treated. The electric crystal field at the copper ion has tetragonal symmetry
with important rhombic distortions. First of all the expressions for the elec-
tronic g tensor, the hyperfine interaction tensor and the electric field
gradient tensor, all correct to second order in the spin-orbit coupling, are
derived for the situation of purely ionic bonding. These expressions are then
modified according to the molecular orbital approach outlines in the preceding
chapter to account for a partly covalent bonding of the copperion.

In chapter 5 the nuclear spin Hamiltonian will be discussed. The various con-
tributions to the total magnetic interaction of the nucleus are given. We will

enter into the analysis of nuclear resonance spectra for a value of the nuclear
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spin | = 3/2, which is appropriate for most of the nuclei in these compounds.
Apart from perturbation theory expressions for the resonance frequencies, which
cannot be applied in all occurrent situations, also the generally valid analysis
following the method of Brown and Parker will be outlined. The experimental set-
up is described shortly, the crystal structure of these compounds is presented.
From the point symmetry of the various nuclear sites in the unit cell the num-
ber of expected resonance spectra is obtained. The local directions within a
copper octahedron are defined and a notation for the zero field spectra in the
ferromagnetic state is given. This chapter ends by some comments with respect
to specific aspects of nuclear resonance in ferromagnetic substances.
The results of the experiments in the paramagnetic state are treated in chapter
6. Successively we deal with the determination of the crystal field splittings,
the electronic g-tensor and the values of the Curie-Weiss temperatures 8 for
all compounds. Thereafter the determination of the directions of the principal
axes of the frequency shift and electric field gradient tensors of all nuclei,
and the values of their components are described.
The nuclear resonance spectra observed in the ferromagnetic state in zero field,
and the information which can be obtained from them, will be reported in chapter
7. Also the results on the temperature dependence of the spontaneous magnetiza-
tion just below TC will be given here.
Ultimately, in chapter 8, the results on the nuclear interaction tensors will
be analyzed to yield the spin transfer coefficients for the various diamagnetic
jons. From the variation of these coefficients on substitution of the halide
and alkali ions, information about the spin transfer mechanisms is obtained.
A qualitative discussion of the exchange interaction in relation to the spin
transfer coefficients will be presented.

The major part of the experimental work discussed in the chapters 6 and

6,7,8)

7 of this thesis has already been published in Physica . Moreover two

short notes have been published in the proceedings of international conferences
9,10)
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Chapter 2
EXCHANGE INTERACTION IN A 3-DIMENSIONAL b.c.c. HEISENBERG FERROMAGNET

It is well known that the magnetic properties, especially those of insula-
ting substances, can be described theoretically very well by introducing an

interaction between the unpaired electron spins of the form

e §.-§J. (2.1)

ex i i

5 This inter-
3)

and discussed by Dirac™’,

J_ij is called the exchange interaction between the spins gi and $

1,2)

contains only the ordinary Coulomb interaction. This ""direct'' exchange inter-

action, as introduced originally by Heisenberg

action is very strongly dependent on the distance between the magnetic ions, and
so the exchange constant Jij has only an appreciable value if i and j are direct
neighbours. This direct exchange interaction leads to a ferromagnetic interac-
tion between the spins as the exchange constant Jij is always positive.
Kramers has introduced the concept of super exchange interaction, i.e. exchange
interaction between two magnetic ions via one or more diamagnetic ionsh). The
sign of the exchange integral Jij can be positive or negative, depending on the
detailed electronic structure of the intermediate ions.

In this chapter we will give a short review concerning some important
thermodynamic and magnetic properties of a magnetic insulator in relation to
the super exchange interaction. Especially the methods to obtain the exchange
constants from experiments will be discussed. Moreover, attention will be paid
to the theoretical relations between exchange interactions and magnetic proper-
ties as have been derived by several authors, using exact series expansion cal-
culations. The microscopic aspects of the super exchange and its relation to
spin transfer effects will be dealed with in chapter 3.

5,6)

As it has been found from the experiments by Miedema et al. that the

magnetic properties of the series of compounds with the KZCuCIQ-ZHZO structure
can be explained fairly well by the theoretical models for the 3-dimensional
body centered cubic Heisenberg ferromagnet, we will deal with this model only.

The influence of weak anisotropy will be discussed.



2.1. b.e.c. Heisenberg ferromagret with nearest neighbour interaction. The

appropriate exchange hamiltonian for this ferromagnet is

(2.2)

where Jij = J if i and j are nearest neighbours, otherwise Jij = 0. The summa-
tion runs of all N electron spins. The exchange constant J can be obtained from
the following four experimental quantities.

a) The Curie-Weiss constant 6, which determines the high temperature zero
field susceptibility x = C/(T - 8), where C is the Curie constant C =
Ng2S(s + |)u§/3k.

b) The quantity Cm(T)TZ/R which can be determined from the magnetic speci-
fic heat at high temperatures.

c) The total energy E gained by magnetic ordering, which can be obtained
from the specific heat results: E= ow(T)dT.

d) The experimental value of Em(T)T-B/zwhich describes the specific heat
in the low temperature (spin wave) region.

The expressions relating J to these parameters are

6 = 2z5(S + 1)J/3k (2.3)
E/R = 28%|u|/k (2.4)
¢ (MT2/R = 225%(s + 120273k (2.5)
¢ MT32 = 5.68 x 1072 (a/K) 732 (2.6)

z is the number of nearest neighbours; z = 8 for a b.c.c. structure. The numeri-
cal constant in eq. (2.6) is the first coefficient in the Dyson expansion for

7)

the heat capacity, appropriate for a b.c.c. structure’’. Moreover, experimental
quantities can be obtained for the critical energy and the critical entropy

defined by




where t = T/Tc’ the reduced temperature. Because both quantities do not depend
on J, they have to be the same for all 3-dimensional b.c.c. nearest neighbour
Heisenberg ferromagnets.

The experimental value of J calculated from eq. (2.3) - (2.6) and the value for
the critical energy and critical entropy can be compared with the theoretical
values as calculated by Domb et al.8) for the quantities (2.7) and (2.8) and
the critical parameter kTC/J. These theoretical values are given in table 1.

5,6)

The experimental results of Miedema et al. on four of the six copper com=
pounds have been interpreted originally on the basis of this model. A rather
good agreement between Domb's theoretical values and the values derived experi-

9)

mentally has been found. Afterwards Wood and Dalton”’ obtained a much better
agreement by introducing also next-nearest neighbour interactions between the

magnetic ions.

2.2. b.e.c. Heisenberg ferromagnet with nearest and next-nearest neighbour
interaction. The exchange hamiltonian for this case is equivalent to that given
in eq. (2.2) but now: Jij = Jl if | and j are nearest neighbours and Jij - J2
if i and j are next-nearest neighbours, otherwise Ji' = 0. The number of nearest
and next-nearest neighbours for a b.c.c. crystal is z, = 8 and z, = 6 respective-
ly. The)equation (2.3) - (2.5) can easily be modified, according to Wood and

9

Dalton®’, to

9 = (hJ| + 3J2)/k (2.9)

E/R = (AJ] - 3J2)/2k (2.10)
2 2 2 2

cmagT /R = 3(&41 - 3J2)/hk (2.11)

The values for 2., 2, and S = % are already substituted, The theoretical values

for the critical energy, critical entropy and kTC/JI as a function of the

9)

parameter a = JZ/JI for 0 £ o < | as obtained by Wood et al. are given in

table 1. Other calculations concerning the dependence of kTC/Jl on a have been

10) 1)

performed by Wood et al and Cooke . Their results agree rather well and

can be described approximately by

ch(a) ch(O)

S (1 + ba) (2.12)




Table 1
Theoretical estimates of the critical

parameters for a b.c.c. Heisenberg ferromagnet

a = JZ/JI 0 0.1 052, waPe3iesOils 10,5, ,0:6..49.7 . 0.8 0.9 1.0
(Em-Ec)/ch 0.460 0.438 0.419 0,404 0.393 0.385 0.378 0.372 0.367 0.363 0,357
(Sw-SC)/k 0.235 0.234 0.229 0.225 0.223 0.219 0.218 0.216 0.213 0.211 0.210

kTC/Jl 2,55 2.86 3.05 3.28 3.46 3.81 4.03 4.25 A4.48 L4.71 4.9
n 0 0.1 02 03 1 Ot 0205 0,60 0.7 .08 . 0.9 1.0
Em-Ec/ch 0.169 0.169 0.170 0,175 0.184 0.201 0.222 0.252 0.295 0.335 0.460
kTC/J 3.18 3.17 3.16 3.14 3.11 3.06 3.01 2.94 2.85 2.74% 2.55

The values for b and kTC(O)/JI vary for the different authors between b =

0.94 - 1.00 and kTC(O)/J] = 2.55 - 2.64, Swendsenlz) has recently calculated
the analytical expression
% 3 P S
¢ 0 ! 2
where bo = 2.603; b‘ = 2.445 and b2 = -0.107 for a b.c.c. structure with
0gsacxl.

All calculations on the low temperature behaviour agree insofar, that it is
found that the specific heat as well as the spontaneous magnetization, on a

reduced temperature scale T/TC, are independent of a.

2.3. Simple anisotropic b.c.c. Heisenberg ferromagnet with nearest neighbours
interaction only. Although the properties of the copper compounds can be ex-
plained very well on the basis of the models for an isotropic Heisenberg ferro-
magnet, it is known from E.S.R. and magnetization measurements on (NHQ)ZCuBrb-
ZHZO by Suzuki et al.'3"h) that a small anisotropic interaction is present in
this compound. The anisotropy field is determined to be about 270 O0e at T = 0 K,
which is of the order of 1% of the (isotropic) exchange field. Another indica-

15)

tion of the presence of anisotropy is found by Velu et al. from the measured
low temperature spontaneous magnetization of the two bromine compounds. They
find that the experimental curves agree much better with theoretical calculations

if an anisotropy field of about 300 Oe is supposed.

14




6)

Dalton and woodI have calculated the influence of a uniaxial anisotropy on

the properties of a b.c.c. ferromagnet by considering a hamiltonian of the form

i Jij[S?Sj + n(s?s? + s?s})] (2.14)
where Jij =J if i and j are nearest neighbours and Jij = 0 otherwise. The ani-
sotropy parameter n can have the values 0 < n < 1. For the extreme values
n=20and | eq. (2.14) reduces to the familiar Ising and Heisenberg hamiltonian
respectively. The values for (E_ - Ec)/ch and kTC/J as a function of n as
obtained from high temperature series expansion are given in table 1.

The calculated critical exponent y for the zero field susceptibility just above
Tc seems to exhibit an anomalous behaviour at n =~ 1. Tha§7Tay explain perhaps
the experimental value y = 1,31 found by de Jongh et al. for (NH“)ZCuBrh-
2H20 which is surprisingly small compared to the theoretical estimate y =
|.43'8) for an isotropic Heisenberg ferromagnet. Further Dalton and Wood show
that the spontaneous magnetization in the spin wave region depends on n, while
the critical exponent B for the magnetization near TC probably is independent

of weak anisotropy.

2.4. Possible origins of anisotropic interaction. Because most expressions for
the here mentioned anisotropic interactions are very complicated, and so a
quantitative calculation of their magnitude is out of order, only a very short
review of the type of interaction will be given.

a) Anisotropy of the dipolar interaction. The dipolar field at the copper
site due to all surrounding magnetic moments can be calculated straight for-

13) 19)

wardly. Suzuki et al. and Wielinga have found that the anisotropy field
originating from this mechanism is less than | Oe at T = 0 K and can therefore
be neglected.

b) Single ion anisotropy need not be considered as it is zero for the
case S = .
20,21) '1he

ground state of the magnetic ion is perturbed in second order by the combined

c) Dzyaloshinski-Moriya anisotropic exchange interaction

effect of the spin-orbit coupling and the exchange interaction. This yields an
anisotropic interaction of the form D(§l X gz) where D is of the order of Ag+J
(Ag is the departure of the electronic g value from the free spin value and J
is the isotropic exchange interaction). As there is no centre of symmetry
between neighbouring copper ions in the KZCuClh-ZHZO structure, there may exist

such an interaction.

15



d) Biquadratic exchangezz) of the form j(gl-sz)z, which is a second order
perturbation term including only the exchange interaction, vanishes identically
for S = 4.

e) Pseudo-dipolar exchange interaction

23)

. A third order perturbation in-
volving again the spin-orbit coupling and the exchange interaction. The inter-
action is approxlmately of the form %C (Sln 2J) (i,j = x,y,2), where C is of
the order of (Ag) J This mechanism can be approximated to give an anisotropy
field which agrees in order of magnitude with the value observed experimen-

tally! 9,

References.

Heisenberg, W., Z. Phys. 2§_(ISZ6) 511,

Heisenberg, W., Z. Phys. 49 (1928) 619.

Dirac, P.A.M., Proc. Roy. Soc. 5_122_(]929) 714,

Kramers, H.A., Physica 1 (1934) 182.

5) Miedema, A.R., van Kempen, H. and Huiskamp, W.J., Physica 29 (1963) 1266.

6) Miedema, A.R., Wielinga, R.F. and Huiskamp, W.J., Phys. Lett. 17
(1965) 87.

7) Dyson, F.J., Phys. Rev. 102 (1956) 1217 and 1230.

8) Domb, C. and Wood, D.W., Proc. Phys. Soc. 86 (1965) 1.

9) Wood, D.W. and Dalton, N.W., Proc. Phys. Soc. 87 (1966) 755.

10) Wood, D.W. and Dalton, N.W., Phys. Rev. 159 (1967) 38h4.

11) Cooke, J.F., Phys. Rev. B2-1 (1970) 220.

12) Swendsen, R.H., Phys. Rev. B5-1 (1972) 116.

13) Suzuki, H. and Watanabe, T., Phys. Lett. 26A (1967) 103.

14) Suzuki, H. and Watanabe, T., J. Phys. Soc. Japan 30 (1971) 367.

15) Velu, E., Renard, J-P. and Dupas, C., Solid State Commun. 11 (1972)

16) Dalton, N.W. and Wood, D.W., Proc. Phys. Soc. 90 (1967) 459.

17) De Jongh, L.J., Miedema, A.R. and Wielinga, R.F., Physica 46 (1970) 44.

18) Baker, G.A., Gilbert, H.E., Eve, J. and Rushbrooke, G.S., Phys.
Rev. 164 (1967) 800.

19) Wielinga, R.F., Thesis, Leiden 1968,

20) Dzyaloshinski, |., J. Phys. Chem. Solids 4 (1958) 241.

21) Moriya, T., Phys. Rev. 120 (1960) 91.

22) VYosida, K.J., J. Appl. Phys. 39-2 (1968) 511.

23) Van Vleck, J.H., Phys. Rev. 52 (1937) 1178.

16




Chapter 3
MOLECULAR ORBITAL APPROACH OF COVALENT BONDING

3.1. Introduction. To calculate the properties of a magnetic ion from a micro=
scopic point of view, it is necessary to find the appropriate wave functions
describing the unpaired electrons of the magnetic ion. The crystal structure of
the here considered compounds shows that the magnetic ion (Cu2+) is surrounded
by a distorted octahedron of negatively charged ligands. Therefore we start
with a general description of the wave functions of the unpaired electrons of
a positively charged magnetic ion M in a perfectly octahedral surrounding of
six equivalent negatively charged ligands X. It will be supposed that the un-
paired electrons of the magnetic ion are in 3d orbits, and that the ligands
have closed outer s and p shells. All properties of the magnetic ion and the
ligands will be derived for this ideal situation. Afterwards the proper mod i=
fications will be made to account for the distortion of the octahedron and the
inequivalency of the six ligands. The adaptation of the derived formulae to the
actual situation will be described, as far as the ligand hyperfine interaction
is concerned, in chapter 7 in connection with the analysis of the experimental
data. Above all the experimental data will provide the directives for the neces-
sary modifications to be made.

There are three main approaches to the calculations of the microscopic
properties of a magnetic ion.
a) Crystal field method: the properties of the d electrons on M in the elec-
trostatic field of the ligands X6 are calculated. As no electrontransfer from
X to M is included, this method cannot be expected to account adequately for
most of the experimental results.

l'2‘3): In this method electrontransfer is

b) Configuration interaction method
allowed for by adding to the normal ionic configuration an admixture of con-
figurations in which an electron has been transferred.

h,5),

c) Molecular orbital method electrontransfer is taken into account by

letting the wave function of each electron be a linear combination of atomic

orbitals (LCAO) belonging to M and X.
The last two methods yield to equivalent results if no approximations are made.

17



6)

We will use here a simplified molecular orbital method ™, in the sense
that we will give a description in terms of one-electron orbitals. On deriving
the expression for the molecular orbitals we will only use the outer pure s

and p orbits of the ligands and the 3d orbitals of the metal ion. It must how-
ever be mentioned that this model does not exclude the existence of hybridized
orbitals. Their existence simply can be incorporated in the admixture coef-
ficients. The influence of the unfilled 4s and 4p orbitals of the metal ion and
the filled inner s and p orbitals of the ligand will be neglected.

The set of molecular orbitals will be derived by considering first the
appropriate wave functions for a two-atom system M-X which possesses only one
bond. Next, if we can neglect any correlation effects between the six bonds in

1)

the octahedral complex, the "independent bonding model" can be applied to

develop the wave functions for the complete system.

3.2. Molecular orbitals in the M-X system. The electron orbitals of interest

are for the metal ion

 filled or 322 - 2, x* - % (e.) (o)
M(3d"): 9
partly filled XYy: YZ; Xz (tzg) ()
and for the ligand
26 Py Pyr Py (o or m)
X(s“p );filled

s (o)

the type of orbit is o or m, where these symbols designate zero or unit
angular momentum about the M-X bonding axis respectively. In fig. | some of
these orbits are shown. The p orbit of the ligand contains two electrons with
opposite spin direction (++) and is in a typical case about 10 eV lower in
energy than the 3d orbit of the M ion which contains one unpaired electron
with spin up (4). The covalent bond formation involves transfer of the p elec~
tron with spin down (+) to the 3d orbit.

We now consider the appropriate linear combinations of the atomic orbitals
p and d (for s and d analogous expressions can be derived) which yield the new
molecular orbitals® and ¢, for the two ions respectively.

A B

2 O NA(d - Ap) antibonding

(3.1)

by = NB(

p + Bd) bonding




Fig. 1. Angular dependence of some of the M and X electron orbitals.

A and B are small admixture coefficients, and NA and NB are normalizing con-

stants which can be deduced from the orthonormality relations for ®A and &B.

<®A[®A> = <®B|®B> = | so that

N;2 = ] - 2A5 + AZ (3.2)
51 e 2

Ng~ =1 - 28BS + B

<®A]®B> = 0=B-A+S - ABS

where S = <d]p> is the overlap integral. When the small term ABS is neglected

we find the relation between the admixture coefficients
A=B+S (3.3)

The admixtures occur because the one-electron Hamiltonian h for the system has

a matrix element between p and d, <p|h|d> = a If we neglect the terms in

dp
overlap, the perturbation theory expression for the admixture is

%4
Az Bz —=P (3.4)
Ed-Ep
where Ed and Ep are the energies of the pure d and p orbit respectively, and
it is assumed that a S<E:~E
dp d “p
With the same approximations the shift in energy of the molecular orbitals

with respect to the pure p and d orbits is
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‘ 2
& el Ry (Ed-sp) (3.5)

7)

|f terms in overlap are not neglected it is argued by Anderson that the cor-

rect expression for the energy shift becomes
AE = AZ(E ~E ) (3.6)
d p '

Thus, after bonding, the d orbital becomes QA and is raised in energy by AE,
while the p orbit becomes ¢B and is lowered by the same energy AE. Since there
are two electrons in p and only one in d, there is a net stabilization energy
of the bond of AE.

As far as the magnetic properties are concerned the covalent effects of the
bonding-antibonding pair of electrons with spin + cancel, since equal amounts
of electron (NEBZ) are transferred in both directions; only overlap effects are
observable. The only measurable electrontransfer effect is that associated with
the bonding electron with spin +, or alternatively, with the antibonding hole
in QA with spin 4. The sum of this transfer admixture B and the overlap admix-

ture S gives a total admixture B + S = A, and hence an unpaired spin density

on the ligand of

S s

f =N A (3.7)

This value of f equals the amount of p electron le\A2 transferred from the p
into the d orbit. So the distribution of unpaired spin density can be described

by the admixture coefficients of the antibonding orbital &,.

3.3. Molecular orbitals in an octahedral complex. By virtue of the "independent=
bonding model'' the bonding in an octahedral complex can be treated analogous to
a single bond in the M-X system. However it is more convenient to consider the
molecular orbitals for the complete complex MX6. To set up the appropriate mole-
cular orbitals one has to take linear combinations of the s and p orbitals
belonging to the six 1igands, which transform as the various irreducible repre-
sentations of the octahedral group. These can then be admixed to the central

jon orbitals which transform as the same irreducible representation. As the
magnetic properties are described by the anti-bonding orbitals analogous to eq.
(3.1) which specify the distribution of the unpaired spin, only these orbitals

will be discussed.
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If the six equivalent ligands numbered by 1, 2, 3, 4, 5, 6 are situated at
respectively the x, y, z, -x, -y, -z axes of the octahedron, the antibonding
orbitals are given by

a
¢(322 -r°) = No{d(322 -r ;ﬁ%%(-223 - 226 Xy oxy Yy - ys)

a
- 7?% (Zs3 + 256 “ 5, "5, 5, - ss)}
2-yh) = N6 - ¥

)

= o (x4 Xy +y, - yg)

- ius(s] L T P 55)}

o (xy) Nn{d(xy) - ian(y] = ¥g t o > xS)} (3.8)

¢ (yz) Nn{d(yz) - iaﬁ(z2 " Xg by T Y6)}

= - ) - =
d(zx) = Nﬂ(d(zx) zuv(x3 Xg * 2, zb)}
The normalization constants are given by

2

N"=1=-4a S =-4a$S + az +
oo s's o s

N“"=1=-4a S + az
L m
Where the overlap integrals are defined as
2 2 2 2
S, =-<d(x° -y )]x]>, S = <d(x® -y )]sl>, S = <d(xy)|y|>

The experimental results are most times expressed in terms of the fraction f
of unpaired electron transferred to a ligand orbit. For singly occupied d or-

bits these fractions are from eq. (3.8)

fo = gMag sty mifel oty =gl
These are exactly the same quantities as defined in eq. (3.7).

It must be noted however that in the copper compounds under consideration
the copper ion is surrounded by six not equivalent ligands in a distorted octa-
hedral arrangement. For an adequate description of the molecular orbitals of
this complex, to each of the three pairs of equivalent ligands a different set
of parameters (ac, o s Sc' SW, Ss) has to be ascribed. Furthermore, in
first order, only the x“-y“ orbital is singly occupied for the copper ion. The
other (filled) 3d orbitals admix in the xz-y2 orbital only in second order via

the spin-orbit coupling and the rhombic distortion of the octahedron. As has
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already been mentioned, the necessary modifications to account for these devia-

tions will be made in connection with the experimental results.

3.4. Influence of covalency effects on some properties of the magnetic ion.

3. 4.4 Orystal field splitting. The crystal field splitting A denotes the
energy difference between the two eg orbitals and the three tZg orbitals.
According to the simple ionic model, this energy difference occurs because the
322-r2 and the xz-y2 orbits have lobes pointing towards the ligands and are
therefore less stable than the xy, yz and xz orbits which avoid the | igands.
Apart from this ionic part of the crystal field splitting Eion’ which can be
calculateds), also covalent admixture gives a contribution to the total energy
splitting Etot'

We saw that the effect of covalent bonding in the simple two-atom system was to
raise the energy of the antibonding d orbit by an amount AE = AZ(Ed-Ep). There
is therefore also a contribution Ecov to the total crystal field splitting, cor-
responding to the difference between the antibonding energy shifts for the o

and n orbitalsg).

In terms of the admixture coefficients of eq. (3.8) for an octahedral complex,
we then deduce

= 2
ECov = AE0 AEﬁ = (ac

2 2
a")(Ed Ep) + aS(E

4 =iE) (3.9)
Although this expression can only be regarded as very approximate, it illu-

strates some of the factors affecting Ecov'
The total crystal field splitting, as measured by optical absorption, can thus

be given by

Bvie ™ E;
3.4.2. Orbital magnetic moment and spin-orbit coupling. The introduction of
covalent bonding into an ionic complex leads to a reduction of the orbital

: 10,11)
magnetlc moment

of the magnetic ion. On a very simple picture this re-
duction arises because of the transfer of a fraction f of unpaired spin to the
ligands, leaving a fraction (1-f) in the central d orbit. Roughly there is a
reduction k = (1-f) in the orbital magnetic moment of M.
Formally the reduction factor kij is defined by

>
<o.|%|e.>
SRR =

t <dilfldj>




where E is the orbital angular nomentum operator, the ¢'s the molecular or-

bitals of eq. (3.8) and the d's the corresponding pure d orbitals. There are

two reduction factors, k (within the t, orbits) and k (between the e and
T 2g on g

t29 orbits). These can be calculated from the above given matrix elements to be

approximately

LY . 2
kﬂﬂ = Nn(l bansﬂ + iun)

(3.10)

k
an

NN(l -2« S =-2aS - 40 o)
am oo o T o
where in kcTr the s contribution has been neglected.

Apart from a reduction of the orbital momentum, also a reduction of the

spin-orbit coupling parameter A will occur'z).
The one-electron spin-orbit Hamiltonian for the octahedral complex can be
written 3513)
&> > + =
H =oAL 2%S + A T Ries
$.0 d gt

where Ad and Ap are the spin-orbit coupling constants for respectively the
central d and the ligand p orbits; 1 and Ii are the angular momentum operators
centered about the central nucleus and the ligand nuclei respectively. The
summation runs over all ligands.

The effective spin-orbit coupling constants Xij for the central ion can be

calculated analogous to the calculation of the reduction factors k"TT and kOﬂ

leading to
2 2
Xn" = Nﬂ(Ad + iGWAp) (3'11)
X NoNﬂ(Ad - iacanxp)

3.5, Ligand transferred hyperfine interaction. As a result of the spin transfer

from the magnetic ion to the ligands, there will be an interaction between the
ligand nuclei and the unpaired spin of the magnetic ion; the so-called trans-
ferred hyperfine interactionlo'lb). In sofar as the magnetic part of this inter-

action is concerned, the interaction can be written as
pf R0 (3.12)
I

where fi is the fraction of unpaired spin in the ligand i th orbital, A? is
the hyperfine structure constant of that ligand. | is the ligand nuclear spin

and s = % is the unpaired electron spin. The sum is taken over all orbitals of
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the ligand which possess a fraction of unpaired spin.

If the ligand nuclear spin | > } the spin transfer to the ligand p orbits will
also contribute to the nuclear electric quadrupole interaction.

In the regular octahedron the transferred hyperfine interaction is equivalent
for all six ligand nuclei. We choose ligand number 3 on the positive z axis

(see section 3.3) of the octahedron to calculate this interaction. The ligand
nuclear transferred hyperfine interaction Hamiltonian, containing only the terms
due to the spin transfer effects with the central ifon, must have axial symmetry

about the z axis, and can be written as

- 2-
=AS 1, + B(S, I, + SYIY) + Pq{3lz 1(r+1)3 (3.13)

dligand

A and B represent the sum of the spin transfer contributions, as given in eq.
(3.12), and the dipolar interaction. The last term in eq. (3.13) represents
the 1igand nuclear guadrupole interaction.

We will now calculate the contribution from each of the ligand orbitals to A,

B and P _.
q

3.5.1. Magnetic contribution of the 8 orbits. There can be a fractional
occupation fS of unpaired spin in the ligand s orbit if unpaired electrons in
eg orbits of the magnetic ion are present. The hyperfine interaction due to a
singly occupied ligand s orbit is given by the usual isotropic Fermi-Dirac

contact term

AZ ST (3.14)

16 . 2
A = 7;-ﬂgn58nl¢(0)|

is the hyperfine structure constant for an s electron. Here 9, is the nuclear
Landé factor, 8 and Bn are the Bohr and nuclear magnetons respectively and
3(0) is the value of the considered s wave function at the nucleus. In the
simple case, where for the metal ion an orbital singlet lies lowest and s = .
+ - P - -

(which exactly fits for Cu2 ) the contribution to A and B in eq. (3.13) is
equal, and given by

= .

f A (3.15)

3.6.2. Magnetic contribution of the p orbits. The ligand Po orbit, in this

case p, which has lobes pointing along the bond axis, will contain a fraction
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fO of unpaired spin if unpaired eg electrons are present at the magnetic ion.

Similarly the P, orbits Py and py will each contain a fraction t‘_I if unpaired

tZg electrons are present. The transferred hyperfine interaction, corresponding

for instance to the P, orbital is, according to Abragam and PrycelS) given by
2R S, 0, = Als L+ S 1) - K ST (3.16)

where A = f Ag and A° is the hyperfine structure constant of the p orbit,
%gn68n<r-3>p.<r-3>p is an average over the ligand p orbit.
The isotropic term in k' is due to the polarization of the core s electrons by

: o
iven by A~ =
g Y p

the fraction of unpaired spin in the p orbits, and can formally be given by

_3
| - -
k' = f k = Zgn38n<r >pK f0

K is an empirical constant which is presumably much smaller than unity.

So the contribution to A and B of eq. (3.13) of Py is respectively

- o - = -
28 - 2qup and A f A (3.17)

while the corresponding contributions from the combined effect of Py and py are

respectively

-2A_ = =2f A° and A = fA° (3.18)
i TP m mp
In addition there is an isotropic term
-(fc - 2fn)k (3.19)

which is usually much smaller than As of eq. (3.15) and in general cannot be

distinguished from the total isotropic term.

3.5.3. The magnetic dipolar interaction. This is the classical interaction
between the magnetic dipole moment My of the unpaired electron at the magnetic
ion with the nuclear magnetic moment Mo of the ligand. For point dipoles lying

on the z axis and separated by a distance R, the interaction is
-3 . .-> =
RZ(uy vy = 30y ,u,,)
< -»> > > .
With e gBs and Hy = ganT this reduces to

ZAdSzIZ ¥ Ad(sxlx i Syly) (3.20)
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= =%
where Ad ggn68nR 2
The contributions of this dipolar interaction to A and B are then 2 Ad and - Ad
respectively.

Summarizing, it is seen that A and B of eq. (3.13) are given by

A=A +2(A, +A -A)
(3.21)
B = AS L (Ad + A0 = Aﬂ)
where we have omitted the small isotropic term as given in eq. (3.19).
3.56.4. Ligand nuclear quadrupole interaction. This interaction is proportional

to the electric quadrupole moment Q of the nucleus and to the electric field
gradient at the nucleus. The latter depends on the electron charge distribution,
and in that respect differs from the magnetic hyperfine interaction which only
depends on the distribution of unpaired spin. There will therefore be contri-
butions to the electric field gradient from the partly filled antibonding or-
bitals as well as from the filled bonding orbitals. The s orbits of the ligands
will not contribute to pq of eq. (3.13) since these orbits are spherical sym-

metric and therefore give no electric field gradient. Following Abragam and

PryceIS), a single hole in the P, orbit contributes to pq as
% eZQ< r-3>
(3.22)
Li(21 -1)

Q is the nuclear electric quadrupole moment and e the charge on the electron.

A single hole in the P, ©OF py orbit contributes -% times this quantity. Thus

a fully filled p shell gives a vanishing contribution to the quadrupole inter-
action, as would be expected.

If we assume that admixture of the central ion 4s and 4p orbitals into the
ligand p orbitals can be neglected and that the admixture coefficients in the
bonding and antibonding orbitals are equal (A =B in eq. (3.1); so a neglect of
the overlap S), it follows from eq. (3.22) that for a 3d9 configuration of the
central ion (Cu2+) Pq is given by

i e2Q<r-3>
T G NN (3.23)
R o D L S

By analysing the experimental results on the ligand transferred hyperfine
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interaction in terms of the expressions given above, it must be noted that

these expressions only hold for a single metal-ligand bond. Modifications, apart

from those concérning the already mentioned distortion of the octahedral sur-

rounding of the metal ion and the inequivalency of the ligands, are needed to

account for:

a) magnetic hyperfine interactions with other nearby magnetic ions.

b) dipolar interactions with more magnetic ions and with ligands which also
possess an amount of unpaired spin.

c) the electric field gradient at the nucleus caused by all other ionic char-

ges in the crystal and any other covalent bonds of the ligand.

3.8. Relation between covalency and super exchange interaction. Most of the
proposed super exchange mechanisms in insulators agree in being strongly rela-
ted to covalency effects. Although there does not exist at the moment a rigo-
rous theory which, in a general case, enables to calculate quantitatively the
magnitude of super exchange interactions, there are enough similarities between
the various approaches to this problem to formulate some semi-empirical rules.

These are the so-called Goodenough-Kanamor i rules|6-|9)

7)

discussed by Anderson’’.

, which also have been

7 If two magnetic ions can transfer unpaired spin into the same ligand orbit,
these spins will try to couple antiparallel by Pauli's principle, so there is
an antiferromagnetic contribution to the exchange interaction. The magnitude

is proportional to the probability of finding these spins simultaneously in the
ligand orbit, i.e. proportional to the product of the relevant spin transfer
coefficients.

I1. If two magnetic ions can transfer unpaired spin into different orbits on
the same ligand, the spins will try to couple parallel by Hund's rule and so
there is a ferromagnetic contribution to the exchange interaction. As before,
the magnitude is proportional to the probability of finding these spins simul-
taneously on the ligand, i.e. proportional to the product of the relevant spin
transfer coeffiecients.

To illustrate the dependence of the super exchange interaction on the spin
transfer coefficients, we will derive for the antiferromagnetic case the ap-

proximate expression for the super exchange interaction.

We consider two metal ions M2+ separated by a ligand X Mf+ - X - M§+, with
each one unpaired spin in the antibonding orbitals ¢, and ¢,. In the configu-

1 2
ration interaction approach (see section 3.1) spin transfer in such a complex

is described by the admixture into the groundstate of excited configurations,
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in which one electron is hopped from one ion to another. As pointed out by

+

s 2 . + = o 3 5
Andersonzo) the excited configuration M] =1 = M3 , in which an electron is

2

hopped from M, to M,, gives the largest contribution to the exchange interac~

2 7
tion. Only this configuration will be considered.
It can be seen that in this excited state the two ''unpaired'' electrons on Ml
have to be antiparallel according to Pauli's principle. There are two, ener-

getically equivalent, groundstates; one with the unpaired spins at M, and M

| 2
parallel, and one with the spins antiparallel. The one-electron Hamiltonian h
is spin-independent, and thus can mix the excited state only into the ''spins
antiparallel' groundstate. The relevant matrix element for this mixing being

of the form
b = <®||h|¢2>

b is called the transfer integral.

In second order perturbation theory this '"antiparallel' groundstate is there-
fore depressed relative to the ''parallel' groundstate by an energy of approxi-
mately bZ/U, where U is the energy difference between groundstate and excited
state. U can be estimated from ionization potentials. A more rigorous calcula-
tion leads to an energy shift of bbz/U. This lowering in energy of the anti-

parallel groundstate means that there is an antiferromagnetic interaction
2
4b
835, =755,

To derive the relation between J and the spin transfer coefficients we have
to realize that the transfer integral b is essentially the matrix element of

h connecting the orbits dl and d2 via the ligand Py orbit, so that

<d, [h|p><p|h|d,>

b = <¢|[h|®2> S

Using the expression <d|h|p> = A(Ed-Ep) as given in eq. (3.4) we get b =
2
A" (E Ep) = f(Ey

orbit due to one metal ion.

-Ep), where fc is the unpaired spin density in the ligand Py

The super exchange interaction can thus be approximated by

2
"E)
o Y (3.24)

So far we have only considered ''delocalization'' super exchange; there are
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three other contributions to the total exchange interaction,

a)

b) Exchange polarization; also proportional to the product of the spin trans-
fer coefficients, but most times much smaller than delocalization super
exchange.

c) True Heisenberg exchange, i.e. the sum of ordinary electrostatic exchange
integrals between the two magnetic ions. This contribution is always ferro-
magnetic, but in our case probably very small because of the large distance
between the magnetic ions. According to Nesbet2|) the total exchange inter-
action is the sum of the individual contributions of the various mechanisms.
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Chapter 4
THE PROPERTIES OF THE Cu2+ ION IN A CRYSTALLINE ELECTRIC FIELD
OF CUBIC SYMMETRY WITH TETRAGONAL AND RHOMBIC COMPONENTS

In this chapter the specific properties of the Cu2+ ion in the presence
of spin transfer effects will be presented. The expressions for the relevant
parameters of a 3d - metal ion - the electronic 3 tensor, the magnetic hyper-
fine interaction tensor K and the electric field gradient tensor at the
nucleus - strongly depend on the electron configuration in its 3d shell.
Therefore it has no sense to derive expressions in a generalized form for all
iron group ions.

From the known crystal structure of KZCUCI“-ZHZO and the isomorphous compounds
(see section 5.5) it can be concluded that the crystal field at the copper

site will have cubic symmetry with tetragonal and rhombic distortions.

4.1. Ioniec model.

The groundstate of the free Cu2+ ion (electron configuration 3d9) is to a
good approximation 20. In the solid state the crystalline field arising from
the surrounding ions causes an energy splitting of the orbital levels (see
fig. 2).

A crystal field of cubic symmetry splits the orbital levels in a lower degene-

rate eg doublet and a higher degenerate t Lripletl). The eg doublet lies

2g
lowest because we deal with a hole in the closed 3d shell rather than with an
unpaired electron. The tetragonal component of the crystal field splits the

eg doublet into two orbital singlets and the t triplet into one doublet and

a singlet. The orbital degeneracy in the upperzsZg doublet is removed by the
presence of a rhombic distortion of the crystal field and/or by the spin-orbit
coupling. In the case of the compounds considered here, the tetragonal distor-
tion of the octahedral surrounding of the copper ion is due to the elongation
of the octahedron along one axis. (This axis is therefore the z axis of the
coordinate system which will be used to describe the various interaction
tensors.) That means that the (xz-yz) orbit will have the lowest energy of the
two eg orbits.

The cubic crystal field causes a complete quenching of the orbital magnetic
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Fige .22 Orbital energy levels for a Cu2+ jon in a crystal field of cubic

symmetry with tetragonal and rhombic distortions.

moment associated with the (xz-yz) orbit, so that the magnetic properties of
the copper ion are entirely due to the spin degeneracy (Kramers doublet) re-

2)

maining in this groundstate The effect of the tetragonal component of the
crystal field is to admix, via the spin-orbit coupling, the excited t2g orbi-

tals into the groundstate. Because of the unquenched orbital magnetic moments

associated with the tZg orbitals, this yields contributions of these orbitals
+

to the electronic g tensor and the copper nuclear hyperfine interaction tensor
i. These contributions will have axial symmetry about the tetragonal axis of
the octahedron. Moreover the rhombic component of the crystal field gives rise
to an admixture of the (322-r2) orbit into the groundstate, leading to extra
contributions to g and % which do not have axial symmetry about the tetragonal
axis. The departure of axial symmetry of the z and f can thus be considered as
a measure for the rhombic distortion of the octahedron.
Following the work of Bleany et al.]), the wave functions of the two

components of the groundstate Kramers doublet are given by
]$> 35 Nf(r){(ax2+by2+czz+iny)|+>+(iayz-ﬁzx)]->}
|E> 35 Nf(r){(iayz+82x)|+>+(ax2+by2+czz-iyxy)|->}
|+> and |-> are the two spin functions for the spin-up and spin-down states;
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f(r) is the radial part of the wave functions. N is a normalizing factor given
by
N =1+ (a° + g5 + yz)/lz

The values of a, b and ¢ are restricted by the conditions

a+b+c=20

(4.2)

a2 + b2 + c2 =6
If we denote the energy differences between the tZg levels and the (xz-yz)
level by E. , E _ and E (see fig. 2) the admixture coefficients a, B and y

Xy “sz yz
can be expressed in a, b, ¢, the spin-orbit coupling constant A and these
energy differences.

A - 2, c-a a-b
a=-z (b - c) + i (E F—*rE ) (4.3)
yz yZ XZ yZ Xy

B and y are obtained from a by cyclic permutation of (a,b,c) and (Eyz'Exz'

E w)s

Xy 3 X

It can be shown that for rhombic symmetry the g and tensors are symmetric

tensors and that the directions of their respective principal axes coincide

with the x, y and z axes to which the angular dependence of the 3d orbits is

3)

related”” . The same holds for the electric field gradient tensor at the nucleus.
The tensors are thus fully described by their components along the x, y and z
axes. As we deal essentially with tensor components, they will be labelled by

a double index.

From the wave functions given in eq. (4.1) the components of the tensors g and

X can be calculated to be

9., = 2.0023 + -;—a(b -c) - -;—(82 + By + *12) (4.4%)
Ay = 20,88, <r >0 [-01 = 282 + Y )he + Zab - c) - Loy +
+;—{2a2 - b4+ yc - gb + %—(62 + yz) - ;—a (B +vy) - ‘Eaz(az'rsz + yz)}]

(4.5)

The y and z components can be obtained by cyclic permutation. The numerical
factor x in eq. (4.5) represents the effect of the polarization of the copper
core s electrons. The expressions for 94 and Aii are correct to second order

in the coefficients a, B, vy and thus also correct to second order in A/E.
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The components of the nuclear electric quadruple interaction tensor, due to the

unpaired hole in the 3d shell, are given by

e2Q<r-3>

3d 2

—i (e
71(21 = 1)

- 2), etc. (4.6)

3
From the experimental values of the components of the g tensor the values
of 8, b, ¢, oy B Ys X/Exy, X/Eyz and A/Exz can be calculated by successive
approximations. This can be done unambiguously because the parameters involved
are related to each other in such a manner as to leave only three independent

parameters.

4.2. Covalent model. To account for spin transfer effects in the copper complex
we have to use instead of the pure 3d orbitals, the appropriate molecular orbi-
tals as given in eq. (3.6), to form the wave functions of the two components
of the groundstate. We will not give here the correct wave functions but only
the correct expressions for the components of the interaction tensors.

As outlined in section 3.4.2, covalent bond formation causes a reduction
of the values of the spin-orbit coupling constant A and the orbital magnetic

moments associated with the tZQ orbits. Therefore in the calculation of the

%
contribution of the admixed tZg states to the g tensor, a reduced value for

has to be used. If also the effect of the reduction in orbital magnetic moment
is included in the reduced value for A, we obtain, using eq. (3.8) and (3.9)

- NeNe - e - .
= NoNn(Ad }acuﬂkp)(l 2.5 - 2a S, iacan) (4.7)

2 2

= (] - ImOSo - “asss ta + as)
N-2 = (1 - ha S_ + az)
T T

T

as given in eq. (3.8). Ap is the spin-orbit coupling constant of the ligand p
orbitals.

To derive this expression for Acov we have made two assumptions. First it is
supposed that the o spin transfer coefficients and overlap integrals of the

four ligands which interact with the copper (xz-yz) orbital (i.e. oxygen and
halide ions) are equal. We feel this is not too bad an approximation. Secondly
the difference between the m spin transfer coefficients and overlap integrals
for the six ligands is neglected. As will be seen experimentally the m covalency

effects are relatively small and thus the neglect of any differences in the
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coefficients does not affect the value of xcov seriously.
It must be mentioned that possibly a further reduction of the value of the
spin-orbit coupling constant may occur because of the virtual expansion of the

k)

the value of Acov which can be calculated from eq. (4.7) to be the same as that

copper 3d orbitals as proposed by Marshall et al. /. Therefore we cannot expect
determined from the experimental data on the ; tensor. Acov has thus to be
treated as an adjustable parameter.

As is common use in MO-LCAO calculations, the coefficients a, b and ¢ from
eq. (4.1) will be described by one parametric angle ¢, which is a measure for

5,6,7)

the rhombic distortion of the octahedron From the conditions of eq.

(4.2) it is easily seen that a, b and ¢ can be written as

V3 cos ¢ - sin ¢

o
"

o
"

-Y3 cos ¢ - sin ¢ (4.8)
c=2sin¢
¢ =0 if no rhombic distortion is present.

If we express the coefficients a, B and y also in the same parameter ¢, we

obtain the more convenient expressions for 9 ¢ correct to second order in A/E:

ZAcov 2 Acov 2 2
2.0023 - —E———(cos¢ + V3 sing)” - ( )“[(cosp +V3 sing)“ + 3]

1ol
I

XX vz E
Acov 2 xco 2 2
9., = 2.0023 - ==(cos¢ - VI sing)” - (<) [(coss -/F sing)* +3]
Xz
8)‘cov 2 xcov 2 2
g9,, = 2.0023 - — cos¢ - ( 7 (4cos® + 3) (4.9)
Xy

where E is the average value of € , E and E_ .
yz' "xz X
In the same way we can now also derive the components of the copper hyperfine
interaction tensor, correct to second order in A/E, to be
3

A = zgneen<r“

8 1
XX >3d[-(l-6x)'<+7 Agxxw- TK(Agyy+Agzz)w i

-';— N§+-§-(f3.cos¢-sin¢)2N§ + ex]

-3 8 I (4.10)
Ayy = 2g BB <r >3d[-(l-6y)xb-7 Agyyw--nr(ﬂgxx+Agzz)N -
-; N§+%—(/§cos¢+sin¢)2N§ . ey]

35



3>3d[-(l-<52)t~<+£;- Agzzw-‘jl;(Agxx+Ag W -

- 29n68n<r o

zzZ

i 22 Bl . 2
-7 NU+7Ncsm ¢

Here is the core polarization factor
-] _ N P &

W = (] 20 S_ 2005c &aouﬂ)

Ag, gii(exp) - 2.0023

Ng is given in eq. (4.7)

;i and e, are small terms of second order in A/E given by

- (%92 {1+ %(V3 cos¢ - sin¢)2}

= 201+ 4(/3 cosé + sing)?)

(%42 {2 - cos24}

- (%02{ ;(c052¢ - V3 sin2¢) + 3}

A2 g(cosm + /3 sin2g) + 3}

E
A2, 12
- (E) { 7 cos2¢ + 3}

The components of the quadrupole interaction tensor are also modified: the two
parameters describing the nuclear quadrupole interaction are, according to

eq. (4.6).
2 k3
e Q<r >
P =——-—3d-- 2N§c052¢
ZZ 71(21 - 1)

P -p
| 22| = V3|tg 24|
P2z

where n is the so-called asymmetry parameter.
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Chapter 5§

NUCLEAR RESONANCE IN CRYSTALS WITH THE KZCuClh-ZHZO STRUCTURE
Introduction. In the preceding chapters the relation between spin transfer,
electronic g tensor, crystal field splitting, (transferred) hyperfine inter-
action and super exchange interaction has been discussed. This chapter will
deal with the methods to determine the (transferred) hyperfine and electric
quadrupole interaction parameters of the nuclei of both the magnetic and non-
magnetic ions, using nuclear resonance techniques. First the nuclear spin
Hamiltonian will be discussed; attention will be paid to the analysis of the
experimentally observed nuclear resonance spectra. Next the experimental equip~
ment and some special features concerning nuclear resonance experiments in
ferromagnetic substances will be treated successively. We will conclude this
chapter with the discussion of the crystal structure of the copper compounds

and the site symmetry of the various nuclear positions.

5.1. Nuclear spin Hamiltomian. In a nuclear resonance experiment in crystals
containing paramagnetic ions only those nuclear interactions are relevant,
which are related to the magnetic dipole and the electric quadrupole moment

of the nucleus. The nuclear spin Hamiltonian can therefore be divided into two
parts:

(5.1)

HQ describes the interaction of the nuclear electric quadrupole tensor 3 with

+
the electric field gradient tensor VE at the nucleus which has the form

e
HQ = ﬁ:ve (5.2)

Both 3 and V? are symmetric second rank tensors.
It can be shown‘) that the electric quadrupole tensor can simply be described
by the scalar nuclear electric quadrupole moment eQ.
The Cartesian elements of the electric field gradient tensor (EFG) are
2

sV

Yig T e (0% = %,7,2)
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where V denotes the electrostatic potential at the nucleus due to all surroun-
ding charges. The EFG tensor is a symmetric one, so we can choose the cartesian
coordinate system (X,Y,Z) so as to have all non-diagonal elements in eq. (5.3)
equal to zero. X,Y,Z are then the principal axes of the EFG tensor, where the

2z
outside the nucleus Evii = 0, so the EFG tensor can be represented by only two
I

usual convention |V__| 2 IVyy] x [V, | is followed. As all charges are situated

parameters:

v
eq =V and n= Y. (0 £ nsg ])

2z v

The electric quadrupole interaction Hamiltonian can now be written as

2
HQ=_3JQ_{3|§- (1 +1) +§n(|f+1f‘)} (5.4)
(21 - 1)
| is the nuclear spin and I+ and |_ are the usual step-operators o Ix + ily.

Hm describes the interaction of the nuclear magnetic dipole moment with

the total local magnetic field ﬁt at the nucleus.
H Al-H (5.5)
o Y ¢ 5.5

Yy is the gyromagnetic ratio of the nucleus. ﬁt is given by the vector sum of

the various magnetic fields

X <S>

A =M. + +H +H +H +H (5.6)
0 Y dip L dem nn 3.
e . . . .
Ho is the external applied magnetic field.
3
A <S> | - : : : 4
- is the (transferred) hyperfine field as discussed in section 3.5. Here
the time averaged value of the electron spin S is used, as the electron
spins very rapidly reorientate due to the exchange interaction. The
nuclear spins see therefore only the time averaged value <3,
ﬁdip is the classical dipolar field die to all surrounding magnetic moments
(including the transferred magnetic moment at the ligands).
[ is the Lorentz field + Eﬁ-ﬁ, where [ is the magnetization per unit

L 3
volume of the crystal.

. L. - * -

ﬁdem is the shape dependent demagnetizing field -N-ﬁ, where N is the de-
magnetizing factor,

>

Hnn stands for the direct or indirect interactions between the nuclear
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moments (nuclear dipole-dipole interaction, indirect nuclear exchange

2.3)).

Concluding, the appropriate Hamiltonian to describe the nuclear spin inter-

interaction

action is

_ 2
= - yRlA +;_‘z_qQ——){3|§ =1+ 1)+ 3002+ 2
(21 - 1

In general the eigenvalue problem for this Hamiltonian can not be solved
analytically; only if one of the interactions vanishes it is soluble in certain
cases. |f one of the two interactions is much smaller than the other one, first
and second order perturbation theory can be applied to obtain analytical ex-
pressions for the nuclear spin energy levels.

5.2. Analyeis of experimentally observed nuclear resonance spectra. In the
series of isomorphous copper compounds all atomic nuclei, except the nucleus

of the only abundant oxygen isotope 160, possess a nuclear magnetic moment.

The nuclear spin has the value | = 3/2 for most nuclei. The only exceptions
are: lH(l =1/2), lI*N(I= B ) 85Rb(l = 5/2) and |33Cs(l = 7/2). Therefore
especially the shape of the resonance spectra of nuclei with | = 3/2 will be
considered.

Although from Hamiltonian (5.7) no analytical expressions for the nuclear
spin energy levels can be derived, Brown and Parker obtained analytical re-
lations between the experimental resonance frequencies and the parameters in-
volved in (5.7). These relations do not give information about the form of the
resonance spectrum, but only enable to calculate from the (21 + 1) independent
resonance frequencies, after the construction of the energy level scheme, the

values for the parameters

o ZeZqQ
21(21 - 1)h

=
n and v ZnIHtl

In short these Brown and Parker relations can be derived as follows.

From the experimentally determined resonance frequencies the appropriate energy
level diagram is constructed. A reference level is fixed, such as to have the
sum of the frequency differences between the levels and the reference level

equal to zero,

(5.8)




(see fig. 3c for the case | = 3/2). With the Vi now known from the experiment,

the "experimental'' secular equation can be formed
(v = vl)(v - v2) ........ (v = vn) =0 (5.9)

n=2+1

(The roots of this equation evidently are the experimentally determined energy

levels). Eq. (5.9) can be written as a polynomial

vio+aw * T .S Py 0 (5.10)
with
a, =~-3%Iv, =0
1 A

a, = i%vivj (i <j) (5.11)
= - F v.v. P e

33 ijk\'vJvk (i i )

etc.

If we work with the sums of powers of the roots of eq. (5.9) we obtain

S] = %Vi = a] =
et

52 = ?Vi = 232 (5.12)
Ay )

o ol s

etc.

By constructing the theoretical secular equation for Hamiltonian (5.7) in an
IZ representation, we obtain a similar polynomial as that of eq. (5.9). The
coefficients of this polynomial can be expressed in the parameters of Hamil-
tonian (5.7). As the roots of both polynomials are identical, also the coeffi-
cients have to be identical. By equating the coefficients of both polynomials,

we obtain the following expressions for Si

Sl = }vi =0
2 2 2 n2
S, = %vi =PV *+ pzvq(l + -gﬁ (5.13)
a2 2 T x7 Vv .. 3
53 = ?Vi = p3quL(3cos 8 | + nsin“8cos2¢) + pth(l n")
etc.,

8 and ¢ are the polar coordinates which describe the direction of ﬁt in the
coordinate system of the principal axes of the EFG tensor. The values for the

coefficients P; for different values of | are given in table 2.
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Table 2

Values for the coefficients P in form. (5.13)

Eﬁ_ 1/36

The expressions (5.13) can always be applied if the necessary (21 + 1) indepen-
dent nuclear resonance transitions are observed.

In this analyzing method the only problem consists in the construction of the
proper level scheme from the experimentally determined resonance transitions.

In the crystals investigated often a large number of resonance transitions,
belonging to different nuclei, appears in the same frequency range. In such a
situation the study of the variation of the resonance frequencies when mag-
nitude and direction of the applied magnetic field and temperature are altered,
can be very helpful to accomplish the identification of the observed transitions.
Moreover the knowledge of the approximate energy level schemes can be necessary.
Therefore we will present a short review concerning the shape of the resonance
spectra in those situations in which analytical expressions for the resonance
frequencies can be obtained from Hamiltonian (5.7) using perturbation theory.

We will restrict ourselves to resonance spectra of nuclei with | = 3/2,

a) HQ = 0. This situation is met for nuclei with a cubic surrounding, as in
that case the electric field gradient at the nucleus vanishes. Also for nuclei
with | = 1/2 the quadrupole interaction equals zero, because the scalar qua-

drupole moment eQ = 0. The resonance frequency is simply given by

_1_ 1
T 2 ]H

i t] (5.14)

b) Hm = 0, H, # 0. These are the circumstances in a pure quadrupole resonance

Q

experiment in a paramagnetic substance where the external magnetic field is

5)

zero. According to Das and Hahn the energy levels for | = 3/2 are doubly

degenerate (see fig. 3a) with a frequency splitting given exactly by
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v=uv (1 + ﬂ—)i T s al (5.15)

From this pure quadrupole resonance frequency (PQR) evidently it is not pos-
sible to get separate information about vq and n. When both values are required,

experiments in small applied magnetic fields are necessary.

) 1/2 "/2 _‘—-——_ ————— r3/2
J A - 1/2 = *V| A
' p2y ' 1 =Ty b
V¢p<1+n /3).2 @y @s B> B 5 el _\]_2_.0 e _’+_
\ s l 2 ¢2 '1 __i_v3 . '/2 'V2
3 ' / v, v
- Tl AL 2 S a = Yol U
VL=O VL<< VQ VL’.-: V‘p VL » V‘p
Q b c d
Elg.:. 3« Nuclear energy level schemes for | = 3/2 for different ratios of the

magnetic and electric quadrupole interaction.

c) Hm << HQ. The twofold degeneracy of the energy levels is removed by the

small Zeeman interaction (see fig. 3b). For | = 3/2 exact first-order pertur-

5)

on the direction of the total magnetic field and the radio frequency field, in

bation theory expressions can be obtained for the level splittings””. Depending
principle all six possible transitions can be observed. In this situation the
m, =+ 1/2 and - 1/2 levels mix, as do also the m, = + 3/2 and - 3/2 levels,

| |
which makes the Aml = 2,3 transitions not strictly forbidden. If the direction
of ﬁt with respect to the principal axes system of the EFG tensor is defined
by the polar coordinates 6 and ¢, as has been done already in eq. (5.13), the

six resonance frequencies are given by

2

o n,y¥ g ot a1ty 'Bey ssed
va‘.az vq(l + 3) + (vl v2) iom, tz+ts
- Ny L i e &
VBI’BZ vq(l + 3) + (v] + vZ) Emy tg+3 5
(5.16)
v s SRR SEIUG ooy X
1/2 | | 2 2
i P o
Va2 =V pomy feoncig
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1
+ (1 3 %) g-cosbp}sinz()]I

v 1
L= 25ife]

This spectrum consists of 4 resonance lines symmetrically situated about the
PQR frequency (often called a and B transitions), and two resonance lines at
much lower frequency.

d) Hm >> HQ. The spectrum can now be calculated by assuming the ??adrupole
interaction to be a small perturbation of the magnetic interaction ‘. The
spectrum only consists of the three allowed Am, = | transitions (fig. 3d).

|
In first order their frequencies are given by

L-}
27‘.|Ht|

uq(3cosza 2 nsin29c052¢)
e) Hm = HQ. For this situation the energy level scheme generally can only be
derived by very high order perturbation theory calculations which tend to become
very complicated. However for the case 6 = ¢ = 0, that means for ﬁtb’l, the

6)

secular equation can be solved exactly ', leading to the energy levels (given

in frequency units)

3 - ) -
E(+7) = a 2R )

2R")
2R")
2R")

L2

o 1
where P = ——— - T (2P = 1) 2

}2

For all other situations we have obtained the information about the shape of
the resonance spectrum by numerical calculation on an IBM 360 computer of the
eigenvalue of the Hamiltonian. In tabulated form the resonance frequencies of

all six possible transitions have been calculated as a function of the para-
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meters vL/vq and n for the magnetic field parallel to the X and Y axes of the
EFG tensor. Using these tables complicated experimental resonance pattern can
be recognized, After the so performed identification of the resonance lines the
method of Brown and Parker can be applied to calculate the interaction para-
meters accurately.

The tables prove also to be very useful in the case that not the necessary
three transitions to apply the Brown and Parker method are observed. Using
these tables the resonance frequencies of not yet observed transitions can be
predicted from the temperature or field dependence of one or two already detected
transitions. The knowledge of the approximate resonance frequencies facilitates

very much the search for the supplementary resonance lines.

5.3. The experimental set—up.

5.3.1. Sample preparation. The crystals are grown by slow evaporation of a
saturated solution of the components. The solution is kept at a constant temper-
ature of approximately 0 °C to avoid the formation of crystals with a different
structure. This is found to be especially important in growing the compounds

CSZCuCIh-ZHZO and RbZCuBru-ZHZO. In this way single crystals of about L. 1 cm3

2
are obtained with nicely developed crystal faces. The crystals are polished in
a cylindrical or ellipsoidal shape with approximate dimensions of 5 x 5 x 10 mm.
In most cases a crystallographic [110] axis is chosen as the long axis of the

sample.

5.3.2. Mounting of the sample. For the experiments in the temperature range
between 300 K and 1.2 K the crystal is placed in a sample holder inside the
cryostat. This sample holder can be rotated from outside the cryostat over 40°
about two mutual perpendicular axes, as to be able to orientate the crystal
perfectly in the desired direction with respect to the external magnetic field.
The electromagnet can be rotated over 180° in the horizontal plane, Before the
experiment starts the crystal is always orientated at “He temperatures by ob-
serving the nuclear resonance spectrum of the protons of the waters of hydra-
tion. With the magnetic field rotating in the [110] plane of the crystal, two
of the four proton resonance lines coincide for all directions of the magnetic
field in that plane (see fig. 7). If the plane of rotation of the magnetic
field is not perfectly parallel to the [110] plane, these two proton lines
split up because of the difference in dipolar interaction with the copper ions.
By orientating the crystal so as to observe for each direction of the magnetic

field only one resonance line for these two protons, the [110] plane of the
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crystal can be made parallel to the plane of rotation of the magnetic field to
within less than 1°.

For the experiments at 3He temperatures the crystal is placed inside a small
glass dewar, connected to the closed 3He system. The crystal is orientated
visually by observing the direction of one or more crystal faces, which are
left intact for this purpose, and fixed by a small amount of Apiezon-N grease.
The accuracy of this method of orientation is approximated to be not better
than within £ 4°, All determinations of the hyperfine interaction tensors have

4 4
therefore been carried out at He temperatures.

5.3.3. Measurement and control of the temperature. Temperatures between

13 K and 20 K are obtained by using liquid hydrogen; the temperature is deter-
mined from the vapour pressure and controlled by stabilizing the vapour pressure
mechanically.

In the qu temperature range the temperature is measured using a Speer resistor
(102 nominally, 1/4W) which is part of an a.c. Wheatstone bridge., The resistor
is emerged in the helium fluid. The value of the resistance is calibrated very
accurately versus the temperature (for 1.7 K< T < 1.9 K in intervals of 5 mK),
which is determined from the vapour pressure. For temperatures below 2 K (super-
fluid state of helium) differences in temperature can be measured with an
accuracy better than ]O_bK. The exactness of the temperature determination at
the absolute temperature scale is about * 0.0l K. The unbalance of the a.c.
Wheatstone bridge, operating at 30 Hz, is used to drive a d.c. current through

a heater resistor (5082) in the hHe bath, to stabilize the temperature. Using

the strong temperature dependence of the resonance frequency of a bromine
resonance line in one of the bromine compounds at T = 1.7 K it has been found
experimentally that the short-term temperature stability at that temperature
range is better than IO-SK. In the 3He cryostat the temperatures are derived
directly from the vapour pressure reading of an oil manometer for T 2 0.7 K.
Below this temperature the pressure indication of a NRC Alphatron, calibrated
against the susceptibility of Cerium Magnesiumnitrate, is used to determine

the temperature. Besides the temperature measurements are performed using the

Wheatstone bridge. A 102 nominally T%-W Allen and Bradley resistor and a 3008

heater resistor are tightly bound to the crystal. The heat contact is ensured

by the Apiezon-N grease between crystal and resistors. The whole is emerged in

3

the “He fluid. Near the Curie temperatures of the various chlorine compounds

(0.7 K = 1.0 K) the temperature stability is found to be IO-AK, while the

. . -4
accuracy of the determination of temperature differences is about 2.10 K.
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The lowest obtainable temperature in this 3He system is 0.26 K without, and

0.32 K with the resistors bound to the crystal.

5.38.4. Electronic equipment. The resonance experiments are performed using

a set of modified Pound-Watkins oscillators, which can be frequency modulated,
for frequencies from 0.1 MHz up to 40 MHz. For the frequency range 40 MHz -

150 MHz a transistorized Collpits-type oscillator is used, while the experi=-
ments at still higher frequencies, up to 300 MHz, are carried out with a
hybrid=-T bridge spectrometer.

The resonance signals in the paramagnetic state in external magnetic field are
detected using 300 Hz field modulation and first or second harmonic phase
sensitive detection which yield the first and second derivative of the absorp-
tion signal respectively. The measurements in zero external field in the para-
magnetic state (pure quadrupole resonance) as well as in the ferromagnetic state
are performed with frequency modulation for frequencies below 40 MHz. Second
harmonic detection is then always necessary as to get rid of the spurious am-
plitude modulation of the high frequency oscillator voltage which always ac-
companies the frequency modulation. For frequencies above 40 MHz the use of
frequency modulation is not possible as it causes too large spurious signals

to be able to detect the resonance lines. Therefore 300 Hz field modulation and
second harmonic detection has been applied for the experiments above 40 MHz.

All measurements have been performed by sweeping the frequency of the oscillator
at fixed magnetic field.

The external magnetic field is produced by a Varian 9 inch rotating base magnet
with a 5 cm pole gap. The maximum obtainable field is about 11 kOe. The field-
strength is measured with a Collpits type oscillator acting as a proton magnetic
resonance magnetometer. With the aid of a set of radiofrequency coils containing
water probes, magnetic fields from 0.1 kOe up to 11 kOe can be measured. The de-
termination of fields smaller than 100 Oe, and especially the compensation of
the remanent field of the magnet to obtain exactly zero field, has been performed

by observing the electron resonance line of the free radical compound D.P.P.H..

5.4 Nuclear resonance absorption in a ferromagnetic material. Nuclear resonance
excitation in ferromagnetic materials takes place indirectly through the
response of the sample magnetization rather than by the radio frequency field
acting directly on the nuclear moments. For this reason the character of the
resonant response depends on the magnetization process in the material. In

multi domain ferromagnetic insulators (zero field) and in saturated ferromag-
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netic insulators (external field) the principal magnetization process at radio
frequencies is by magnetization rotation. In a very simple picture it can be
understood that this yields an enhancement of the effective r.f. field acting
on the nuclei. In the limit that the electron and nuclear spins are decoupled
the effect of a transverse radiofrequency field ﬁl on a homogeneously saturated
ferromagnet is to turn the electron magnetization M through an angle H]/H0 + H

A
(see fig. 4), thus establishing a transverse electron magnetization ﬁt

>
H

T, (5.19)

where HA is the static anisotropy field, which is chosen for simplicity parallel

to the external static magnetic field HO‘ | f we suppose the nuclear transferred

M

Fig. 4. NMR enhancement in a ferromagnet.

hyperfine field Hn to be isotropic, the nuclei see the total transverse field

H
n e
¥R (5.20)

H0 + HA 1

The transition probability, and thus the absorption rate, will then be enhanced

by the factor (1 + Hn/H0 + HA)Z. Especially for the zero field experiments in

the ferromagnetic state the enhancement of the absorption rate will be very

large, as the anisotropy field in these compounds is of the order of only

200 0e7'8). while the hyperfine fields can be of the order of 10 - 100 kOe.
To obtain information about the shape of the nuclear resonance lines we

cannot use this simple picture. We have to realize that the nuclear and elec-

tronic spins are coupled by the hyperfine interaction. We can describe the
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. . -, -
sample response in terms of a uniform magnetization M and regard the nuclear

i
magnetization as uniform too and represent it by m. The transverse parts of the

9)

nuclear and electronic magnetization are given by

+ =* > -
M, ™ X (Hl + Hth/H)
(5.21)
> * >
Mt . X5 (H‘ + Hnmt/M)

:‘ :t . . .
where X and Xg are the nuclear and electronic susceptibility tensor respective-

ly. The rate of energy absorption is given by

Re{ iwh -(ﬁt +m)} (5.22)

- ] t

N|—

where w is a frequency close to the resonance frequency of the nuclei. By
separating the electron and nuclear magnetizations and retaining only the
leading terms, we obtain for the absorption rate
P =g ax0l + 2x! (H /M) 2! 12 +

(5.23)
+ % wxg(xéHn/M)sz
From this expression it can be concluded that the resonance losses not only
involve the imaginary part of the nuclear susceptibility x;, but also the real
part XA through a modulation of the electronic losses x;. Because of the en-
hancement of the driving r.f. field, it is possible to saturate the nuclear
absorption x:, so that only the term in x; remains. In that case a nuclear
resonance line with a dispersion shape will be observed. In general most
resonance lines observed in the ferromagnetic state in zero field in these
compounds are found to have a shape which is a mixture of an absorption and a

dispersion shape.

5.6, Crystallographic structure. The crystal structure of nearly all compounds
which are isomorphous to KZCUCIQ~2H20 has been studied by various authors,
using X-ray diffraction techniques'O-II-IZ); only for RbZCuBrh-ZHZO no crystal-
lographic data are known. In our attempt to extend the series of isomorphous
compounds, we have been successful in growing the compound with the structure
formula RbZCuBrh-ZHZO, which has not been mentioned in literature until now.

The results on the nuclear resonance experiments and the values of the elec-
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3

tronic g tensor components for this compound are analogous to those of the
well-known compound (NHA)Z'CUBrh'ZHZO’ As also the external shape of the crystal
corresponds to that of the ammonium compound, it can be concluded unambiguously

that RbZCuBr“-ZH 0 is isomorphous to (NHQ)ZCUBrAIZHZO'

2
The X-ray diffraction experiments provide the data concerning the positions of
all atoms in the unit cell, apart from those of the hydrogen atoms. |toh et

I.]3) have determined the positions of the hydrogen atoms by studying the

a
proton-proton dipolar interaction with nuclear resonance techniques. This ex-
periment yields the - direction and length of the line connecting the two protons

14)

within a water molecule. Recently Chidambaram et al. have carried out a
structure analysis of KZCuCIh-ZHZO using neutron diffraction. Their results
confirm the earlier data from X-ray work and proton magnetic resonance, and
yield a refinement of the atomic positions.

All compounds have tetragonal symmetry with space group th/mnm, with two
formula units in the unit cell. The crystallographic ¢ axis is only about 5%

longer than the a axes. In fig. 5 the unit cell of KZCUC]b.ZHZO is shown.

7.48 &

9

VH,O Q cu** QCl' Ox‘

Fig. 5. Crystal structure of KZCuClh-ZHZO.

The copper ions are situated at the corner (0,0,0) and body center (3,%,%)
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positions of the unit cell; both sites have inversion symmetry. The copper ion
at (0,0,0) is surrounded by four chlorine ions and two water molecules in a
distorted octahedral arrangement. The chlorine ions form a rhombohedron in the
(a=a) plane, with two ions at a large distance to the copper ion, denoted by
C1(1), and two at a short distance, which will be referred to as ClI(11). The
water molecules are situated along the ¢ axis; the line connecting the two
protons of the water molecule is directed parallel to the Cu-Cl1(11) bond. The
octahedron about (%,%,%) is related to that about (0,0,0) by a rotation of 90°
in the (a=a) plane. The potassium ions are situated in the (a-c) planes at the
four-fold screw axes, which are parallel to the c axis.

In table 3 the unit cell dimensions for the different compounds are given,

together with the positions of the atoms in K CuC|h~2H20 as determined by

2
neutron diffraction.

Table 3

Unit cell dimensions and atomic positions

compound a(R) c(h) Atomic positions in
chuclb-zuzo'“)

KCutl, ~2H,0') 7.477 7.935 Cu  : (0,0,0)
(NHq)ZCuCIh-ZHZOIZ) 7.60 7.95 C1(1) : (+0.274,%0.274,0)
Rb,CuC1,+2H,012) 7.60 8.04 C1(11): (+0.216,30.216,0)
CSZCuC|h~2H20'2) 7.92 8.24 0 : (0,0,0.248)
(NH,) Cubr,~28,0'1) 7.98 8.41 W : £(20.074,30.074,0.318)
Rb,CuBr +2H,0 - - K ¢ (0,3,%),(%,0,2%)

The positions of the atoms belonging to the octahedron about (%,%,%) are rela-
ted to the given positions by the symmetry operations of the four-fold screw
axis “2‘

From the crystal structure it can be seen that the potassium ion is surrounded
by a distorted cube consisting of four Cl1 (1) and four CI(ll) ions at approxi-
mately the same distance. The watermolecule is triagonally coordinated. There
are two equivalent bent 0-H.....Cl1(l) hydrogen bonds, while the "lone pair'
coordination is of type D, i.e. the bisector of the lone pairs is directed

15)

towards the copper ion . The H-0-H angle of 109.7° is significantly larger

than the value of 104.5° determined for the free water molecule.
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Table 4

Interatomic distances and bond angles in KZCUC|Q.2H20

The Cu octahedron

2xCu-0 1.971 A 0...Cu...C1(1) 90.0°
2 x Cu=-Cl1(1) 2.895 O nsClevs Gl ETN) 90.
2 x Cu - CI(11) 2.285 c1(1)..Ccu...C1(Il) 90.0°

The K polyhedron (cube)

b x K - Cl1(1) 3.315 A CLLN) s Kian©1 (1) 706,
h x K- c1(11) 3.325

The water molecule and the hydrogen bond

0-H 0.966 A H=0-H
H=-H 1.580

0...CI(1) 3.116 €1 (1. 04,5 C1 (1) 1005
H...C1(1) 2.165 H=0...C1(1) 4,

Further discussions concerning the detailed surrounding of the various atoms
will be given in connection with the experimental results on the magnetic

hyperfine and electric quadrupole interaction of their nuclei.

5.6. Nueclear resonance spectra. The nuclear resonance experiments have to
produce the directions of the principal axes of the interaction tensors, and
the values of their components, of the nuclei of the different atoms in the
unit cell. Because of the complexity of the total spectrum, it is useful to
discuss the number of different resonance spectra which can be expected to be
observed in view of the crystal symmetry. This knowledge will facilitate the
identification of the large amount of resonance lines.

From the crystal structure it can easily be seen that all alkali ions are
chemically as well as magnetically equivalent. We will thus always observe only

one alkali resonance spectrum, except in the rubidium compounds where, due to

the presence of two well abundant isotopes 85Rb and 87Rb which have different

values for |, y and Q, two resonance spectra appear. As the alkali ions are

situated at the four-fold screw axes, it can be concluded that the transferred
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hyperfine as well as the quadrupole interaction tensors will have axial sym-
metry about the crystallographic ¢ axis.

As the copper site is an inversion center, the atoms centered about (0,0,0) are
chemically and magnetically equivalent in pairs. So, from the four halide atoms
in one rhombohedron, only two resonance spectra, apart from a doubling because
of the presence of two isotopes, will be observed. The two pairs of halide
atoms centered about (},%,%) are chemically equivalent to the corresponding
ions near (0,0,0), i.e. the values of the corresponding components of their
nuclear interaction tensors are equivalent. The direction of the principal

axes of these tensors however are rotated 90° in the (a-a) plane with respect
to the corresponding axes of the ions centered about (0,0,0). Therefore, for

an arbitrary direction of the external magnetic field with respect to the
crystal axes, the halide nuclei about (%,%,%) will give rise to two resonance
spectra which are different from those of the halide nuclei about (0,0,0).
There will thus be observed in general four different halide resonance spectra,
with a doubling of the number because of the presence of two isotopes (35Cl

and 37CI; 798r and 8]Br). Only for the external field parallel to the a and ¢
axis, the four resonance spectra coincide in pairs.

The same arguments also hold for the copper ions and for the protons of the
waters of hydration. Two copper resonance spectra are expected to be observed,
with a doubling due to the isotopes 63Cu and 65Cu. All hydrogen atoms are
chemically equivalent, but not magnetically. Because of the symmetry relations
between the proton sites, in general four proton resonance lines will be ob-
served. Each of these lines shows a fine structure due to proton-proton di-
polar interaction.

To obtain a unique definition of the direction of principal axes of inter-
action tensors of the nuclei belonging to an octahedron, in fig. 6 the two
crystallographic [110] axes are distinguished by denoting them by y and y'. We
will always relate the principal axes to these y and y' directions to obtain
a direct connection with the site symmetry of the nuclei.

The resonance experiments in the ferromagnetic state in zero field indicate
that in the bromine compounds the direction of the spontaneous magnetization
within the Weiss domains is parallel to the c axis. So only one resonance spec-
trum per set of chemically equivalent atoms is observed. In the chlorine com-
pounds however the Weiss domains are magnetized along the [110] or [1T0] axes,
and two spectra per set of chemically equivalent atoms will be detected. To
distinguish these zero field resonance spectra, in fig, 6 the atoms belonging

to the two different octahedra are labelled by A and B. The nuclear resonance
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Fig. 6. Projection of the two magnetically non-equivalent octshedra on the

(a-a) plane. The direction of the y and y' axes are given, together with the
9

notation for the zero field spectra.

spectra originating from the nuclei belonging to the octahedra for which the

. . > . * .
magnetization m points along the y' axis are denoted by A, while the spectra

from the nuclei for which m//y are denoted by B.
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Chapter 6
EXPERIMENTS IN THE PARAMAGNETIC STATE

In this chapter the results of the experiments which yield the (trans-
ferred) hyperfine interaction and the quadrupole interaction tensors of the
various nuclei will be presented. As the used experimental techniques and the
methods to analyse the resonance spectra have been discussed already in the
preceding chapter, in general little attention will be given here to these
subjects. Only in those cases where the analysis of the spectrum deviates from
the normal procedures as given in section 5.2 the used method will be outlined.
From the nuclear resonance experiments the values for the quadrupole interac-
tion constants vq and n, the direction of the principal axes of the interaction
tensors and the total internal field at the nuclei can be determined. The in-

ternal field is found from eq. (5.6) to be

ﬁt b ﬁo - ZRZE;§> * ﬁdip s ﬁL 3 ﬁdem tl nnn
The value of Iﬁt - ﬁol clearly depends on the temperature and the magnitude
of the external field, as the first four terms depend on the value of the time
averaged magnetic moment of the paramagnetic ions, which is proportional to
<$>. To be able to determine from an experiment at finite temperature and in
a finite external field the value of the components of K, we need to know the
value of <S(T,H)> and the components of 3. The latter can be measured in an
electron resonance experiment. The value of <S(T,H)> for temperatures well
above the transition temperature can be determined graphically from a Brioullin
curve for S = % if the Curie-Weiss temperature 6 is known. For the experiments
at lower temperatures where this method of determination of <S(T,H)> cannot be
used, a different procedure has been followed. The internal field at a nucleus,
from which the resonance spectrum can be observed at all temperatures - for
instance a hydrogen or alkali nucleus - is determined at a temperature TI and
a field H, for which <S(T],H|)> can be calculated with the Brioullin curve.
The internal field at the nucleus, if corrected for ﬁnn' is proportional to
<S>, provided that the direction of the external field is fixed. So by compa-

ring the internal field at that nucleus for the desired temperature T2 and
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field H, with that for T ,H, the value of <S(T

2 1 22
From symmetry considerations as well as from the experimental data presented

,H.)> can be obtained readily.
hereafter it can be deduced that for all nuclei, except for the protons, the
directions of the principal axes of the hyperfine, dipole and quadrupole inter-
action tensors coincide with the (110), (110) and ¢ axis of the crystal. The
S *
principal axes of g also are parallel to these axes. The used crystal samples
have always rotational symmetry about one of these three axes. Therefore with
ﬁo parallel to the (110), (110) or c axis all contributions to the total inter-
4 -+ ) . > - -
nal field Ht simply add scalarly. As the magnitudes of HL' Hdem and Hnn for
these field directions can be calculated easily, we can obtain the values for
the components of the frequency shift tensor ?, which are defined by
e
ii Y
Fii [g <S>Ai' * 2n (Hdip)

i idrao,mo (T = %¥52)

e
The indices i will always refer to the coordinate system set up by the prin-
cipal axes of the EFG tensor of the nucleus in question. 94 is the component

of the electronic g-tensor of that copper ion with which the nucleus has a
hyperfine interaction. It must be noted that therefore the coordinate systems

of two different nuclear sites need not be equivalent.

In chapter 8 the dipole interaction tensors will be calculated, making use of
the approximated unpaired spin density at the ligand ions by means of an
iteration procedure. Thereafter the components of the transferred hyperfine
interaction tensors can be calculated which yield the spin transfer coefficients

for the different ligand orbitals.

6.1. Electroniec g-values and crystal field splittings E. From the crystal
structure it can be concluded that the g tensor of the copper ion at (0,0,0)

is related to that at (%,%,%) by a rotation over 90° about the c-axis. Symmetry
considerations show that the principal axes of the 3 tensor have to be paral-
lel to the y, y' and ¢ axes. As the surrounding of the copper ion has no ro-
tational symmetry about the c-axis, the g-value in the (a-a) plane will be
anisotropic. Therefore in general in an E.S.R. experiment one expects to ob-
serve two electron resonance lines when the external field rotates in the (a-a)
plane, However due to the exchange interaction J] between the two dissimilar
copper ions the two resonance lines coalescence if 2Jl 2 ]AgluBHo, where Ag

is the difference in g-value between the two dissimilar copper ions for the
given direction of the external field ﬁol)

Only for KZCuCIh-ZHZO and (NHQ)ZCuBrh-ZHZO electron resonance experiments have
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been reported until now. Especially on the potassium compound 2 large number
of E.S.R. experiments have been performed. The most important of these are

thiose bDkude sb 81D ¢ S6lanl b bt 4)

and Kennedy et al. who all studied
the temperature dependence of the electron resonance line at different micro-
wave frequencies. At high temperatures (T > 250 K) for frequencies above 30 GHz
they observe two resonance lines for the magnetic field along the (110) axis.
To lower temperatures and/or lower frequencies these two |ines coalescence.
From the temperature at which the coalescence occurs for different frequencies
a strong temperature dependence of the exchange interaction Jl between dissimi-
lar copper ions could be determined. The problem of the anomalous temperature
dependence of the nearest neighbour exchange interaction, together with the
information which can be obtained from it, will be dealed with extensively in

E3
chapter 8. The results on the g tensor components at high temperature and high

frequency are: HE = 2.06, gY 2+35, gy, = 2.12 according to KennedyQ and

)

g = 2.06, gY = 2.32 and gy, = 2.10 according to Okuda2 . The amalgamated g-

c
value in the (a-a) plane is found to be g; .= {,(gY + gY,) independent on temper-
ature. The ground state wave function for the copper ion has been argued to be
(x2 - yz) with a small rhombic component with Z//y, Y//c and X//y'. Van Santen
5)

+
et al. have measured the components of the amalgamated g tensor at a fre-
quency of 9.5 GHz for all six isomorphous compounds at liquid nitrogen temper-

atures. Their results are given in table 5. The values for KZCuCIQ-ZHzo and

Table 5

Electronic g-values and crystal field splittings E.
|
)
KC1 .215 047 11.900
NHuCI .219 .052 12.050
RbC1 .208 044 12.050
CsCl .208 . 051 -

NHhBr .193 . 041 12.580
RbBr .193 . Oh44 12.420

compounda) 9, 9. E(em

a) In all tables from now on the compounds will be

characterized only by the indication of the alkali

ion and the halide ion.

(NHA)ZCuBr“-ZHZO agree rather well with those given in references 2 and 4.

In table 5 also the data on the crystal field splittings E are given as
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determined by Reedijk et al.s). The E values have been obtained from a powder
spectrum at roomtemperature. Therefore only the mean value of the three pos-
sible crystal field transitions could be measured. Because of the very rapid
dehydration of the caesium compound it appeared to be impossible in that case
to determine the crystal field splitting. From the values of 9,0 9. and E the
values of the components of the true 3 tensor and the spin-orbit coupling con-

stant Acov will be calculated, using the expressions for the g components given

in eq. (4.9).

6.2. Resonance spectrum of the protons of the water of hydration. This resonance
spectrum is rather important as the angular dependence of the resonance pattern
provides a perfect tool to obtain the necessary information concerning the
orientation of the sample (see section 5.3.2). In fig. 7 a typical rotational
diagram of the proton spectrum for CSZCuCIh-ZHZO is shown. The external field

Ho rotates in the crystallographic (110) plane. When ﬁoﬂc-axis all protons

P

A
v
8}
l | i ¢
C (110) (c)
Flgs 7. Rotational diagram in the (110) plane of the proton spectrum in
CSZCuClh°2H20. H0 = 1,94 kOe, T = 1.2 K.

H ' . . >
are magnetically equivalent as is required by crystal symmetry. For Ho along
the (110) axis two pairs of resonance lines are observed. The proton-proton

dipolar splitting A._ which is not shown in the figure enables us to identify

PP
the resonance lines’»8). For the highest frequency line (with ﬁo [[(110)) the
dipolar splitting is App = 84 kHz, while for the low frequency resonance

transition App = 42 kHz. This leads to the conclusion that the high frequency
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resonance line originates from the protons belonging to the copper octahedron
for which the external field is directed along the y' axis (ﬁt is approximately
parallel to the proton-proton connection line within the water molecules). The
low frequency line originates from the water molecules for which ﬁol|y. For

the latter protons the external field rotates in the (y - ¢) plane which is a
mirror plane for the water molecule in question. Therefore these protons are
magnetically equivalent for each direction of ﬁo in that plane, which explains
the observation of only one resonance line for these protons. This symmetry
property of this resonance line has been used to orientate the crystal whenever
placed in the sample holder. The rotational diagrams of the proton spectrum in
all other compounds are completely equivalent to the one shown in fig. 7. No
attempt has been made to determine the transferred hyperfine interaction tensor
for the protons. First of all the major part of the internal field at the
proton site is of dipolar character and therefore very accurate calculations

of the dipolar interaction tensor would be necessary to obtain a reasonable
estimate for the transferred hyperfine interaction. So we cannot confine our-
selves to simple point-dipole calculations as the spin density distribution

of for instance the copper ion is far from spherically symmetric. Secondly we
have no information at present about the unpaired spin density at the oxygen
ion. As the 0-H distance is less than | A the influence of unpaired spin at

the oxygen ion on the proton dipolar field will be very large. We don't think
we can obtain reliable values for the total dipolar interaction and thus for
the proton hyperfine interaction by adjusting the spin density on the oxygen
ions so as to obtain the best agreement between calculated and experimental

angular dependence of the proton resonance frequencies.

The temperature dependence of the low frequency proton line for ﬁoll(llo)

has been used to determine the Curie-Weiss temperature 6 in all compounds.

From symmetry considerations it can be argued that the internal field is essen-
tially parallel to the external field. The frequency shift of this resonance
line is therefore perfectly proportional to the magnetization of the crystal.
Inspection of the theoretically determined reduced magnetization as a function
of field and temperature shows that for T > 28 and H0 < 1.5 kOe the temperature
dependence of the magnetization in a constant magnetic field is proportional

to the temperature dependence of the zero field susceptibility Xg* This zero
field susceptibility for T > 28 is given by the Curie-Weiss expression X ™

C/T - 6. So by plotting the inverse frequency shift of the mentioned proton
resonance line versus the temperature the value of 6 can be obtained after

correction for the demagnetizing field. For the chlorine compounds these
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measurements have been performed in the temperature range 26 < 7T < 4.2 K in
a field of 1.25 kOe. For the bromine compounds however a different method has
been used as 26 = 5 K and it was not well possible to measure in the temperature
interval 5 K - 10 K. Besides, as will be shown in section 6.6 possibly measure-
ments at liquid hydrogen temperatures can lead to a wrong value of 8., The fact
is that we have observed a change of the quadrupole interaction of the rubidium
nuclei between 20 K and 4.2 K, which may indicate that there are also changes
in the magnetic interactions in that temperature range. Actually from measure-
ments for 13 K < T < 20 K we have obtained for RbZCuBr“-ZHZO a value fo; 8
which is about 0.35 K lower than the value determined at T = 4.2 K. At He
temperatures 6 has been determined as follows. For T = 1.2 K and H « 10 kOe the
magnetization of the bromine crystals is found to be saturated within the ex-
perimental accuracy. By comparison of the frequency shift of the mentioned
proton line at this temperature and field with that at T = 4,2 K in a large
external field where the magnetization is far from saturation the value for 8
can be determined graphically from the Brioullin curve. In table 6 the Curie-
Weiss temperatures are given together with the Curie temperatures TC for com-
parison.

Table 6

Paramagnetic (8) and ferromagnetic (TC) Curie temperatures

compound 8 (K) Tc(K)
KC1 1.16 0.877
NHACI 0.87 0.701
RbC1 1.24 1.017
CsCl 0.90 0.753
NH, Br 2. 44 1.836
RbBr 2.54 1,874

It must be noted that as the 8-values are obtained from a high temperature

extrapolation these values are much less accurate than the values for Tc'

The error in the 6-values is estimated to be * 0.02 K.

6.3. Chlorine (I) and bromine (I) ions. In chapter 5 in the discussions of the

number of resonance spectra which is expected to be observed in the paramagnetic
35
Cl

state, it has been mentioned already that there are two chlorine isotopes

and 37CI both with a nuclear spin | = 3/2 with a natural abundance of respec-

tively 75.4% and 24.6%. As it is found experimentally that from the resonance

spectra of both isotopes exactly the same information is obtained concerning
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the direction of the principal axes of the interaction tensors and the spin
transfer coefficients, only the interaction parameters of the most abundant

35

isotope Cl will be presented. From the two bromine isotopes which are about

equally abundant the interaction parameters of 73

Br will be given.

In zero field in the paramagnetic state for temperatures below 4.2 K in
each compound one pure quadrupole resonance (PQR) transition per isotope for
the halide (1) nuclei has been observed. The PQR frequencies for the 35Cl(l)
nuclei in the chlorine compounds and for the 79Br(l) nuclei in the bromine
compounds are given in table 7. The PQR frequencies are found to be independent
of temperature for T < 4.2 K within the experimental accuracy ( + 0.2 kHz for
3SCl(I) and + | kHz for 79Br(l)). The ratio of the frequencies of the pure
PQR transitions of the two chlorine isotopes 356] and 37Cl in the same compound
is determined to be 1.2693 (4) which agrees perfectly well with the ratio of
9. The width of the

(1) resonance line is approximately 5 kHz, nearly independent of temper-

the scalar quadrupole moments as given in literature
35Cl
ature down to the Curie temperature. Although we searched for it, we have not

observed a clear critical broadening of the resonance line near TC as predicted

10). This is probably due to the fact that the components of the

by Moriya
frequency shift tensor ? are very small. The ratio of the corresponding PQR
frequencies for the 798r and 8]Br isotopes in the bromine compounds is 1.197
which also agrees with the ratio of the quadrupole momentsg). The line width
of the PQR transitions at T = 4.2 K is about 20 kHz and increases to lower tem-
peratures to a value of 80 kHz very near Tc' It is not surprising that these
resonance lines do exhibit a critical broadening as it can be seen from table 7
that the components of the frequency shift tensor for the bromine nuclei are
about an order of magnitude larger than for the chlorine nuclei.

Experiments in small external fields indicate that for all compounds the
Fii values are much smaller than the quadrupole interaction constant vq. The
determination of the principal axes of the EFG tensor and of ?, together with
the values of their components have been performed in small external fields.
Because Fii << vqwe always deal in that case with the situation vq 2> 0 which
facilitates very much the analysis of the resonance spectra. For T = 4.2 K the

angular dependence of the resonance spectra have been measured with an external

field ﬁo of the order of 100 Oe rotating in the (a-a) plane and in the (110)

plane. For this temperature and field strength the magnetization of the crystal
is very small so the internal fields at the nuclei are nearly zero, which pro-
vides that mainly the effects due to the anisotropy of the EFG tensor are ob-

served. In fig. 8 two of such rotational diagrams for (NHb)ZCUCIh'ZHZO are shown.
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Fig. 8. Rotational diagram of the a-transitions of 35Cl(l) in the (a-a) and
(110) planes for (NHQ)ZCUClu'ZHZO' H0 = 100 Oe, T = 4,2 K.

Only the so-called a-transitions have been detected; the B-transitions are
mostly to weak to be observed. The analysis of the angular dependence yields
the direction of the principal axes of the EFG tensor and the value of the
asymmetry parameter n. For all chlorine as well as bromine compounds the direc-
tion of the principal axes has been calculated to be: X||c and Y and Z parallel
to the (110) axes. These results are compatible with the point symmetry of the
halide (I) ions. Although it is impossible to relate the Y ans Z axes to the
local y and y' directions from the experimental results, it will be argued in
chapter 8 that it is most probable that the Z axis is related to the y direc-
tion and the Y axis to the y' direction. The calculated values for vq and n
are listed in table 7.

For (NHA)ZCUCIQ-ZH 0 only one pair of a-transitions is observed as is shown in

fig. 8, although tio pairs, originating from the two dissimilar CI1(1) sites,
should be expected. For these Cl(!) nuclei however n = 1.00 as can be seen in
table 7. That means that the Y and Z axes of the EFG tensor are equivalent. As
in an external field of 100 Oe at T = 4.2 K the internal fields are practically
zero, the two pairs of a transitions coincide for all field directions.

From the experiments in small external fields at lower temperatures where the
internal fields are of the same order of magnitude as the applied field, the
direction of the principal axes of the frequency shift tensors and the value

of the components Fii have been determined. In fig. 9 a typical rotational

diagram for the a-transitions in K Cuclh-ZHZO is shown; ﬁo rotates in the (110)

2
plane. The two sets of a resonance lines can be clearly distinguished. The
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Table 7

Interaction parameters for the 35Cl(l) and 79Br(l)
nuclei in the paramagnetic state
por?)  n v pht F
q XX vy zz
KC1 1.9508 0.91 1.725 =-0.035 +0.550 -0.126

NHACI 1.4240 1.00 1.237 +0.017 +0.673 =-0.102

RbC1 2.2707 0.71 2.101 +0.184 +0.876 +0.010

CsCl 2.3666 0.44 2.294 +0.509 +1.050 +0.200

NHhBr 8.345 0.92 7.375 +0.84 +3.55 +0.29

RbBr 14.342 0.63 13.483 +1.43 +4,77 +1.18

a)all interactions are given in MHz, unless otherwise
indicated.

b sy -
)the indices refer to the EFG tensor coordinate system.
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Fig. 9. Rotational diagram of the 35C\(I) a-transitions in the (110) plane
for KZCUC]A.ZHZO' Ho =160 0e, T = 1.2 K.

principal axes of ? are calculated from this type of diagram to be parallel

to the ¢, (110) and (170) axes for all halide (1) site nuclei in all compounds.
Using the first order perturbation theory expressions from eq. (5.16) the
frequency shift components have been calculated; the values are listed in

table 7.
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6.4. Chlorine (II) and bromine (II) ions. In the paramagnetic state in zero
field no pure quadrupole resonance transition for the CI(I1) and Br(11) nuclei
could be detected using a frequency modulated Pound-Watkins oscillator. Also

the search for these transitions using spin-echo techniques to obtain a better
signal to noise ratio have been unsuccessful. |In Appendix A it will be shown
that, apart from the occurrence of a fine structure on the Cl(11) resonance
lines in external field, the width of both the ClI(11) and Br(l1l) resonance

lines increases strongly with decreasing field strength. This low field broaden-
ing probably points to the presence of a Suhl-Nakamura interaction between

II’IZ). It is reasonable to suppose that therefore the linewidth

nuclear spins
of the PQR transitions of the CI(11) and Br(l1) nuclei can be very large com-
pared to that of the Cl1(I) and Br(l) nuclei. Moreover the presence of chlorine
impurities in the bromine compounds causes a notable increase of the Br(11)
resonance linewidths (see Appendix B). It can thus be concluded that probably
the failure to observe these PQR transitions is due to a too large width of the
resonance lines which causes the resonance signals to be very weak.

The information concerning the frequency shift tensor and the EFG tensor
has been obtained therefore from experiments in large external fields. The

direction of the principal axes of both the frequency shift and EFG tensors are
1

deduced from rotational diagrams of the AmI b2 g -% transitions. In fig. 10
such a diagram for ﬁo in the (110) plane is shown for KZCUCIA'ZH20; also a
Aml = +%-+ +% transition has been observed. The resonance lines originate from

those C1(I1) nuclei for which the magnetic field rotates in the (y - ¢) plane.

The resonance transitions for the other Cl1(I1) nuclei for which H0 rotates in

12 T = T T T o T T T T
MH2z
1 =
V(s You-2)
1O =
Vv
V(+Yo=+3h)
o 4
i L L L ' ' 1 A 1 ’
(110) 9 (c)

Fig. 10. Rotational diagram of the 35Cl(ll) resonance lines in the (110) plane

for K2CuClb-2H20. Ho = 7.5 ke, T=1.2K.
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the (y'- ¢) plane can only be observed for Wo nearly parallel to the c-axis.

I f ﬁo is rotated from the c-axis towards the (110)=-axis the signal intensity

of this second spectrum decreases drastically, so that for ﬁo about 10° from

the c-axis these resonance lines cannot be detected anymore. The same holds for
the bromine compounds, where however only the (+%-+ -%0 transition can be ob-
served. In all compounds this resonance spectrum can be detected again if the
applied field is parallel or nearly parallel to the y' direction, but with a
very low signal intensity. From the rotational diagrams together with the field
dependence of the resonance frequency of the (f%-+ -%4 transitions it is deduced
that the principal axes of both the EFG and tensors are parallel to the (110),
(170) and ¢ axis. For the EFG tensor it is found that the Y-axis is parallel to
the ¢ axis and that the X and Z axes are directed along the (110) and (170)
axes. Because the CI(11) and Br(ll) ions are strongly bonded to the copper ion
along the y' axis it can be concluded unambiguously that, due to the expected
large o spin transfer, Z|ly* and X||v.

The value for v_ has been determined from the spectrum with ﬁo||y'.|n the
chlorine compounds at T = 0.3 K all three allowed transitions (AmI = |) can be
detected, which yields directly the value of vq. In the bromine compounds for
T = 1.2 K only two allowed transitions have been observed. Due to the fact that
Hollz and that the asymmetry parameter is found to be small, an accurate deter-
mination of v can be obtained from these two resonance frequencies. The value
of n for the C1(11) nuclei has been determined from the ratio of the frequencies
of the two observed transitions for ﬁ°|ly, and for the Br(ll) nuclei from the
field dependence of the (+%-* -%Q transition for ﬁollY' In both cases the
computer tables, which have been mentioned in chapter 5.2, have been employed.
They have also been used to determine the components of ? from the resonance
frequencies of the (+%-+ -%) transitions in all compounds. The interaction
parameters are given in table 8.

The experiments for the determination of the halide (ll) interaction parameters
have been performed at various temperatures for various magnitudes of the ap-
plied field. Although we have been prepared for it, we have not found a clear
indication that the interaction parameters are temperature or field dependent.

From the values of the components of the frequency shift tensor it can now

be understood why the Cl1(11) and Br(l1) resonance spectra cannot be detected

for the magnetic field in a direction between the c-and y'-axis. From table 8

. . ol 1 - .
it can be seen that in all compounds FZZ(HOHY ) >> Fyy(HoHc). Therefore if

ﬁo points in a direction between the c- and y'-axis, the magnitude and direc-

tion of the internal field at the nuclei are mainly determined by the Z
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Table 8

Interaction parameters of the 35CI(II) and 79Br(ll)

nuclei in the paramagnetic state

Vg n Fi’)( Fip Flo
KC1 9.465 0.198 +3.07 + 3.94 + 27.42
NHhCl 9.430 0.250 +3.72 + 4.51 + 27.74
RbCT 10.300 0.155 +3.10 + 3.99 + 27.45
CsCl 11.150 0.168 +2.71 + 3.75 + 27.35
NHbBr 75.88 0.31 +6.98 +10.48 +129.3
RbBr 81.80 0.22 +6.04 + 8,22 +126.2
by Ylles zlly*

component of f. So ﬁt - ﬁo is approximately parallel to the y' direction. At
the low temperatures at which the experiments have been performed to obtain a
sufficiently large signal intensity, the internal field is then much larger
than the external field ﬁo’ and thus ﬁt is about parallel to the y' direction.
As the 600 Hz modulation field which is used to detect the resonance signals,
in our experimental set-up is always parallel to ﬁo' this modulation field is
not at all parallel to “t' The modulation therefore becomes very ineffective
with as a result a rapid decrease of the signal intensity if ﬁo is rotated
away from the c-axis.

A second effect which also causes a decrease of the signal intensity is the
angular dependence of the enhancement of the radio frequency field acting on
the nuclei. If the expression (5.20) for the enhancement of the r.f. field for
an isotropic hyperfine interaction is modified for the case of a strongly
anisotropic hyperfine interaction, it can easily be seen that for the halide
(11) nuclei the ratio of the effective r.f. fields for ﬁoHc and ﬁ°|ly'is ap~
proximately FZZ/F . This leads to a signal intensity for ﬁolyy'which is only
about 1/40 from that for ﬁoHc. These two effects together explain the anoma-
lous behaviour of the signal intensity of the halide (11) resonance spectrum
for the external field rotating in the (y' - c) plane. It will be seen in the

next section that an analogous situation occurs for the copper spectrum.

6.5. Copper ione. Also for the copper nuclei in zero field in the paramagnetic
state no pure quadrupole resonance transitions have been detected. This is most

probably due to the same effects as have been discussed for the case of the
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c1(11) and Br(11) PQR transitions. From rotational diagrams of the (+%-* -%ﬂ
transition for both copper isotopes at T = 1.2 K and the field dependence of the
resonance frequencies for ﬁo parallel to the (110) and c axis it has been conclu-
ded that the Y axis of the EFG tensor points along the c-axis while the X-axis

is parallel to the (110) axis. A typical rotational diagram for ﬁo in the (110)
plane is given in fig. 11 for RbZCuBrh~2H20. Analogously to the halide (11)
resonance spectrum also here only the resonance transition for that copper site
for which the external field rotates in the (y' - c) plane (i.e. X=Y plane of

the EFG tensor) can be observed for ﬁo between the (110) and ¢ axis. The spec-
trum for the external field along the Z axis of the EFG tensor could be detec-

ted in the bromine compounds at T 1.2 K. In the chlorine compounds this

(10)

Fig. 11. Rotational diagram of the (+%-+ -%) transitions of both copper

isotopes in RbZCuBrQ'ZHZO in the (110) plane. Ho = 8.05 kOe, T = 1.2 K.

spectrum, even at T = 0.3 K could not be observed. This spectrum has only been
detected at T = 0.3 K in zero field in the ferromagnetic state, where the
spontaneous magnetization ES is directed along the (110) axis.

For rhombic point symmetry of the magnetic copper jon it can be deduced that

13)

TR * Afapar

the principal axes of g, Z and the EFG tensor coincide . Moreover from the
expressions for the components of these tensors as given in chapter 4, it can
be seen that the directions of maximum g-value and maximum hyperfine interac-

tion always coincide with the Z-axis of the EFG tensor. According to Okuda et

al.z) the direction of the maximum g-component Bas is parallel to the y axis.

So it can be concluded that for the direction of the principal axes of the EFG
tensor holds Z||y, Y||c and x|y

The quadrupole interaction constant Vq has been determined from the spectra
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for which ﬁo respectively ;s are parallel to the Z axis where all three al-

lowed transitions have been detected using the hybrid T spectrometer. Consequent-
ly for the chlorine compounds v_ has been determined in zero field in the ferro-
magnetic state. For the sake of completeness these values are given in table 9
too. As for ﬁ0[|2 the resonance frequencies are only very slightly dependent on
the value of the asymmetry parameter, n had to be calculated from the field de-
pendence of the (+%-+ -%J transition of the 63Cu isotope for ﬁollx. The so ob-
tained values for n are not very accurate (% 15%), but as n is rather small in
all compounds, this error introduces only an extra uncertainty of about * 1%

in the values for F and F
XX Yy

Table 9
Interaction parameters of the 63Cu nuclei in the paramagnetic state
a)
Vq D Fxx Fyy zz
KCl1 46.25 ~0.20 -25.3 - 8.5 =-229.
NHhCI 43.60 ~0.20 =-31.0 -11.7 -237.
RbC1 43.71 0.16 =-20.1 =14.1 =228,

CsCl1 38.60 ~0.20 -19.0 =-17.7 =-229.
NHqBr 41.30 0.20 -45.9 -32.8 -268.
RbBr  40.80 0.17 =-39.8 -36.2 =-265.1

N O ©O O ©

a)XI|Y'. Ylle, Z||y. Frequencies in MHz

The observation of the copper resonance lines in the paramagnetic state is
seriously hampered by the fact that the internal field at the nucleus is large
and oppositely directed to the applied external field. Because of the negative
internal field it does occur many times that for certain temperature and field
intervals for ﬁollx or ﬁo|IY the total field Ht at the copper nucleus is nearly
field independent, due to the cancellation of the increase of the external field
by the increase of the negative internal field. The width of the resonance |ines
is too large to be able to detect the resonance signals with frequency modula-
tion, which implies that field modulation has to be used. As the total field

Ht is about field dependent it is not possible in this situation to observe the
resonance lines. Therefore mostly a large number of experiments for different
temperatures and field strengths has been necessary to find the resonance 1ines
for the desired direction of the external field.

The width of the (+%-» -%J transitions of the 636u isotope in the chlorine com-

pounds is found to be about 120 kHz for ﬁo parallel to the X and Y axes, and
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500 kHz for ﬁOHZ for the K, Rb and Cs compounds and 200 kHz and 1 MHz res-
pectively for the NHh compound. The explanation for the larger linewidth in the
NHh compound will be given in the next section while discussing the spectra of
the NH, molecule. In the bromine compounds the linewidths for ﬁO{IX and Y are

somewhat larger, probably due to the presence of chlorine impurities.

6.6. Alkali ions. In chapter 5 in discussing the crystal structure we have al-
ready mentioned that all alkali ions in the unit cell are chemically as well as
magnetically equivalent. Because the ions are situated at four-fold screw axes
which are parallel to the c-axis, all interaction tensors must have rotational
symmetry about the c-axis. Essentially this is what we have observed experimen-
tally in all compounds. As all interactions are isotropic within the (a-a)
plane, all information concerning the magnitude of the interaction can be ob-
tained from one rotational diagram in the (110) plane. All experiments have been
performed in large external fields because the quadrupole interaction constants
for all alkali nuclei are found to be too small to be able to carry out pure
quadrupole resonance experiments. The resonance spectra are always characterized

by v, >> vq and have therefore been analyzed using first and second order per-

L
turbation theory expressions for the resonance frequencies. These analytical

- : : 14)
expressions are readily available as the asymmetry parameter n equals zero

Potassium. In fig. 12 the angular dependence of the resonance frequencies of the
three allowed transitions of the only abundant potassium isotope 39K(I = 3/2)
is shown for the external field in the (110) plane. The frequency difference

between the outermost resonance lines (t% + t%) is described exactly by the

angular dependence Av = vq(3 cosze - 1) with 8 = 0 for ﬁOHc. From eq. (5.17)

it can be seen that then the asymmetry parameter equals zero and that the

7-axis of the EFG tensor is parallel to the c-axis, which confirms the theoreti=-
cal predictions. The width of the resonance lines is only 3 kHz. The signal in-
tensity however is so small that only experiments for T < 4.2 K could be perfor-
med. The values for the quadrupole interaction constant vq and for the compo-

nents of the frequency shift tensor are given in table 10.

Rubidiwm. For the two rubidium compounds the spectra of both the 85Rb(l = 5/2)
and 87Rb(l = 3/2) isotopes have been detected at hHe temperatures. As the in-
formation deduced from the spectra of the two isotopes is found to be complete-
ly analogous, only the interaction parameters for the experimentally more con-

venient 87Rb isotope will be discussed. In fig. 13 the rotational diagram of
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Fig. 12, Rotational diagram of 39K resonance transitions in KZCUCIH'ZHZO in
the (110) plane. H0 = 9.3 kOe, T = 4,2 K.
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Fig. 13. Rotational diagram of the 87Rb resonance spectrum for RbZCUBrh'ZHZO
in the (110) plane. Ho = 6,0 ke, T = 4.2 K.
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the 87Rb resonance spectrum in RbZCuBrb 2H20 for ﬁo in the (110) plane is shown.
The angular dependence of the central line (+%-+ -% transition) is due to the
combined effect of the anisotropy of the frequency shift tensor and the second
order quadrupole shift. The interaction parameters for both compounds are listed
in table 10.

As the signal to noise ratio of the 87Rb resonance lines is very large, also an
accurate temperature dependence of vq could be determined. In fig. 14 the results
of these measurements for both compounds from T = 4.2 K up to room temperature

are shown. It can be seen that especially for the chlorine compound vq very

Va
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Fig. 14, Temperature dependence Fig. 15. Rotational diagram of the

87

of the Rb quadrupole interaction l33Cs resonance spectrum for CSZCUC]A'

2H20 in the (110) plane. W 5.44 kOe,
T=77 K.

strongly depends on temperature; even between 20 K and 4.2 K the value of vq
still changes 0.7%. From 4.2 K down to 0.3 K no change of the quadrupole in-
teraction constant in external field has been detected to within the experimen-
tal accuracy of about 0.3 kHz. We will show in chapter 8 that from this strong
temperature dependence of the quadrupole interaction essential information can
be obtained concerning the anomalous temperature dependence of the exchange
interaction and the identification of the principal axes of the c1(1) and Br (1)
EFG tensor.

At bHe temperatures it has been observed that there exists a small difference

between the value for Ve measured with ﬁo along the (110) axis and the value
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2
Vo 796.3 kHz for ﬁoll(llo). In the bromine compound this difference is some-

what smaller: yw 808.0 kHz for ﬁollc and ol 806.8 for ﬁOII(IIO). We think

that these differences have to be related to small magnetostriction effects.

for ng]lc. For Rb,CuCl,+ H,0 we have determined e 799.5 kHz for ﬁ0||c and

Caesium. In fig. 15 the rotational diagram of the l33Cs (1 = 7/2) spectrum is
presented, again for ﬁo in the (110) plane. The width of the resonance lines is
only 1.5 kHz and therefore, although the quadrupole interaction is very small
due to the large spin value and the small quadrupole moment, also for these
nuclei a temperature dependent value for vq has been detected. For T = 77 K it
is found that vq = 13.50 kHz while for T s 4.2 K Vo 13.16 kHz which represents
a change of 2.6% over that temperature interval. Similar to the Rb quadrupole

interaction the value for vq increases to higher temperatures.

Interaction parameters of the alkali

nuclei in the paramagnetic state

\
Table 10
|
|

nucleus vq n Fxx=F3$ FZz

KCl 3%  0.057 o0 =0.070 =0.107
Nl "N, 0.0050 0 =0.020 -0.120

‘“Nz 0.0083 0 =0.070 =0.170
Rocl  87Rb  0.7995 0 =-1.220 ~-1.530
cscl '33¢cs  0.01316 0 -0.880 =-1.070
NH, Br ”‘Nl 0.0053 0 =-0.033 =0.084

'“Nz 0.0075 0 =-0.147 =0.206
RoBr  STRb  0.8080 0 ~-1.330 =1.700
a)

X and Y in the (a-a) plane, Z||c.

Ammonium. From the X-ray diffraction studies the orientation of the ammonium

molecules cannot be obtained, but if the orientation of the molecules in the

unit cell is in accordance with the crystal symmetry, it is clear that all

nitrogen nuclei will be equivalent. Because of the cubic arrangement of the

protons around the IAN ion, the four protons do not contribute to the EFG tensor

at the nitrogen nucleus, So equivalent symmetry considerations as for the EFG

tensor of the alkali nuclei predict that the EFG tensor at all nitrogen nuclei

will be equivalent and that this tensor will have axial symmetry around the c-

axis. To determine the quadrupole interaction, rotational diagrams of the
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nitrogen resonances were made at T = 4,2 K with an external field rotating in
the (110) plane and the (a=c) plane. As the nitrogen nuclear spin is | = 1 one
expects to observe two resonance lines,

The observed nitrogen spectrum in both compounds consists of two separated
groups of resonance lines, with resonance frequencies which are lower than the

lI'N resonance frequency in that applied field., The fine structure in each

free
group originates from the proton-nitrogen dipolar interaction, which is appre-
ciable as the proton-nitrogen distance is about 1 A. As there are four protons
surrounding each nitrogen ion, this fine structure is very complicated. The
resonance lines within each group are of unequal intensity and overlap each
other frequently in the rotational diagram which makes it hard to analyze the
angular dependence of the resonance frequencies.

However, with the field in the direction of the a-and c-axes this compli=
cated structure of the two groups of resonance lines reduces to only two separa=
ted doublets. By observing the temperature dependence of the resonance frequen=-
cies of these doublets, it is apparent that they belong to two magnetically in-
equivalent N sites., Clearly this is not expected from the crystal symmetry,
which leads to the conclusion that the symmetry of the N sites does not reflect
the symmetry of the rest of the unit cell.

As the nitrogen spectra by their complexity are not suitable to give enough
information about the two crystallographic sites and the orientations of the
NH& tetrahedra, the spectrum of the protons of the NHA group has been studied.

In quite the same way as the study of the proton-proton dipolar interaction
between the protons of a water molecule can give the information about the direc
tion of the proton-proton connection line, the angular dependence of the much

more complicated proton-proton splittings of the resonance lines from the protons

of the NHA group yields the orientation of the proton tetrahedra The best pro-

cedure would be to study the resonance spectrum at high temperatures where the
induced magnetization is negligible compared to the proton-proton interaction.
At room temperature and at T = 77 K, however, only one intense resonance line
with a linewidth of about 20 kHz, without fine structure, was observed, This is
due to reorientations or torsional motions of the NHh group with frequencies
much higher than the Larmor frequency of the protons, which lead to motional
narrowing of the resonance spectrum, However, at T = 20 K the fine structure of
the NHA proton resonance line can be observed, and the angular dependence of the
spectrum has been studied. With the external field in the direction of the a-
axis and of the c-axis the observed spectra are equivalent. This spectrum con=

sists of five resonance lines with equal spacing of 20 kHz and an intensity
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ratio of 1:2:2:2:1 (see fig. 16). By a simple calculation it can be deduced
from this spectrum that the three two-fold rotational axes of the NHh group are
parallel to the c- and a-axes of the crystal. From the value of the splitting

the H-H distance is calculated to be 1.65 A while the N-H distance is 0.99 A.

Fig. 16. The orientation of the NHA molecule in the unit cell and the schema-

tic proton spectrum for ﬁ°||a or c at T = 20 K.

There are then two possible orientations for the NHb tetrahedra: first of all
the protons can be directed towards the nearest C1(1) or Br(l) ions. Secondly
the protons can be directed towards the C1(11) or Br(ll) ions (see fig. 34 for
the surrounding of the alkali ions).

At hHe temperatures the magnetic interactions of the NHh protons are studied
to get information about the two possible orientations of the tetrahedra with
respect to the nearby Cu ions. For the field along the c-axis all the protons
appear to be magnetically equivalent as only the above-mentioned quintet has
been observed, shifted to lower frequency.

The spectrum with the field along the a-axis, however, splits up by the
magnetic interaction into two separate groups of resonance lines. It can be
calculated that, if the NHA tetrahedra at the various crystal sites were orien-
ted according to the crystal symmetry, all the protons would have equivalent
magnetic interactions when the magnetization is directed along the a-axis.

So we have to conclude that both possible orientations of the NHh tetrahedra
are present in the unit cell,

The magnetic and electric interactions of the NH“ tetrahedra with the sur-
rounding halide ions and water molecules will be different for these two orien-
tations. This will lead to different magnetic interactions for the NHA protons

in the two orientations. Because of the distortion of the NHb tetrahedron by the
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surrounding ions, and because of covalency effects, which will also be different
for the two orientations, also the magnetic and electric-quadrupole interactions
of the ]hN nuclei will be different for the two orientations, leading to two
nitrogen spectra.

Using the deterfined orientations of the NH& proton tetrahedra the observed
nitrogen spectra at He temperatures can now be analysed.

With the magnetic field along the c- and a-axes the N-p dipolar interaction
is calculated to be zero, so all the observed splittings of the I[‘N spectra
for those directions, have to be due to magnetic and/or electric quadrupole
interactions. The two doublets which are observed for the external field paral-
lel to the a- and c-axes are of equal intensity, which indicates that both
orientations of the NHA tetrahedra are equally abundant. The splittings of both
doublets which are of the order of 10 kHz are temperature and field independent
and have thus to be due to electric quadrupole interaction. Although no complete
rotational diagram of the doublet splittings can be determined because of the
complicated N-p dipolar splittings, it is found that for the external field at
55° from the c-axis the quadrupole splittings for both nitrogen spectra equals
zero. As for ﬁolla the respective doublet splittings are half the value of those
for ﬁollc it can be concluded that the EFG tensor at both nitrogen sites (in
the chlorine as well as in the bromine compound) has axial symmetry about the
c-axis. From the experiments with ﬁo along the a- and (110)-axis it is deduced
that also the frequency shift tensors for both nitrogen sites have rotational
symmetry about the c-axis. The interaction parameters determined from both
resonance spectra are given in table 10.
It appears to be possible to conclude whether the two possible orientations of
the NHh molecules are distributed randomly or whether they are distributed sys-
tematically over the crystal. Careful examination of the proton resonance spec-

trum of the waters of hydration demonstrates that the high frequency resonance

doublet for ﬁ°||(1|0)(see fig. 7) in the ammonium compounds is not a single one

as observed in all other compounds. At low temperatures and high field where

the magnetization is near its saturation value it appears that this transition
consists of two doublets, each with a proton-proton dipolar splitting of 84 kHz.
The difference of the mean Larmor frequencies of the two doublets is propor-
tional to the reduced magnetization m(T,H). For m(T,H) = 1 this difference in
both compounds is only about 70 kHz. It is clear that this small difference in
magnetic interaction for the otherwise similar protons has to be due to the
presence of the two different orientations of the NHI4 tetrahedra. As the proton-

proton splitting for both doublets has the maximum value of 84 kHz, the total
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magnetic field at the two protons within one water molecule (for which ﬁolfy')
have to be equal, as otherwise for these two protons the maximum value of App
would only be %-x 84 kHz = 56 kHz7).

different types of water molecules for which ﬁo||y'. i.e. ﬁo is parallel to the

So there have to be two magnetically

proton-proton connection line-within the water molecule. However the two protons
belonging to the same water molecule are magnetically equivalent. It will not

be reasoned here because of the complexity, but it can be shown unambiguously
that only one special configuration of the two orientations of the NHh mole-
cules in the unit cell can lead to the experimentally observed spectrum of the
waters of hydration. All ammonium molecules must have the same spatial orien-
tation independent of the orientation of the surrounding copper octahedra.
Naturally the three two-fold rotation axes of the NHA tetrahedra are directed
along the a- and c-axis, as has already been determined from the spectrum of

the ammonium protons. As this configuration of orientations is in contradiction
with the crystal symmetry sz/mnm also two nitrogen spectra have to be observed.
The local symmetry at each of the two nitrogen sites however is still so as to
have rotational symmetry about the c-axis for the nuclear interaction tensors.
In principle all other resonance spectra in these ammonium compounds have to

be two-fold too. Only for the protons of the waters of hydration and for the
NHb protons this doubling has been observed actually. For all other resonance
spectra this break-down of the crystal symmetry is reflected by an increase of
the width of the resonance lines with respect to the linewidths in all other

compounds. (See section 6.5 for the width of the copper resonance lines.)
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Chapter 7
EXPERIMENTS IN THE FERROMAGNETIC STATE

The ferromagnetic state is characterized by the existence of a non-zero
time averaged value of the magnetic moments of the copper ions in zero external
field., The direction of these magnetic moments depends on crystal anisotropies
and/or anisotropy of the exchange interaction. The crystal sample is divided
into a large number of domains which are magnetized alternately in opposite
direction. This yields a decrease of the total magnetostatic energy of the
crystal because the larger part of the magnetic flux circuit is completed within
the crystal., Within each (Weiss) domain the magnetic moments are all directed
along the preferred direction, or easy axis, producing a local spontaneous mag-
netization MS(T). In describing the experiments, we will always use the value
of the reduced spontaneous magnetization mS(T), defined by mS(T) =MS(T)/MS(T=0),
l.ewD % mS(T) < 1 for TC > T 2 0, where Tc is the ferromagnetic transition
temperature, The Weiss domains are separated from each other by the so~called
Bloch walls., The direction of the magnetic moments within these walls changes
gradually from the direction of the magnetic moments in the one domain to that
in the other domain.

For these compounds the magnetization per volume unit is rather small because
of the small number of magnetic ions per volume unit (MS(O) =~ 45 Oe). Therefore
the total volume which is occupied by the Weiss domains is much larger than
that occupied by the Bloch walls, Although the n.m.r. signal enhancement (see
chapter 5) for nuclei inside Bloch walls is larger than for nuclei within

1)

domains ', the much larger number of nuclear spins within the domains does cause
the signal intensity of the n.m.r. transitions from these nuclei to be much
larger than those originating from the nuclei inside walls. Moreover the
resonance signals of the wall nuclei are expected to be much broader due to the
combined effect of the strong anisotropy of the frequency shift and EFG tensors
of the nuclei and the gradual change of the direction of the magnetic moments

in the Bloch walls, As a result, apart from one C1(1l) resonance line, only

n.m.r. transitions originating from nuclei within the domains have been detected.
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7.1. Determination of the Curie temperature and the anisotropy field. In zero
external field various criteria can be applied for the determination of the
temperature at which the transition from the paramagnetic into the ferromagnetic
state occurs., This '"Curie' temperature can be determined from the maximum in

the specific heat versus temperature curve, from the temperature of maximum
susceptibility, or from the occurrence of spontaneous magnetization. We have

used the last two criteria to obtain an accurate value for TC in all six
compounds.

The temperature at which ms(T) springs up can be determined by observing the

PQR transition of the halide (1) nuclei as the temperature is lowered. For

T s Tc the single PQR line splits up by the magnetic interaction. Also by fitting
the temperature dependence of the spontaneous magnetization just below Tc to the
scaling law expression mS(T) = A(1 = T/TC)B, the value of Tc can be obtained.
For the determination of TC from the maximum of the susceptibility only rela-
tive values of x(T) are needed, therefore such an experiment can be performed
using a normal n.m.r. oscillator. The inductance L of the r.f. coil around the
crystal depends on the temperature because of the temperature dependence of the
crystal susceptibility: L(T) = L(=){1 + Lnfx(T)}, where L(») is the coil induc~-
tance for T = =, i.e. for x(T) = 0, and f is the effective filling factor of

the coil, If the capicitor of the LC circuit is fixed, the temperature depen-

dence of the oscillator frequency is thus given by v(T) = v(=)[1 + hﬂfx(T)]-i.

So the minimum of the oscillator frequency can be related to the maximum of the
susceptibility of the crystal, occurring at the transition temperature. A second
method to measure Tc from the maximum in the susceptibility is given by the
possibility to observe the electron resonance line with a normal n.m,r, oscil=
lator. For low frequencies, v of the order of some Megahertz, the e.s.r. line
can be observed for Ho = 0 with a small modulation field. As the signal inten-
sity of the e.s.r. line is proportional to the electronic susceptibility, the
temperature at which the maximum of the signal intensity is observed equals
the transition temperature.
The values for Tc obtained using the various methods are found to agree within
the experimental accuracy of about # 0.2 mK; they are given in table 11,
From the observation of the temperature dependence of the resonance field of the
e.s.r. transition at low frequencies in the ferromagnetic state, the value of

2)
A

resonance condition for the -electrons in a spherical sample for an external

the anisotropy field H, can be calculated. According to Suzuki et al, the

field perpendicular to the easy axis of magnetization is given by
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(/x)? = H_(H, = Hy)
where HA = (AII - AJ) MS(T). A|| and AJ_are the anisotropy molecular field con-
stants, It is clear that for w/ye = 0, which holds fairly well for an oscillator
frequency of some MHz, the e.s.r. line will be observed for Ho P HA’ The aniso-
tropy fields, extrapolated to T = 0 K, have been determined by this method to
be about 200 Oe for the chlorine and 300 Oe for the bromine compounds. The
value of Hp for the bromine compounds agrees with that determined by Suzuki et

2) 3)

al. and éenard et al.” ",
By applying in the ferromagnetic state an external field perpendicular to the
easy axis of magnetization, the magnetic moments of the ions within the Weiss
domains will rotate into the direction of the external field, by that way produ-
cing a macroscopic magnetization of the sample. The apparent susceptibility,
originating from the field dependence of this macroscopic magnetization, can be
observed on the change of the frequency of the oscillator, as has been outlined
already. For that field for which all magnetic moments are aligned along the
field direction, the value of the apparent susceptibility will drop drastically
to the small value of the normal paramagnetic susceptibility at that temperature
and field. For larger fields the Weiss domain structure has disappeared and the
crystal behaves in principle as a paramagnetic substance. The magnitude of

HO for which this "transition' occurs is found to be equal to the magnitude of
HA as determined by electron resonance at low frequency. The anisotropy field
can thus be related to the transition from the ferromagnetic into the paramag-

netic state for T < TC.

7.2. Proton spectrum: the divection of the spontaneous magnetization in the

Wetss domains.

Lodedls Bromine compounds. In both bromine compounds only one resonance line
from the protons of the water molecules has been observed in the ferromagnetic
state in zero field. This resonance line shows a temperature independent fine
structure which, after careful examination, is found to be six-fold. The mean
Larmor frequency of this sextet at T = 0.3 K, where mS(T) ~ 1, is about 6.4 MHz
in both compounds. From the rotational diagram of the proton lines as given in
fig., 7 it can be shown that a frequency shift of a proton line for m(T,H) =z |
can only be expected for the external field, and thus the magnetization, direc-

ted along the c-axis. Together with the observation of only one resonance
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sextet, this indicates that the spontaneous magnetization in the ferromagnetic
state has to be parallel to the crystallographic c-axis. This conclusion is
confirmed by the analysis of the resonance spectra of all other nuclei in the
bromine compounds, This direction of the spontaneous magnetization agrees with
that determined by Wielingah) from macroscopic magnetization measurements in
(NHQ)ZCUBrh.ZHZO‘

Al though we searched for it carefully, no extra proton resonance lines showed

up at lower frequencies. That proves that there are no ''closure' domains which
are magnetized perpendicular to the c-axis, This has been confirmed again by the
analysis of the other resonance spectra which indicates that always only one
spectrum per set of chemically equivalent ions is observed. These two bromine
compounds thus behave like uniaxial ferromagnets.

The static six-fold fine structure of the proton resonance line has not yet

been understood. There are several possible explanations for this fine structure.
a) The internal fields at the two protons belonging to the same water molecule
are equal in magnitude but have different directions. For such a situation

5)

Hardemann has derived an expression for the proton-proton dipolar interac-
tion for protons within a water molecule. However the maximum number of obser-
vable transitions is always four instead of the six observed transitions. More-
over, as the internal fields at the protons in both compounds are found to be
nearly equal one would expect the fine structures for both resonance lines, if
due to this effect, to be about equal. In table 11, where the frequency dif-
ferences between the successive fine structure lines is given, it can be seen
that there is a large difference between the splitting patterns in both compounds.
b) Interaction with the two protons from the nearby water molecule. It can

be calculated that the distance between the protons belonging to the water
molecule at approximately (0,0,0.25) and those from the H20 at (0,0,0.75) is
small enough as to have a discrete dipolar interaction between them. The number
of possible fine structure lines can be larger in this situation, as we deal
now essentially with a four-particle system. As this interaction has to be

present in the paramagnetic state too, we have examined the proton resonance

transition for ﬁ0]|c at T = 20 K. For that temperature the magnetic interaction

with the copper ions is very small, and therefore mainly static dipolar inter-
actions will be observed. The detected resonance transition consists of four
lines with a ratio of the signal intensities of about 2:1:1:2. The frequency
differences are approximately 13;26;13 kHz slightly different for the two
compounds. The calculations show however that the dipolar interaction between

the protons from different water molecules is too small to be able to explain
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the observed fine structure splittings in both the paramagnetic and the ferro-
magnetic state.

c) The dipolar interaction of the protons with the nearby Br(l) nuclear mag=
netic moments has been found to be too small to produce the observed splittings
too. It must be mentioned that also in the chlorine compounds in the paramag-
netic state this four-fold fine structure of the proton line for ﬁo||c has been
observed. The search for the origin of these fine structures is one of the in-

teresting problems which we will try to solve in the near future.

Table 11

Larmor frequencies and fine structure splittings of the protons of the

water molecules in the ferromagnetic state at T= 0 K

Tc(K) vL(MHz) App(kHz)

0.877 .65 82
0.701 .73 84
.79 84
1.017 71 90
0.753 .79 84
1.836 16=:7=22= =716
1.874 .46 10-11-14-11-10

282, Chlorine eompounds. In all four chlorine compounds originally one
proton resonance line, originating from the protons of the crystal waters, has
been detected. The resonance frequency is about 3.5 MHz at T = 0.3 K. The
proton-proton dipolar splitting has about the theoretically maximum value of

84 kHz, which proves unambiguously that in these compounds the spontaneous
magnetization within the Weiss domains has to be parallel to the (110) direc=
tion (see the discussion in section 6.2). At low temperatures the HZO proton
doublet in the NHh compound splits up into two doublets, each with a proton-
proton splitting of 84 kHz. This is due to the two possible orientations of the

NHA molecules, as has already been outlined in section 6.6. The proton doublet

which would be expected for the second H20 for which Es is perpendicular to

its proton=proton connection Iline (KSHy) has not been observed. It can be cal-
culated from the proton experiments in external field that the internal field
at this proton site in the ferromagnetic state is less than 100 Oe. The resonance

frequency of this transition is therefore too low to be able to observe this
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doublet.

From the study of the proton doublet at T = 0.3 K in small external fields
in the direction of the (110)-axis, with the r.f. field along the c-axis, it
can be concluded whether the chlorine compounds are uniaxial ferromagnets or

not., In fig. 17 the splitting pattern of the proton doublet for a weak field

—— T 7\‘

Al oo A T
O_H _15 30 Oe

Fig. 17. KZCuCl“-ZHZO. Field dependence of the splitting of the zero field

proton doublet for ﬁ0||(llo) at T = 0.3 K.

parallel to the (110)=axis is shown. The volume of the Weiss domains which are

magnetized parallel to the applied field will increase at the cost of the do-

mains which are magnetized antiparallel to ﬁo with increasing magnitude of Ho.

Therefore the magnetic flux in both types of domains will become different,
which results in a different total magnetic field at the protons within the

two types of domains. The zero field proton doublet is thus expected to split
up into two doublets in external field. This splitting actually is observed;
however also a third doublet with a nearly field independent resonance frequen-
cy has been detected. The existence of this third doublet can only be explained
by assuming that there also exist Weiss domains which are magnetized perpendicu=
lar to the external field, i.e. along the (170)=axis. As these perpendicular
magnetized domains are mutual magnetically equivalent, no splitting of the
resonance doublet originating from the protons within these domains will occur
by the applied field. This proves that the chlorine compounds are not uniaxial;

the domains are magnetized along the (110) and (170) respectively. The occurrence
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of these two preferred directions however will not influence the number of
resonance spectra observed in zero field.

From the behaviour of these proton resonance lines and also of the CI(11)
resonance lines at T = 0.3 K for an external field in different crystallo-
graphic directions, it can be concluded that the a-axes are the hard directions
of magnetization. It proves to be not possible to rotate the spontaneous mag-
netization into the direction of the a-axis by applying an external field of
100 Oe along this axis. If ﬁo is applied along the c-axis however, the direction
of the spontaneous magnetization within the domains deviates already appreciably
from the (110)=-axis for Ho = 20 Oe.

In all compounds the temperature dependence of mS(T) can be determined
straight forward from the temperature dependence of the proton resonance fre-
quency, as this frequency is proportional to mS(T). The so determined magneti=-
zation curves have been used to facilitate the analysis of the very complicated

resonance spectrum of the other nuclei.
7.3. Halide (I) spectra.

7.3.1. Bromine compounds. In both crystals in the ordered state at T = 0.3 K
all six possible resonance transitions per isotope of the Br(l) site nuclei

are observed, The linewidth of the +3/2 + =3/2 transition is about 10 kHz,

while the width of all other resonance lines is 20 kHz. The lineshape of all
transitions is that of a perfect absorption line, which indicates that the
nuclear absorption susceptibility for these ions is not yet saturated by the
enhanced radio frequency field. From the six resonance frequencies the appro-
priate energy level scheme can be constructed easily. In fig. 18 the temperature
dependence of the resonance frequencies of the transitions of both isotopes in
RbZCuBrb-ZHZO is shown. As the intensity of the (:%—» t%) transitions was rather
small, no attempt has been made to measure the temperature dependence of their
resonance frequencies extensively.

The resonance spectra resemble the type of spectrum discussed in section 5.2.c
for the case VL << vq. However, due to a second order frequency shift the B8
transitions are not situated symmetrically with respect to the PQR frequency.
Therefore to analyze these spectra the Brown and Parker method has been applied.
These BP calculations confirm that the direction of the spontaneous magnetiza=
tion points along the c-axis. It is found that the values of the quadrupole
interaction parameters deviate from those determined in the paramagnetic state.

(see table 7). Moreover vq and n are slightly temperature dependent. We think
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Fig. 18. Rb2cu8rh'2H20' Temperature dependence of the Br(1) resonance spectra

in the ferromagnetic state.'Ti798r; Z§8]Br.

that this effect points to the presence of minor spontaneous magnetostriction
effects. The values of the interaction parameters of the 79Br(l) nuclei, which
have been extrapolated to T = 0 K, are given in table 12, The value of F?i

given in the table is defined by F?i = vL(T)/mS(T). where the indices i Indicate

the principal axis of the EFG tensor, along which the spontaneous magnetization
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Table 12

Interaction parameters of the halide (I) nuclei in

the ferromagnetic state at T=0 K (798r and 35Cl)

spectrum vq(l+n2/3)i

KC1 b)

NHACI
RbC1

B 1.9527
B 1.4261
a?) .2731
B .2718
A
B

CsCl .3715

.3688
NH, Br c) 8.334
RbBr 14,349

a)» '
mSﬂY,

LW R W
is directed,
The signal to noise ratio of the B resonance lines at T = 0.3 K is about IOA.
Because of their large intensity these lines are appropriate to search accurate-
ly for any other transitions originating from these Br(!l) nuclei, which would
indicate the existence of closure domains magnetized in a direction perpendicu-
lar to the c-axis. As has already been mentioned in section 7.2 no such tran-
sitions have been detected.
In section 7.7 it will be shown that the difference in resonance frequency of
the two B transitions Av8 is always exactly equal to two times the Larmor
frequency. Therefore from the temperature dependence of AvB the critical be-
haviour of the spontaneous magnetization near Tc has been determined. The
results of these measurements will be discussed in section 7.7.

In the course of the experiments it has been observed that in the bromine
compounds a notable amount of chlorine impurities can be present, The influence
of these impurities on the Br(l) resonance spectrum will be discussed in

Appendix B,

748424 Chlorine ‘compounds. As the spontaneous magnetization within the Weiss
domains is directed along the (110)=axis in the chlorine compounds, we will

expect to observe two resonance spectra per chlorine isotope. According to the
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notation for the zero field spectra in the ferromagnetic state, as introduced
in chapter 5.6, these two different spectra are denoted by C1(1)A and C1(1)B.
The C1(1)A spectrum originates from those nuclei for which the spontaneous
magnetization is parallel to the y' direction, which is the Y-axis of the

C1(1)EFG tensor. The C1(1)B spectrum originates from the nuclei for which

mslly'. i.e. parallel to the Z-axis of the EFG tensor.
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Fig. 19. CSZCUC1A'2H20' Temperature dependence of the 35Cl(I)A resonance

spectrum in the ferromagnetic state.

CL(I)A.

In fig. 19 the temperature dependence of the frequencies of the 35CI(I)A
resonance transitions inCsZCuClh-ZHZO is shown. The signal intensity of these
resonance lines is rather small, which prevents an accurate determination of
the temperature dependence near Tc' The energy level diagram however can be
constructed easily. Also in the Rb compound the Cl(I)A spectrum has been detec-
ted, although the signal intensity of the resonance lines is very small. In

the K and NHh compounds, surely due to still smaller signal intensities, the
C1(1)A spectra could not be observed. For the Rb and Cs compound the values of
the interaction parameters extrapolated to T = 0 K are given in table 12. By
comparison of the values given in this table with those of table 7 it can be
concluded that the quadrupole interaction parameters calculated from the ci(1)A

spectra differ from those determined in the paramagnetic state. This difference,
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like for the Br(1) nuclei in the bromine compounds, has to be due again to
spontaneous magnetostriction effects.

The resonance lines have an absorption shape with a width of about 10 kHz.

Cl(I)B.

In all four chlorine compounds the C1(1)B spectrum for both isotopes has been
observed. The spectrum consists of two intense o transitions and two very weak

8 transitions. In fig. 20 the temperature dependence of the a resonance frequen-

cies in the rubidium compound is shown, together with the energy level diagram.

At T = 0.3 K in the Rb and Cs compound the +%—* —%-transitions have also been

detected at respectively 295 kHz and 836 kHz. In the Cs compound even the
+% * -%-transition at a frequency of 267 kHz has been observed with a good

signal to noise ratio.
The interaction parameters for T = 0 K are given in table 12. It is seen that

also for these spectra the quadrupole interaction constants differ from those
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Fig. 20. RbZCuClh-ZHZO. Temperature dependence of the 35CI(I)B spectrum in

the ferromagnetic state. Only the o transitions are shown.

determined in the paramagnetic state and even from those calculated from the
C1(1)A spectra. It must be noted that the separate values for Y and n caH be
determined less accurately than the value of vq(l + n2/3)§. Therefore these
differences in the EFG between paramagnetic and ferromagnetic state, attributed

to spontaneous magnetostriction effects, can be demonstrated the best by
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comparing the values for vq(l + n2/3)i for the different zero field spectra
with the PQR frequency. It can then be seen that in the chlorine compounds this
value in the ferromagnetic state is always higher by a few kHz than in the
paramagnetic state.

Because the lineshape of the a and g transitions in all four compounds is
very peculiar, in fig. 21 a recorder trace of the second derivative of the
experimentally observed spectrum in RbZCuCIh-ZHZO at T = 0.3 K is shown. For
the observation of the g resonance lines a ten times larger sensitivity of the
lock=in amplifier has been used than for the a lines. The shape and phase of
the a, resonance line agrees with the shape of the proton and C1(1)A resonance
lines and is therefore evidently an example of a normal absorption line. The
dispersion shape of the a, line (in the Cs compound even all three zero passages
of the second derivative can be observed) undoubtedly is caused by the satura-

3

tion of the nuclear absorption susceptibility x: for the Am] g -% tran-

sition, because of the enhancement of the r.f. field. As has been outlined in
chapter 5.4, in such cases a resonance line with a dispersion shape can be
detected. The observed saturation of X: for the @y transition will be due to
the fact that the relaxation of the m = -%-Ievel towards lower levels is very
bad.

The CH line has an absorption shape which is 180° out of phase with the @
signal; a possible explanation for this shape can be given as follows. By
radiating at a frequency near the 8] resonance frequency only & transitions
are induced, which is possible by the strong mixing of the +% and -%-levels
(see fig. 20). The B] transition is a forbidden one. The +§-Ievel is not satu-

rated which can be concluded from the absorption shape of the ) resonance line.

If the +% level not only relaxes to the +%-but also partially to the -%—level

due to the strong mixing, this -% level probably is overpopulated with respect

to the +%-Ievel as the relaxation of the -%-Ievel was found to be very bad. By
changing the oscillation frequency to the B] resonance frequency a stimulated
emission will occur, leading to the observed shape of the 8] line. From the

observation of a normal absorption shape for the Am] = +% - -E-transition in
the Cs compound it can be concluded that there is indeed a good relaxation from
the +% level towards the -% level . When the amplitude of the r.f. field is

increased, the intensity of the B, resonance line increases with respect to

1
that of the o line. This is in accordance with the change in intensity ratio
which can be expected for this mechanism.

The 180° out of phase dispersion shape of the B, transition cannot be explained

2
using similar arguments. We think that this shape is caused by cross relaxation
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between the saturated @, line and the 82 line, but even a qualitative explana-
tion of the shape of 82 is not yet possible.

From the temperature dependence of the difference in resonance frequency of the
two o transitions Ava, the temperature dependence of mS(T) near TC has been
determined in the Rb and Cs compound (see section 7.7). Because of the too small

value for Ava in the K and NHh compounds no attempt has been made to measure

ms(T) near TC in these compounds, as overlap of the resonance lines near Tc will

hamper the accurate determination of Ava.
7.4. Halide (II) spectra.

7.4.1. Bromine compounds. Originally in the two bromine compounds in the
ferromagnetic state only one Br(ll) resonance line per isotope has been detected
at approximately 20 MHz at T = 1.2 K. The width of this resonance line is about
200 kHz; the signal to noise ratio with which the resonance line at T = 1.2 K
is detected is estimated to be of the order of !Ob. From the value of the Y
component of the frequency shift tensor together with the values of the quadru-
pole interaction parameters as determined in the paramagnetic state, it could
be calculated that the observed resonance transition had to be the (+3 + -%)
transition. Although the resonance frequencies of the expected o and B tran-
sitions could be calculated quite accurately it appeared to be impossible to
detect any other bromine resonance line up to a frequency of 100 MHz. Careful
examination of the only observed resonance transition pointed out that a large
number of much less intense resonance lines showed up centered around the same
frequency. These extra resonance lines are found to be due to the presence of
chlorine impurities at the bromine sites as will be discussed in Appendix B.

It can be argued that the chlorine impurities not only lead to discrete extra
resonance spectra but also to a broadening of the Br(l1) resonance lines.
Especially the a and B transitions for which the resonance frequency is mainly
determined by the quadrupole interaction, will be very much influenced by these
impurities. In the crystals with much less chlorine impurities which have been
grown afterwards, the a and £ transitions have been observed. Field modulation
has to be used as the width of these resonance lines is approximately 1.5 MHz,
which is much too large to observe these signals with frequency modulation. In
fig. 22 the temperature dependence of the resonance spectrum in the NH“ com=
pound is shown. The analysis of the Br(l1l) spectra in both compounds show that
the interaction parameters for the Br(ll) nuclei in the ferromagnetic state

are about equal to those in the paramagnetic state. It must be noted that due
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Flg.. 22. (NHQ)ZC“Brh'ZHZO' Temperature dependence of the Br(1l) resonance

spectrum in the ferromagnetic state. © 79Br; £§8]Br.

to the very large linewidth of the @ and B transitions the interaction para-
meters in the ferromagnetic state cannot be calculated very accurately. For the
same reason it has not been possible to decide whether any temperature depen-
dence of the quadrupole interaction, which would point to magnetostriction

effects, exist. The interaction parameters are listed in table 13.

7.4.2. Chlorine compounds. As expected from the direction of the spontaneous
magnetization, two Cl1(l1) resonance spectra per isotope have been observed. The
C1(11)A spectrum originating from those chlorine nuclei for which the spon-
taneous magnetization is directed parallel to the local y'-axis (Z-axis of

the CI1(11) EFG tensor) and the CI1(I11)B spectrum for the nuclei for which

ﬁsﬂy (X-axis).

CL(II)A. The C1(11)A spectrum consists of the three allowed Am, = | tran-

sitions. The temperature dependence of the resonance frequencies in the
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Table 13

Interaction parameters of the 35Cl(II)A, 35CI(II)B

and 79Br(II) nuclei in the ferromagnetic state at T=0 K

spectrum Vq n F?i
KC1 a2) 9.465 0.20 27.50
g®) 5.9  0.56 k.61
NH, C1 A 9.430 0.25 27.74
B 5.43  0.63  4.76
RbC1 A 10.300 0.16  27.45
B 6.62 0.53 4.23
csCl A 11.150 0.17  27.35
B 6.62 0.57  3.h46
NH,Br c) 75.5 0.31 10.93
RbBr 81.6 0.22  9.30
W R W W

rubidium compound is shown in fig. 23. The quadrupole interaction parameters

and the component of the frequency shift tensor for these nuclei in all four
compounds are determined to be exactly equal to those measured in the para-
magnetic state. The value for vq is found to be temperature independent within
the experimental accuracy of about * 10 kHz in the considered temperature inter-
val. The resonance lines have an absorption shape with a width of 40 kHz when
detected using a very weak r.f. field. If the amplitude of the r.f. field is
increased the shape of the resonance line changes gradually from an absorption
to a dispersion shape. This clearly demonstrates the influence of saturation
effects on the lineshape as discussed in chapter 5.4. In the near future a

study of these relaxation effects will be made.

CL(II)B. In the frequency interval 1-40 MHz only those chlorine resonance lines
are considered for the C1(11)B spectrum from which the temperature dependence
of the resonance frequencies are plotted in fig. 24. In fact there is one more

line with a frequency equal to the sum of v, and vy This resonance line,

1
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Fig. 23. RbZCuCIQ-ZHZO. Temperature dependence of the 35CI(II)A spectrum

in the ferromagnetic state.

however, is only determined at a few temperatures because of the low signal
intensity. The resonance lines 2, 3 and the sum transition have an absorption

35¢,

shape with a width of about 50 kHz for the isotope. Line 1, however, has
a dispersion shape and also a width of 50 kHz, while the linewidth of transition
4 js about 100 kHz and the shape is a mixture of absorption and dispersion
character. The observation of the mentioned sum transition indicates that vy
and v, are transitions within the same energy level scheme, and this fixes the
relative position of three of the four levels. |t appears to impossible to
construct an energy-level diagram, starting with V) and Vj» SO that both vy
and V3 belong to the same level scheme. So one of the resonance lines v, or V3
does not belong to the C1(11)B spectrum. To determine the level scheme, the
following procedure has been used.

We start with the 3 levels determined by v and vy Next all twelve pos~

sible level schemes using v, or Vs as third transition have been constructed

2
for both isotopes. By using the Brown and Parker method the interaction para-
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Fig. 24. RbZCuClb-ZH 0. Temperature dependence of the I1)B resonance

2
transitions in the ferromagnetic state.

meters for all twelve schemes have been calculated. The only assumption made
is that the magnetic interaction is parallel to one of the EFG principal axes.

The so determined parameters (v , n, v principal axis) are used for a com-

puter calculation of the resonance spettrum which belongs theoretically to

each set of parameters. For only one level scheme the experimental and calcula-
ted spectrum are identical, which indicates the physical relevance of only that
scheme. All other calculated spectra differ very much from the experimental
spectrum. The so determined level diagram with v, as third transition is given
in fig. 24. The internal magnetic field is found to be parallel to the X axis

of the EFG tensor, as expected, but the quadrupole interaction parameters differ

largely from those calculated from the Cl1(l1)A spectrum in zero field (see

table 13). Moreover, vq and n are strongly temperature dependent as is shown in

fig. 25. The frequency shift tensor component F;x = vL(T=0) is only very slight-
ly temperature dependent but does differ much from the value Fxx determined in
the paramagnetic state. The temperature dependence of the resonance frequencies
has been checked in the already mentioned way by computer calculations. The

experimental and recalculated spectrum are always identical within 10 kHz. From
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Fig. 25. RbZCuCIA'ZHzo. The 35CI(II)B quadrupole interaction parameters as

a function of the reduced spontaneous magnetization m .

the plot of vq and n versus the reduced spontaneous magnetization m it seems
as if these parameters for m +0 i.e. T~ Tc do not extrapolate to the values
found for the CI(11) spectrum in the paramagnetic state.

To get more information about the C1(I1)B spectrum especially with regard
to possible magnetostriction effects an external field in the (110) direction
has been applied at T = 0.3 K. Only line 2 can be observed in a large external
field. The intensity of the other Cl1(11)B resonance lines decreases very sharp-
ly with increasing field; the lines disappear completely for fields above about
300 QOe.

It appears that the field dependence of v, at T = 0.3 K cannot be explained

making use of the zero-field values for vq, n and F;x of the CI1(11)B spectrum,

although the magnetization at that temperature is nearly saturated, and there-
fore no appreciable change of these parameters is expected. For Ho > 2 kOe the
field dependence of v, can only be described theoretically when we assume that
the quadrupole interaction parameters as determined for the CI1(11)A spectrum
will also be appropriate for the C1(11)B spectrum in strong field. Moreover,

a different value for the frequency shift tensor component is determined.

It can thus be concluded that the distortion of the crystal lattice which has
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to be the origin of the large change of the interaction parameters for the
Ci(11)B-site nuclei, is present only in the ferromagnetic state in zero (or small)
external field. Moreover, this distortion probably disappears discontinuously

at the transition temperature. A mechanism which can account for this sponta-

neous magnetostrictive distortion has been treated by Kanamori6’7) for the ex-

planation of the structure transformation in Co0 at its transition temperature
and the difference in direction of spontaneous magnetization in Co0 with respect
to that in the isomorphous compounds FeO and NiO. Kanamori shows that the ani-
sotropy constants related to the unquenched part of the orbital moment, in
contrast with the anisotropy constants of the pure spin moment, strongly depen-
dent on lattice distortions. Therefore it is possible that at the Curie temper-
ature the anisotropy constants of the residual orbital moment, enlarged by a
favourable lattice distortion, determine the direction of the spontaneous mag-
netization via the spin-orbit coupling. However, in not too small external
fields for T < TC the distortion disappears as the magnetic field energy over-
comes the energy gain of the lattice distortion. Our experimental data on the
Cl1(I1)B resonance spectrum strongly suggests the occurrence of such spin-orbit
distortions in these chlorine compounds. The difference in direction of the
spontaneous magnetization in the chlorides with respect to the bromides also
indicate such a mechanism.

The origin of transition v3 is not yet clear. The ratio of the frequencies
of the two resonance lines belonging to the two isotopes is about that of the
gyromagnetic ratios. As a function of increasing temperature this resonance
frequency v3 decreases slightly faster than the spontaneous magnetization. It
is not possible to get more information about the origin of this resonance by
applying an external field in the direction of the (110) axis, as also for this
resonance line the signal intensity decreases too fast with increasing field
so that for H > 300 Oe the signal cannot be detected anymore.

There are several possible origins for this resonance line. The resonance trans-
ition can originate from nuclei inside closure domains which are magnetized
along the c-axis or from nuclei within domains at the edges of the crystal
sample. Also possibly it can be a transition from nuclei inside a Bloch wall.
Because of the two preferred directions in the crystal we can distinguish two
types of Bloch walls: a 90° wall between two domains magnetized along the (110)
and (110) axis respectively and a 180° wall between two antiparallel magnetized
domains.

It can be excluded that v_ is a resonance transition from nuclei inside a 90°

3

Bloch wall, because for such a transition a resonance frequency of about 15 MHz
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has to be expected in view of the values for the frequency shift components
as determined in the paramagnetic state.

By applying an external field of 150 Oe in the direction of the c-axis, all

C1(11) resonance frequencies including v3 change about | MHz, due to the rotation

of the magnetization in the Weiss domains. So it is not likely either that this
extra chlorine resonance originates from small closure domains magnetized along
the ¢ axis. For such a line from a closure domain one should expect a nearly
field independent resonance frequency.
Careful examination of the C1(11)A spectrum shows that all three resonance
lines of fig. 23 have a weak satellite line shifted about 100 kHz to lower fre-
quency (T = 0.3 K). The temperature dependence of this extra set of resonance
lines is equal to that of the main spectrum. We think that these extra resonance
lines originate from nuclei inside domains at the edges of the crystal or from
nuclei inside single-domain particles in enclosures inside the crystal. These
nuclei inside such domains do feel a demagnetizing field, unlike nuclei in re-
gular domains, which results in a somewhat smaller total magnetic field at these
nuclei. The spontaneous magnetization in these deviating domains can also be a
little smaller because of the demagnetizing field. The frequency difference of
100 kHz between the main lines and the satellites can be estimated quantitative-
ly to be caused by these effects. In the C1(11)B spectrum also an extra resonance
line has been detected, but only for the (+% - -}) transition (vz); the frequency
difference agrees approximately with a decrease of the Larmor frequency of about
100 kHz. So it is not likely that the origin of transition v3 can be explained
by this type of effect.

We think that, after the exclusion of the mentioned possible origins of
the extra chlorine resonance transition, this resonance line may be due to
nuclei inside 180° Bloch walls. The time-averaged magnetic moments of the copper
ions in the middle of such walls are parallel to the (110) axis. Therefore it
is very well possible that vy is the (+% -+ -%) transition of the CI1(I1)B spectrum
from chlorine nuclei in these walls. The value of the time-averaged magnetic
moment of Cu ions within a Bloch wall will be somewhat smaller than that for a
Cu fon within a normal domain at the same temperature. Together with the presence
of demagnetizing fields inside the Bloch wall this yields a smaller internal

8)

the Larmor frequency of these nuclei decreases faster with increasing temperature

field at the chlorine nuclei in the walls. Furthermore it can be expected that
than the spontaneous magnetization in the domains. Both effects are observed
for the v. resonance line. As the fractional r.f. energy absorption for nuclei

3 1)

in Bloch walls is about a factor 50 larger than for nuclei within the domains ’,
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the small amount of nuclei inside the walls still can give an observable

resonance signal. The observed intensity ratio of the CI(I11)B v. and v signals

2 3
is larger than 50.
7.5. Copper spectra.
Coidily Bromine compounds. In both compounds two resonance transitions per

isotope have been observed. One rather intense resonance line with a dispersion
shape and a width of 1.5 MHz at about 50 MHz (T = 1.2 K) and one weak transition
with an absorption shape and a width of approximately 2 MHz at 100 MHz. From

the temperature dependence of these two transitions, shown in fig. 26 for the

Rb compound, it has been calculated that these resonance |ines originate from

respectively the (+% - -%) and (+% - %) transitions. The quadrupole interaction
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Fig. 26. RbZCuBrh-ZHZO. Temperature dependence of the copper resonance trans-

, 63

itions in the ferromagnetic state. ® Cu; A 65Cu.

constants and the value for the frequency shift tensor component have been
calculated from these two resonance lines using the computer tables. As the

width of the lines is very large no accurate determination of these interaction
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parameterslis possible. By comparison of the values for vq and Fyy given in
table 9 for the paramagnetic state with those for the paramagnetic state in
table 14, it can be seen that within the experimental accuracy no difference
between the interaction parameters in the ferromagnetic and paramagnetic state

has been observed.

7048 Chlorine compounds. Also for the copper ions two spectra per isotope
are expected in the ferromagnetic state. First of all the Cu(A) spectrum origi-
nating from those copper nuclei for which as is parallel to the X axis of the
EFG tensor. In all four compounds only one resonance transition of this spectrum
has been observed. For T = 0.3 K this very broad resonance line has been detec-
63

Cu and

65Cu +4 + -} transitions. Indications have been found from other transitions

ted at approximately 35 MHz; it appears to be the composition of the

of this spectrum, but because of the overlap of the resonance lines from both
isotopes, the signals are very broad and therefore tooweak to be observed

properly.
Table 14

Interaction parameters of the 63Cu nuclei in the

ferromagnetic state at T=0 K
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The second spectrum, Cu(B) (%Sﬂz), has been observed easily in all four com-
pounds, Because of the high frequencies involved, the resonance lines have been
detected with a hybrid T spectrometer using field modulation. Both the 63Cu and
Cu spectra can be observed nicely. For the 63Cu isotope the resonance frequency
at T = 0.3 K of the (+—-+ -~J transition is found to be about 220 MHz. The two
(t% - +%J transitions are observed at 220 + 40 MHz. The width of these resonance
lines is 500 kHz in the K, Rb and Cs compounds, while in the NH& compound the
linewidth is found to be 1 MHz. This larger linewidth in the ammonium compound
again reflects the loss of crystal symmetry due to the two orientations of the
NHQ molecules. From this Cu(B) spectrum the quadrupole interaction constant v
can be calculated easily, as the spontaneous magnetization and thus the internal
field is directed along the 2 axis of the EFG tensor. The frequency difference
between the (+—-+ +—) and the (-—-» -—0 transitions exactly equals qu. The
value of the asymmetry parameter n however cannot be determined from this spec-
trum; the dependence of the resonance frequencies on the value of n for n B
0.2 is only of the order of 30 kHz. In view of the linewidth of 500 kHz these
small differences cannot be detected. Because of problems with radio frequency

heating of the crystal, the temperature dependence of the spectrum has not
been determined.

7.6. Alkali spectra. In the ferromagnetic state in zero field only the rubidium
and caesium resonance spectra have been observed. Although we have searched for
it, we could not detect any potassium or nitrogen resonance lines. From the
values of the interaction parameters for these nuclei as determined in the
paramagnetic state (table 10) it can be calculated that the resonance frequencies
of all potassium and nitrogen transitions in the ferromagnetic state in zero
field will be lower than 200 kHz. As the used n.m.r. oscillators are not sen-
sitive enough at the low frequencies, it is understandable that these K and N

resonance lines, with the low signal to noise ratio as they have normally,
could not be detected.

7852, Rubidiwm. In the bromine compound, where the magnetization is direc-
ted along the Z-axis of the rubidium EFG tensor only two 87Rb resonance |ines
have been observed. From the temperature dependence of the resonance frequencles
the resonance lines have been determined to be related to the (+—-+ -—0 and

the (+_.+ +—) transitions. Although from these two resonance frequencues the
frequency for the missing (-—-* -—) transition can be calculated accurately,

even no indication of a resonance signal at the calculated frequency has been
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Fige 27 RbZCuBrb-ZHZO. Temperature dependence of the observed 87Rb and

resonance transitions in the ferromagnetic state.

found. The quadrupole interaction constant vq is determined to be exactly equal
to the value obtained from the experiments in the paramagnetic state. This in-
dicates that the small magnetostrictive effects, which are probably the origin
of the temperature dependence of the Br(!) quadrupole interaction, do not in-
fluence the Rb quadrupole interaction. In fig. 27, apart from the temperature

87

dependence of the two observed Rb resonance lines, also that of the 85Rb

(+% - -%J transition is shown.
In the chlorine compound plenty of rubidium resonance lines have been observed.
The resonance signals are rather intense; the linewidth is about 10 kHz for the
87Rb and 5 kHz for the 85Rb transitions. Because of the complexity of the total
resonance pattern, only by the determination of an extensive temperature de-
pendence of all resonance frequencies, it appears to be possible to identify
all resonance transitions. For the sake of clarity the temperature dependence

of the 87Rb and the 85Rb spectra are shown separately in figs. 28 and 29
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Fig. 28. Rb2CuCIh-2H20. Temperature dependence of the 87Rb spectrum in the

ferromagnetic state.

respectively. The quadrupole interaction constant for 87Rb is calculated from
this spectrum to be vq = 802 kHz which is slightly different from the value in
the paramagnetic state. As in the bromine compound this difference has not been
observed, it is probable that this change of the Rb quadrupole interaction is
related to the magnetostrictive distortion, which is assumed to be the origin
of the large difference of the C1(11)8B quadrupole interaction in the ferromag-
netic state, rather than to the distortion which leads to the small changes in
Ci1(1) and Br (1) quadrupole interactions.

85

In fig. 29 it can be seen that for the Rb isotope the spectrum consists of

two sets of '"a' transitions. Apart from the here shown transitions, also the

5

(+% - +E) could be detected at low temperatures.

133

7.6.2. Caegium. The Cs resonance spectrum has been observed over a large
temperature range. The spectrum consists of the seven allowed transitions

(AmI = 1), The frequency difference between successive resonance lines is only
6.6 kHz. Because of the small linewidth, only 1.5 kHz at T = 0.3 K, the signals

are very well separated, For temperatures near Tc however, Tc - T < 50 mK, the
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Fig. 29. Rb2CuCIu-2H20. Temperature dependence of the 85Rb resonance spectrum

in the ferromagnetic state.
Table 15

Interaction parameters of the alkali nuclei

in the ferromagnetic state at T=0 K

vV

q
0.802
0.0132
0.808

resonance lines start to overlap each other due to the critical broadening of
the signals, which causes a very rapid decrease in signal intensity. The qua-
drupole interaction is found to be equal to that in the paramagnetic state. It

must be mentioned however that for the 133Cs nuclei a relative change of the

value of v , as observed for the 87Rb nuclei in RbZCuClh-ZHZO. cannot be detec-

ted because of the experimental accuracy. Therefore it cannot be excluded that
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also for the caesium nuclei a small influence of magnetostrictive effects on

the quadrupole interaction exists.

7.7. Temperature dependence of the spontaneous magnetization near Tc. As only
very few low temperature insulating ferromagnetic compounds are known, it is
very interesting to investigate the temperature dependence of the spontaneous
magnetization very near the transition temperature. The critical decrease of

mS(T) for T » Tc is expected to be described by the scaling law expression

m (1) = AQ1 - mT,)"
where B Is the critical exponent for the spontaneous magnetization. From a
theoretical point of view the value of B is of interest as this value, following
the scaling hypothesisa), has to be related to the critical indices for the
specific heat, the susceptibility, and the induced magnetization for T = TC
Wielinga already determined the value Z; B in (NHA)ZCUBrh.ZHZO by means of

macroscopic magnetization measurements ‘. The large disadvantage of this method
however originates in the necessity to apply an external magnetic field to
allow the determination of the magnetization with all Weiss domains aligned

It is not well known experimentally whether the value of the reduced magnetiza-
tion is influenced by the applied field, apart from the increase due to a
finite susceptibility. We think it is preferable to use magnetic resonance
techniques to determine the value of B. The advantages are very clear: the ex-
periments can be performed in zero field where the true ferromagnetic ordering
is preserved. For this n.m.r. determination no theoretical relations, which
depend on the temperature, have to be assumed to relate the measured macroscopic
magnetization in external field to the value of the spontaneous magnetization
in zero field, as necessary in the case of macroscopic methods. Moreover the
accuracy of a nuclear resonance determination of the temperature dependence

of mS(T) is larger by an order of magnitude.

The halide (1) spectra in the ferromagnetic state can be used extremely well

to study the critical behaviour of mS(T). The magnetic interactions of both the
Br(1) and C1(1) nuclei are relatively small, which ensures that only a very
small critical broadening of the resonance lines, if any, will occur very near
the transition temperature. Moreover the resonance frequencies of the Br(1) B
transitions and the C1(1)B a transitions extrapolate to the finite PQR fre-
quency if the spontaneous magnetization tends to zero. Therefore the resonance

lines can always be observed properly, which would not be the case for for
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instance a proton resonance line for which the resonance frequency goes to
zero if mS(T) + 0.

From the numerical computer calculations it has been found that for the Br(1)
spectrum the frequency difference between the two B transitions, AvB, exactly

equal two times the bromine Larmor frequency. The frequency difference Av(1

1
1072

Fig. 30. (NHQ)ZCuBrh'ZHZO. Temperature dependence of the spontaneous magneti-

zation near Tc' plotted on a double logarithmic scale.

between the o resonance lines for the Cl1(I)B spectrum also equals 2v So

L

the value of mS(T) at each temperature is given straightforward by ms(T) =

AVB(T)/AVB(O) and ms(T) = Ava(T)/Ava(O) for the bromine and chlorine compounds
respectively.

The temperature dependence of the quadrupole interaction parameters in
the ferromagnetic state of the halide (l) nuclei as discussed in section 7.3.

does not influence at all the relations between Av Avcl and ms. It would be

,
possible however that these changes of the quadrupgle interaction are accom-
panied by temperature dependent changes of the magnetic interaction parameters
F?i' By comparing the temperature dependence of the Br(1) and CI(1)B Larmor
frequencies with that for the proton and alkali Larmor frequencies in corres-

ponding compounds, it has been concluded that for mg > 0.5 within the experimen-
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Fig. 31. RbZCuBrh'ZHZO. Temperature dependence of the spontaneous magnetiza-

tion near Tc' plotted on a double logarithmic scale.

tal accuracy no temperature dependence of the halide (1) frequency shift com-

ponents occurs. It is therefore very likely that also for 0 < mS < 0.5 the

influence of a temperature dependence of F?i, if any, on the determination of

the value of the critical exponent will be far within the exper imental accuracy.
The transition temperatures in the various compounds have been measured

from the maximum in the susceptibility, using the methods outlined in section

7.1. The exactness of the determination of TC on a relative temperature scale

is better than 0.2 mK. In section 5.3.3. the determination and stabilization

of the temperature has already been discussed.

In figs. 30, 31 and 32 the temperature dependence of the spontaneous magnetiza-

tion in respectively (NHQ)ZCUBrb‘2H20' RbZCuBrA-ZHZO and RbZCuCIh~2H 0 are

shown. The value of mS(T) is plotted versus (1 - T/TC) on double logzrithmic
scale. It can be seen that the temperature dependence of mS(T) is described

very well by the expression mS(T) = A(1 - T/TC)B. The values for A and g are
listed in table 16. The values for B are determined from the experimental points
for 1073 < 1 = T/T_ < 50.10°3 in the bromine compounds and for 2.1073 < 1 = T/T_<
50.10_3 in the chlorine compounds. For K2CuClh-2H20 and (NHM)ZCUC‘A.ZHZO no

accurate temperature’ dependence of mS(T) near TC could be measured as, due to
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Fig. 32. RbZCuCI“'ZHZO. Temperature dependence of the spontaneous magnetiza-

tion near Tc’ plotted on a double logarithmic scale.

Table 16

Curie temperatures and the values of the

scaling law parameters

T(K)

RbC1 1.017 . 0.346(10)
CsCl 0.753 - 0.354(10)
NH, Br 1.836 . 0.369(3)
RbBr 1.874 . 0.367(3)

the very small frequency difference between the a transitions, the resonance
lines do overlap each other for temperatures close to TC. Moreover the intensity
of the a resonance signals in these compounds is much less than in the Rb and

Cs compound. In the two bromine compounds the cbserved magnetization very near

Tc is found to be larger than that expected from the extrapolation of the

scaling law. This is not due to the measuring accuracy, but is caused by a not
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sharply-defined transition temperature for the entire crystal. Impurities in
the crystal such as chlorine ions, and also stresses, will influence the super-
exchange interaction and will cause a finite transition region in which parts
of the crystal are still ferromagnetic while other parts are already in the
paramagnetic state. The Curie temperature, as determined by a susceptibility

method is a mean value fc taken over the entire crystal. While observing the

resonance lines in the ferromagnetic state very near Tc’ those signals associated

with nuclei in the parts of the crystal which have a transition temperature which
is higher than the mean ?c’ will have relatively the largest signal intensity

in combination with the smaller linewidth. Clearly near Tc the resonance fre=-
quencies of these dominant signals will be measured, leading to too large a

value for the spontaneous magnetization if correlated to the mean Curie temper=
ature. The existence of a transition region as discussed has been confirmed
experimentally by the observation of the B transitions together with the PQR
transition at the same temperature over a temperature range of less than 0.5 mK
on both sides of fc. In that temperature range the observed B resonance lines

are asymmetrical; both lines have a broad tail at the "lower-frequency splitting"
side, indicating the existence of the effect above discussed,

The same effect has been observed for the a transitions in the two chlorine
compounds .

The values for the critical exponent in the chlorine compounds compare rather
well with the theoretical value 8 = 0,35 for a Heisenberg ferromagnet with

S =13 9). The difference between the theoretical value and the values deter-
mined for the bromine compounds, however, are far outside the experimental ac-

curacy. It is however hard to say which is the origin of this discrepancy.
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Chapter 8

ANALYSIS OF THE EXPERIMENTAL RESULTS AND
DISCUSSION OF THE SPIN TRANSFER EFFECTS

8.1. Electronie g—-tensor., |In chapter 6.1 we have presented the results of the
e.s.r. experiments in all six compounds. As outlined there, because of the

large exchange interaction between dissimilar copper ions, it proved to be im-

*
possible to measure the true g tensor components. Instead, only the values for

gc = gyy and g, £ ir(gxx + gzz) could be determined. However to be able to cal~-
culate the transferred hyperfine interaction tensors of the diamagnetic ions

we need to know the values of the three principal g components.

In chapter 4 the expressions for the components of the g tensor, which are ap-
propriate for a copper fon in a rhombic environment with covalent bonding, are
given. From eq. (4.9) it can be seen however that three out of the five para-
meters involved = A ol Bt E and ¢ - have to be known to calculate

cov’ "xy’ “yz' "xz

the values of 94 from the experimental values for 9, and g.- This is clearly
impossible as from the crystal field splitting experiment only a mean value of
BB LncaneiiE is known. Because no detailed crystal field splitting deter-

xy’ “yz Xz
mination of copper ions in a rhombic crystal field have been performed as far

as we know, it is not possible to obtain reliable information about the relative
values of Exy’ Eyz and Exz' Therefore we decided to make the approximation

E_ =E = E = E, where E is the experimental value for the mean splitting

xy yz Xz
as given in table 5. For the Cs compound, for which E could not be measured, we
assumed that the value for E is equal to that of Rb2CuClb-2H20.

With this approximation we can now make a reasonable estimate of the values of

the g components. From the expressions for g ’.t(gxx +g__) and 9. =9 (see

zz Yy
eq. (4.9)) the two unknown parameters, ACOV/E and the rhombic distortion para-
meter ¢, can be calculated directly. Because E is known, these calculations

ov
will be compared with the value calculated from eq. (4.7) using the experimental

also yield the value of Acov' In section 8.6 this experimental value of Ac

spin transfer coefficients.
The rhombic distortion parameter in table 17 has been denoted by ¢g' to indicate
that its value has been calculated from the electronic g-tensor. The analysis

of the copper hyperfine interaction (section 8.5) will also yield a value for
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Table 17

Calculated g-tensor components and the values for the parametric
angle ¢g and for the spin-orbit coupling constant Ac
¢

oV

A
g cov

(degrees) (cm-l) Iyy 922

KC1 7.0 -490 2.316
NH,CI 6.0 -507 2.324
RbC1 7.4 -480 2.304
CsCl 5.7 -487 2.311
NH, Br 7.2 -467 2.283
RbBr 6.6 -L6Y 2.286

¢, denoted by ¢A' This distinction in ¢g and ¢, has to be made as it will appear
that it is not possible to describe both the g and K tensor by a single value

¢. This discrepancy will be discussed in section 8.6.
8.2. Halide (I) Zons.

8.2.1. The principal axes of the EFG tensor. Before we can analyse the
results on the halide (1) frequency shift tensors, we have to justify the choice
of the direction of the principal axes of the EFG tensor - Z//y and Y//y' - as
made in section 6.3. The justification cannot be obtained from simple point
charge calculations of the EFG tensor. These calculations lead to completely
wrong values of the quadrupole interaction constants as have been reported

)

recently by Choh et al.l) and Gupta et al.2 . Their calculations yield that the

Z-axis of the EFG tensor should be parallel to the y' direction.

Choh et a\.z) have found from their n.m.r. experiments on KZCUCIQ-ZHZO that the

C1(1) value of vq strongly decreases, while the n value increases, if the tem-

perature increases from 4 K to 300 K. For the C1(11) site nuclei the value of

vq does not change in this temperature region, while the asymmetry parameter
shows a slight increase with decreasing temperature. The magnitude of the temper-
ature dependence of the C1(1) quadrupole interaction parameters is much too
large to be caused by volume effects.

Choh et al. have explained the anomalous behaviour of the Cl(1) EFG tensor by

assuming the existence -of a low frequency torsional motion of the CuClh-ZHZO
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A1
Fig. 33. Part of the CuClh-ZHZO octahedron. The principal axes of the EFG

tensors of the various nuclei are indicated.

octahedron about the y'-axis. They calculate that for such a torsional mode

12 Hz the temperature dependence of the CI1(l)

with a frequency of about 3.10
and C1(11) EFG tensors can be explained very well from the temperature depen-
dence of the root mean square amplitude of the oscillations, if all calculations
are normalized to the room temperature data. The essential condition however

is that the Z-axis of the C1(1) EFG tensor is directed along the Cu - CI(l)

bond (y). With the Z-axis parallel to the y' direction, the temperature depen-
dence of the C1(l) EFG tensor can only be explained by assuming a torsional
oscillation about the c-axis. In that case however the C1(1l) quadrupole inter-
action constant v_ has to show also a strong temperature dependence, which is

in contradiction with the experimental results.

These arguments provide the justification of the choice of the direction of the
Z-axis of the halide (1) EFG tensor. The existence of the proposed torsional
motion of the octahedron about the y'-axis is strongly supported by our deter-
mination of the temperature dependence of the rubidium quadrupole interaction

in the paramagnetic state. (See fig. 14, section 6.6.) As can be seen in fig. 34
the Rb lons are surrounded by four C1(11) and four C1(l) ions in a nearly cubic
arrangement. Therefore, if no oscillations of the octahedra are present, these
nearby chlorine ions do give only a very small contribution to the EFG tensor
of the Rb nucleus. By introducing a torsional motion of the octahedra about the
y'- or c-axis, the contribution of the chlorine ions to the Rb quadrupole inter-

3)

action will become much larger. Gupta et al. have calculated the EFG tensor

for the Rb nuclei in RbZCuCIh-ZHZO for a static arrangement of the ions; the

Z component of the electric field gradient is found to have a positive value.

Very simple considerations lead to the conclusion that the contribution of the
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chlorine ions to the Z component of the Rb EFG tensor, due to a torsional motion
of the octahedra about the c-axis, is negative. The contribution to vq for a
torsional oscillation about the y'-axis however is found to be positive. As the
r.m.s. amplitude of the oscillations increase to higher temperatures, the experi-
mentally observed increase of the Rb quadrupole interaction canonly be explained
by the existence of a torsional mode about the y'-axis. The smaller increase

of Ve with increasing temperature, observed in the bromine compound, will be
due to a larger moment of inertia of the CuBrh-ZHZO octahedron than that of the
CuClh-ZHZO octahedron. Therefore at the same temperature the r.m.s. amplitude
of the torsional oscillations in the bromine compound will be smaller, leading
to a smaller positive contribution of the nearby bromine ions to the Rb quadru-
pole interaction constant.

The neutron diffraction experiments on K

) 2CuClh'ZHZO do not indicate the

5) studied

existence of the assumed torsional motionsh However Mathieu et al.
the Raman spectra in KZCUC]A'ZHZO’ (NHA)ZCuC\h-2H20 and RbZCuCIh~2H20. Al though
they can not assign a specific Raman line to the torsional motion of the octa-
hedron about the y'-axis, they conclude that the frequency of this torsional
oscillation has to be between 2.10l2 Hz and ‘4.10'2 Hz. The agreement between
this frequency and the frequency assumed by Choh et al. to fit their experimen-
tal data is surprisingly well.

We think that all these arguments provide a strong evidence for the correctness
of the assignment of the Z-axis of the halide (I) EFG tensor to the y direction.
The discrepancy between the calculated and observed magnitude of vq is probably
due to the influence of the hydrogen bonds which is not taken into account in

the calculations.

8:2:2. Determination of the spin tranefer coefficients. From the definition
of the components Fii of the frequency shift tensor given in chapter 6.3 it is
found that the components of the (transferred) hyperfine interaction tensor X

can be calculated from the expression

A, = —[F,. - (H

il 94 il dip)ii]

The values of 9 for all compounds are listed in table 17. The computation of
the dipolar interaction tensor for all nuclear sites has been performed making
use of the estimated unpaired spin density on the ligands. Because of the lack
of data on the oxygen hyperfine interaction, any unpaired spin density on these

oxygen ions has been left out of consideration. The contribution to the dipolar

113



interaction of all ifons within a radius of 40 A has been calculated. We have
restricted ourselves to a simple point-dipole computation.

With these calculated values of the dipolar interaction components the transfer-
ed hyperfine interaction tensor can be determined. The separate contributions

of the different electron orbits to the total X tensor can be deduced from the
expressions given in eq. (3.21). It must be noted however that these expressions
have been derived for the case of one magnetic ion surrounded by six equivalent
ligands in an octahedral arrangement. As the actual situation is quite different,
these expressions have to be modified. First of all the dipolar interaction term
A, in eq. (3.21) has already been included in the computed dipolar interaction

d

tensor H , and therefore can be left out of consideration. Secondly the con-

dip
tributions of the two P, orbitals to K in general will be different and there-

fore have to be denoted by two different quantities.

The calculation of the spin transfer coefficients f is rather trivial (see
chapter 3.5 for the required formulae) and it is therefore confusing to let
it be accompanied by a large amount of tabulated data. Consequently we will
not present the values of the hyperfine interaction components Aii and the
= A and An

(o] wl 2
the total hyperfine interaction. Only the spin transfer coefficients f will be

separate contributions of the various electron orbitals As' A to

tabulated.
To get an overall idea concerning the order of magnitude of the dipolar inter-
action tensors for the different nuclei, in table 18 typical values for these

tensors are given. Because of the different gyromagnetic ratios for the chlorine

Table 18

Typical values of the components of the dipolar interaction tensors

42) H H
XX vy 2z
(kOe)
Cu +0.20 -0.10 -0.11
Halide (1) -0.19 -0.34 +0.58
Halide (I1) -0.60 -0.53 +1.16

Alkali +0.044 +0. 044 -0.079

a)

The indices refer to the principal axes of the respective EFG

tensors

and bromine nuclei and for the various alkali nuclei the dipolar interaction
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has been expressed in kOe. For the actual calculations of the spin transfer
coefficients, the dipole tensors computed for the specific compound have been
used naturally.

From fig. 33 and the known direction of the principal axes of the halide
(1) EFG tensor it can be concluded that the contributions of the various elec-
tron orbitals to the halide (1) transferred hyperfine interaction tensor are
given by

As + ZA0 - A

Ax =0AL = A
s o mX

AS = Ac s ZA“x = Any
Ao is the contribution from the pz orbital; Anx and Any are the contributions
from the n orbitals Py and py respectively. The indices x, y and z refer, as
always, to the principal axes system of the EFG tensor. It can be seen from
these expressions that it is impossible to calculate the values of all four
contributions separately. The summation of the three Aii values directly yields
the value of As’ but to get information about the values of the three p compo-
nents certain assumptions have to be made. If strong o bonding is present, as
is the case for the halide (11) ions, Ao definitely will be the leading p term,
and can therefore be calculated easily by assuming that the two 7 terms are

approximately zero. For the halide (1) ion however in first order no o bonding

is present as its Py orbit is directed towards the copper (3z2 - r2) orbit which

in first order does not possess unpaired spin density, Only in second order,
due to the mixing of -the copper (x2 - y2) and (322 - r2) orbitals a small o
spin density will occur. As also the presence of unpaired spin density in the
Py orbitals is due to a second order effect, probably the Py and Py contribu-
tions to the hyperfine interaction will be of the same order of magnitude.

To get information about the approximate spin transfer coefficients anyhow, we
have assumed that the ratio of the spin density in the Py orbit and that in the
s orbit, both due to the o bonding, is equal to the ratio calculated for the
halide (I11) ifons. From table 20 it can be seen that this ratio is 23 for the
chlorine ions and 30 for the bromine ions. The spin transfer coefficients cal-
culated under this assumption are given in table 19. The values for the hyper-
fine interaction constant used, are A°(3s) = 6800 MHzG) and A°(3p) = 205 MHz7)
for 35CI and A°(4s) = 31500 MHz6) and A°(4p) = 884 MHz7) for /Br.

Although possibly the magnitudes of the Py and P, spin transfer coefficients
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Table 19

Spin transfer coefficients for the halide (1) ions

£, (%) F8) f) f ()

KCl +3.7103 .08 +0.41 +0.21
NH, 1 + 5.3 1073 A2 +0.47 +0.24
RbC1 #10.1073 .23 +0.61 +0.38
CsCl +16.1072 .37 +0.74 +0.56
NH,, Br +9.4 1073 .28 +0.58 +0.38
RbBF #12.1072 i36 0,77 1 A 015

are not all correct, we are of the opinion that the increase of the spin transfer
coefficients with increasing unit cell dimension (i.e. on substitution of

heavier alkali ions) does reflect the actual situation. This increase of covalent
bonding is confirmed by the increase of FS which value has been calculated
straightforward without any assumption.

We can use another assumption to be able to calculate all four spin transfer
coefficients. The analysis of the experimental results on the electronic g tensor
yields the values of the rhombic distortion parameter ¢ and of the spin-orbit
coupling constant Acov' Using these values, the parameters a, 8 and y from eq.
(4.3) which ascribe the admixture of resp. the Cuz+ (yz), (xz) and (xy) into

the (x2 = yz) orbital can be calculated. The unpaired spin densities in these

tzg orbitals, due to this admixture, have the relative values az, 82 and yz. By
assuming that the covalent bonding between the halide (1) px and the copper yz
orbital is of equal strength as that between the halide (1) py and the copper xz

orbital it can be seen that the spin transfer coefficients are related to each

other by 1’“’(/1’."y = az/Bz. The calculations of the halide (1) spin transfer coef-

ficients based on this assumption yield negative values for fo’ an and fny which
are equal for all chlorine compounds. Clearly this result is not at all consis-
tent with the positive value of fS and with the strong dependence of fS on the
compound. Therefore we have to conclude that this second assumption is totally

irrelevant.

8.3. Halide (II) ioma. The analysis of the hyperfine interaction tensors for

the halide (11) nuclei is much less complicated. The contribution to X due to
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the strong ¢ bonding is much larger than that from the two 7 orbitals. The
contribution of the different halide electron orbitals to the i tensor are given

by exactly the same expressions as those derived for the halide (1) ions
A +2A - A
s a X

A AN =K
s o

A -A + 2A - A
s o X my

From fig. 33 it can be seen that the contributions A and Ac are due to the spin
transfer from the Cu 3d( - yz) orbit towards the halide (11) s and P, orbits

respectively. Because the unpaired electron of the copper ion is situated in

this 3d(x2 = yz) orbital, the spin transfer coefficients fs and fc will be

relatively large. ATrx and Any are related to the spin transfer between the

Py and 3d(xz) orbitals and between the Py and 3d(xy) orbitals respectively.
Table 20

Spin transfer coefficients of the halide (11) ions

fS(Z) fny_fwx vq(MHz)

KC1 +0.32 +7.31 +0.38 9.47
NH“CI +0.33 +7.24 +0.37 9.43
RbCI +0.32 +7.33 +0.39 10.30
CsCl +0.32 +7.45 A 11.15
NHbBr +0.29 +8,70 .32 75.88
RbBr +0.28 +8.55 +0.22 81.80

In table 20 the spin transfer coefficients calculated for these ions are listed.
For the p transfer coefficients only differences can be given.

As the covalent bonding of these halide (I1) ions with the copper ion is much
stronger than that of the halide (1) ions, surely the magnetic properties of

the halide (11) ions can be described much better by the formalism outlined

in chapter 3 than those of the halide (1) ions. Therefore we expect to obtain

a reliable estimate of the ratio of the magnitudes of f and f for the halide
(1) ions from the calculation of the admixture coeffucnents of the 3d(xy) and

3d(xz) orbitals following the same arguments as given in section 8.2 for the
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halide (1) ions. For a typical value of the rhombic parameter ¢ and the spin-
orbit coupling Xcov we compute that the ratio of the values of y (which deter-
mines the admixture of xy into the ground state) and 8 (xz) is about 2.2 That
means that ratio fny/fnx can be estimated to be of the order of 5. It can thus
be concluded that probably f x can be neglected, even with respect to fﬂy, SO
that in table 20 we can safely read fo and fny instead of fc - f"x and fny -
f1Tx respectively.

For comparison in table 20 again the experimentally determined quadrupole
interaction constants are listed. As the total value of vq can be written as
the sum of the contributions of all surrounding ions and of the covalent bonding,
it is expected that the quadrupole interaction can yield analogous information
about the spin transfer coefficients as does the magnetic hyperfine interaction.

Choh et al.ll)

calculated the ionic contribution to vq of CI(11) in KZCUCIM'ZHZO

to be approximately 6.6 MHz. For the other chlorine compounds for which the
unit cell dimensions are larger the value of v _(ion) surely will be smaller.
Following eq. (3.23) the covalent part of the quadrupole interaction is given
by

=3

eQ<r >

v (cov) = -——————-———Ji (f -
9 b1(21-1)h

Therefore the increase of the total value of vq which accompanies the increase
of the unit cell dimensions of the chlorine compounds has to reflect the in-
crease of (f0 - fn). The estimated difference between the values of vq(cov)

of the C1(I1) nuclei in the potassium and caesium compound is about 2.7 MHz.

Using the value of 110.6 MHz for %-e2<r 35 /h|( - 1)h determined experimen-

tally for the 3SC| nucleus7) it is found that in the Cs compound the value of
(f - f ) would be about 2.4% larger than in the K compound. However from the
reSults on the magnetic hyperfine interaction tensors it has been concluded,
as shown in table 20, that within the series of chlorine compounds the spin
transfer coefficients are nearly constant. This apparent discrepancy will be

discussed in section 8.6.

4.4. Alkali ioms. In fig. 34 the surrounding of the alkali ions is shown. As
can be seen, these ions will not have a direct interaction with the copper ions.
There are two possible orientations for the outer p orbitals of the alkali ions.
First of all the three p orbits can be directed along the c-axlis and approxi-

mately along the two (110)-axes respectively. (This cannot be the situation for
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the nitrogen ions, as because of the NHb molecule, the outer electron orbitals

3

have to be hybridized sp” orbitals essentially.) In that case the orbit direc-
ted along the c-axis will be the pz orbit; i.e. the electron orbit parallel to
the z-axis of the alkali EFG tensor. The pZ electrons will interact with the
nearest halide electrons, viz. with the halide (I) Py and the halide (I1) Py
electrons. As we have already calculated that there exists an unpaired spin
density in these halide orbitals, this interaction will lead to the the occur-
rence of a fraction of unpaired spin in the alkali P, orbital. Analogous the
alkali Py and py orbitals, which are equivalent because of the crystal symmetry,
will contain an amount of unpaired spin, due to the interaction with the halide

(1) Py and the halide (11) Py orbitals.

C/zf

o Cu® O CL B @ Alkoliion ¥ H,O

Fig. 34. Surrounding of the alkali jons.

The components of the transferred hyperfine interaction tensor are represented
by

Azik 2R=r= 2A

s pz pX

AYY Pz " APX
where we have made use already of the fact that Apx Apy‘ In table 21 the
values of the spin transfer coefficient, calculated from these relations, are
listed. For the p orbits only the difference fpz - fpx can be computed natural-
ly. Also the hyperfine interaction constants A; and A; for the various alkali
ions are included in that table.
It can be seen that for all nuclei the value calculated for fS is only approxi-
mately a factor 3 smaller than for (fpz - fpx)' On the analogy of the halide
spin transfer coefficients, also for the alkali ions it is expected that the
spin transfer coefficients for the p orbitals will at least be an order of

magnitude larger than for the s orbital. Therefore probably fpz and fpx are both
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Table 21

Spin transfer coefficients and hyperfine interaction

constants for the alkali ions

-fpx AS(MHz) A

p
c1-3% . 2305 6.0
”‘NI 1560 93.6'0)
14
N,
87gb . . 34308) 84,89

133¢s ; . 2298%) 50.99)
b

1
IhN

Br

2
87p x .24

large compared to the calculated difference fpz - fpx' It proves to be very
hard to argue whether the values of fpz and fpx will be positive or negative,
because of the very complicated mechanism of the spin transfer from the halide
jons towards the alkali ions. The negative value for the spin transfer coef-
ficient fs can be due to a negative spin transfer as well as to a core polari-
zation because of the unpaired spin in the p orbit, as discussed in section 3.5.
A second possibility for the outer alkali electron orbitals is that,
because of the nearly tetrahedral arrangement of the four nearby halide (1)
ions as well as of the halide (II) ions, the three p orbitals and the s orbital

3

admix as to form hybridized orbitals. These four sp orbitals can then be direc-

ted towards the four halide (1) ions or towards the four halide (Il) ions.

Although the distances between the alkali ion and both types of halide ions is

3

nearly equal, as can be seen in table 4, most probably the sp” orbitals will be

directed towards the halide (1) ions. The reason for this is that the negative
electric charge at the halide (1) ions is much larger than at the halide (11)
ions due to a much weaker covalent bonding with the copper ion. For the nitrogen
ions however it has been concluded already in chapter 6.4 from the observation

3

of two nitrogen resonance spectra that the sp” orbitals of successive nitrogen

ions are directed towards the halide (1) and halide (11) ions alternately.

3

The four prefectly tetrahedrally coordinated sp” orbitals are given by the ex-

pressions




sp?

o)

Fe

spﬁ

The contribution from the three p orbitals to the transferred hyperfine inter-

action cancel identically in that case, and only the isotropic s contribution,

due to the spin transfer and/or core polarization will be detected. The experi-
mental observation of anisotropy of the hyperfine interaction indicates that,

3

if we are dealing here with sp” hybridized orbitals, these orbitals have no
prefectly tetrahedral coordination. As we cannot conclude from the crystal
structure which will be the exact form of the hybridized orbitals, it is not
possible to calculate from the magnitude of the anisotropic part of the trans-

ferred hyperfine interaction the spin transfer coefficients of the p orbitals.

The only quantity we can calculate again is (fpz - fpx)’ which naturally yields

the same values as those listed in table 21.

Although it cannot be concluded from the nuclear resonance experiments,
which is the appropriate bonding scheme for the alkali ions, we think that the
formation of hybridized orbitals is the most probable one because of the energy
gain due to a stronger covalent bonding with the nearby halide ions. This is
confirmed by the fact that the normal alkali ions can be substituted easily by
the tetrahedral NHb molecules, without the occurrence of changes of the crystal

structure.

8.5. Copper ions. The experimental values of the components of the copper
hyperfine interaction tensor have been analysed using the expressions for Ali
given in eq. (4.10). As can be seen, to calculate theoretically Aii from these
expressions, the value of a large number of parameters has to be known.

For Agii the values of the g-tensor components as given in table 17 have been
used. For the computation of the parameters Gi and € we have used the experi-
mental value of E (table 5) and the calculated value of Acov (table 17). Although
from the analysis of the experimental g values the magnitude of the rhombic
distortion parameter ¢g has been deduced, it proved to be impossible to use

this value of og in the analysis of the hyperfine interaction. Therefore the
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angle ¢ has been treated as an adjustable parameter. The reduction parameters
NZ and W which depend on the spin transfer coefficients and the overlap integral
can be estimated indeed, but because the spin transfer coefficients for the
oxygen ions are not known, it is hard to calculate these values exactly. More-
over only approximate values for the three overlap integrals Ss' Sc and STT (see
eq. (3.8)) can be obtained. The exact wave functions of the outer electrons of
the various ions are not known for the case of covalent bonding.

The use of the values for the overlap integrals which can be calculated from

the free ion wave functions can lead to seriously wrong conclusions in this

- 3 . 5 !
situation where strong covalent bonding is presentI ). As a consequence also

2

Nc and W have been treated as adjustable parameters. However the values Ng

and W can have,are restricted by the determined spin transfer coefficients.
For the Cu2+ ion in first order the unpaired spin is situated only in the
(x2 = yz) orbit. Therefore the expressions which relate the spin transfer coef-

ficients to the ligand admixture coefficients a as given in eq. (3.8) modify
- 22 ;% o Liada?:

to f IG-N fS 'L-Nous and f IJ—N

If we suppose the spin transfer coeffucnents and overlap integrals for the

oxygen ions to be approximately equal to those of the halide (I1) ions we can
estimate the values for Nﬁai, Nza§ and Nzuz. Using reasonable values for the

overlap integrals - S = 0.10, s, = 0. IO SS = 0.0611) - we can then calculate

the approximate values of a ot g Fps N ~ N% and W. In adjusting the values of

Ng and W to obtain the best agreement between the experimental values of the

hyperfine interaction and the values calculated from eq. (4.10) we have taken

2

care that the values of No and W are very close to those estimated from the

ligand spin transfer coefficients.
=3
>3‘:|

for the copper ion in the presence of covalent bonding may be smaller than that

As has been discussed already in chapter 4.2 the value of <r appropriate

calculated for the free ion because of expansion of the 3d wave function. There-

- =3
fore also the value of PCov = ZgnBBn<r

restriction for its value is that P has to be smaller than P, = 582 MHz
cov ion

>cov needs to be adjusted. The only

II).
The core polarization parameter x in any case has to be deduced from the experi-
mental values of Aii as this parameter depends on a number of complicated factors
which makes that x is essentially an adjustable parameter.

By successive approximation the values of the adjustable parameters, which give
the closest agreement between theory and experiment, have been derived from the
expressions (4.10). They are collected in table 22. The relative difference
between calculated and experimental values of the components of the hyperfine

interaction tensor is less than 1% in all compounds.
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Table 22

Copper hyperfine interaction parameters

Pcov ¢A
(MHz) (degrees)
KC1 480 .382 4.2 " .23
NHACI 490 .390 9 .20
RbC1 480 375 .6 .23
CsCl 480 .380 .6 » .23
8
0

NHhBr 501 AR .24
RbBr 503 .408 .24

From the values of Ng and W in table 22 the theoretical spin transfer coef-
ficients can be calculated using the already mentioned values for the overlap
integrals. For the chlorine compounds this yields approximately fo(Cl(II)) =
7.3%; fS(CI(II)) = 0.3% and fn = 0.45%. For the bromine compounds the values
for fs and fTr are the same as for the chlorine compounds, while fc(Br(ll)) =
8.4%. By comparing these theoretical values with the experimental ones given

in tables 19 and 20 it can be seen that the agreement is very satisfactory.
8.6. Discussion of the spin transfer mechanisms

8.6.1. Crystal field splitting. In chapter 3 it has been shown that the
magnitude of the crystal field splitting depends on the covalent bonding of the
copper ion. Following eq. (3.9) the total splitting E can be approximated by
2
an)(E

d Ep)

The admixture coefficient ai = hch;z of the Br(ll1) ions is found to be larger

than that of the C1(11) fons. As the m admixture coefficients for all halide
(11) ions is about equal, it can be expected from this expression that the co-
valent part of the crystal field splitting in the bromine compounds will be
larger than in the chlorine compounds. No calculations of Eion for the Cu2+

ion have been performed until now, so that no quantitative discussion about the
magnitude of E can be given. |If we assume Eion to be equal in the bromine and

chlorine compounds, or perhaps slightly smaller in the bromine compounds due to
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the larger unit cell dimensions, the total value of the crystal field splitting
in the bromine compounds will be larger than in the chlorine compounds. As can
be seen in table 5 the value of E in the bromides is 500 cm_I larger than in

the chlorides indeed.

8.86.2. Spin orbit eoupling constant. A good test for the validity of the
theoretical description of the properties of the Cu2+ ion can be found in the
comparison of the values of the parameters obtained from the analysis of the
copper hyperfine interaction with those obtained from the electronic g-tensor,
As has been shown in the preceding section, the values of the reduction para-
meters Nz and W, as given in table 22, agree very well with those calculated
from the halide spin transfer coefficients.

From the analysis of the g-tensor components in section 8.1 the value of the
spin-orbit coupling constant Acov has been calculated for all compounds.

In eq. (4.7) the theoretical expression for Acov has been given. To account for
the expansion of the 3d wave function an extra reduction factor has to be inclu-
3>cov/<r-3>ion is
equal to the ratio Pcov/Pion which can be obtained from the analysis of the

ded in that formula. The value of this reduction factor <r

copper hyperfine interaction, The experimentally determined spin-orbit coupling
constant can thus be written as
]

SPRE Tl i o PR Ry
gw 1on w

-1
cov & ; /P,

p cov'  ion
In table 23 the values for Acov which have been determined from the g-values
are compared with those calculated from the above expression, using the values
of the parameters as given in table 22. Because of the small = transfer coef-
ficients,Nf = |, The values for the admixture coefficients a, and a are 0.56
and 0.14 respectively in the chlorine compounds and 0.61 and 0.14 in the bro-
mine compounds. The values of the spin-orbit coupling constants are A(Cu) =
-828 cm™', A(C1) = =587 cm', A(Br) = -2456 cm”' and A(0) = =75 cm”' 12,13)

For the calculation of the term %-ucuﬂkp a weighted mean value of the X values

for the halide and oxygen ions has been used. |t can be seen from table 23 that

the agreement between the calculated and experimental values of Xcov for all
compounds is very satisfactory. This leads to the conclusion that the formalism
outlined in chapters 3 and 4 gives a good description of the influence of the
covalent bonding on the properties of the Cu2+ ion.

The small systematic differences between the calculated and experimental values

of Xcov can be due to the fact that we have not taken into account properly that
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Table 23

Comparison of the calculated and experimental values of Acov

Pcov/Pion Aexp Xtheor ¢g ¢A

(Cm-l) (cm-I) (degrees) (MHz)
KC1 824 -490 -505 .0 4.2 46.2
NH,C1 .842 -507 -529 : 3.9 43.6
RbC1 .824 -480 -Lgk : 3.6 43.7
CsCl .824 -487 -497 : 2.6 38.6
NHhBr .859 -467 474 > 3.8 41.3
RbBr .864 -464 ~474 - 3.0 40.8

vq(Cu)

the surrounding of the copper ion is not octahedral, and that the six ligands
are not equivalent. However, as long as no results on the oxygen spin transfer

coefficients are known, we have to use the mentioned approximations.

8.6.3. Rhombic dietortion parameter ¢. Less satisfactory is the systematic

discrepancy between the magnitude of the rhombic distortion parameter @g as

determined from the g-values and ¢A which has been obtained from the analysis
of the magnetic hyperfine interaction (see table 23). There may be several

origins for this difference. First of all in the analysis of the experimental
5 E and

Y Yz
Exz are equal to the experimentally determined mean value E. The value of ¢g

g-values we have assumed that all three crystal field splittings Ex

however depends on differences between the magnitudes of these three crystal
field transitions. It can be calculated that especially the introduction of a
smaller value for Exy leads to a smaller calculated value for ¢g. Secondly,

for the calculation of ¢ we have supposed that the o spin transfer coefficients
for the halide (11) and oxygen ions are equal, and that the n transfer coef~-
ficients for all six ligands have equal values. That means that the influence
of the covalent bonding on the electronic g-tensor has been treated as if the
Cu2+ ion has a perfectly octahedral coordination. To account for the departures
from this idealized situation it is necessary to modify the expressions for

the reduction factors occurring in eq. (4.7) for Acov' As a result, the theore-
tical expressions (4.9) for the components of the g-tensor have to be rewritten
using a value for Acov which is different for each of the three g components.

By using these two approximations in the analysis of the experimental g-values
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systematic errors in the determination of ¢ are introduced. The magnitude of
these errors is hard to estimate due to the lack of the oxygen spin transfer
coefficients.

Consequently the calculated values of 9x and 9,9 which are listed in table 17,
will also show departures from the actual values. The influence of these errors
on the analysis of the hyperfine interaction tensor will however not be very
large. The terms in the expressions for the components of ﬁ which depend on the
value of the g components always contain the factor W. Therefore the errors in
g due to the errors in the reduction factor w", contained in Acov’ will cancel.
Moreover the determination of the value ¢A is found to be not strongly depen-
dent on the precise values of the g components. Therefore the value ¢A for the
rhombic distortion parameter will more accurately reflect the actual situation
than does the value of ¢g. In the further discussion we will confine ourselves

to the values of ¢A'

8.6.4. Spin transfer to the Cu2+ 4s and 4p orbitalse. The isotropic part of
the copper hyperfine interaction, described by the empirical core polarization
factor k, can yield valuable information concerning spin transfer from the
ligands to the empty copper 4s and 4p orbitals. As can be seen from the ex-

pressions (4.10) the value of « can be calculated from

]
K = 3(Agxx + Ag

Yy & Agzz)w . (Axx 4 Ayy 4 Azz)/BPcov

The first term is exactly equal to %{Agc + ZAga)w where 9. and g, are the ex-
perimentally determined g-values (see sections 6.1 and 8.1). The value of PCov
is accurately known from the analysis of i. As the influence of small errors
in the value of W do not seriously influence the value of k because both right
hand side terms add (Aii < 0), the core polarization factor can be calculated
quite accurately.

The value of the isotropic hyperfine interaction is not only due to core
polarization but also to the presence of small amounts of unpaired spin in the
empty ks orbital. There is no direct admixture of the 4s orbital into the
3d(x2 - y2) orbital, but as the 3d(3z2 - rz) and the 4s orbitals belong to the
same symmetry group, the 4s orbital will be admixed indirectly into the ground
state via the (3z2 - rz) orbital. This yields a small unpaired spin density
in the 4s orbital which, via the Fermi-Dirac contact interaction, gives a posi-
tive contribution to the isotropic hyperfine interaction. The unpaired spin

: 2
density in the ks orbital will be larger as the admixture of the (3z2 -rY)
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orbital into the ground state, and thus the rhombic distortion parameter ¢A’

is larger. As the hyperfine interaction due to the core polarization is nega-
tive we will therefore expect that the value of « will increase with decreasing
magnitude of ¢A‘ if we assume that the core polarization remains constant. If
we look at the values for LA and k for the chlorine compounds (table 22) we do
not observe the predicted simultaneous increase of k and decrease of @A. From
the much smaller value of ¢A in the Cs than in the K compound one should expect
the x value in the Cs compound to be significantly larger than in the K com-
pound; both x values are however practically equal. This apparent discrepancy
can be explained by assuming that there occurs an extra spin transfer from the
ligands towards the empty copper 4s orbital. In first order equal amounts of
spin parallel and spin antiparallel to the unpaired spin in the 3d(x2 - yz)
orbital will be transferred from the ligands to the empty copper Us orbital,
leaving no net unpaired spin in the 4s orbital. Due to exchange polarization
(Hunds rule) however, spin parallel transfer becomes more favourable than spin
antiparallel transfer, leading to a net amount of unpaired spin parallel to that
in the ground state. This causes a large positive contribution to the isotropic
hyperfine interaction. The nearly constant value of the isotropic part of the
hyperfine interaction in the four chlorine compounds can thus be explained by
assuming that the total amount of unpaired spin in the 4s orbital is about con-
stant due to the simultaneous decrease of the 4s admixture into the 3d(x2 - yz)
ground state and the increase of spin transfer from the ligands towards the A4s
orbital.

The occurrence of this extra spin transfer and the increase of it with the
increasing atomic number of the alkali ion is confirmed unambiguously by the
experimentally observed dependence of the halide (11) quadrupole interaction
constant on the alkali ifon. As has been discussed already in section 8.3 the
value of Va for the C1(11) nuclei (apart from that in the NH), compound) increases

systematically from 9.465 MHz in the potassium compound to 11.150 MHz in the Cs

compound (see table 20). The contribution to Vq from the ions which surround the

C1(11) nucleus decreases as the unit cell dimensions increase from the K to the
Cs compound. The net increase of vq has therefore to be due to the increase of
the covalent contribution to the quadrupole interaction. The practically constant
value of the Py and P spin transfer coefficients however does not reflect this
increase.

The transfer from the two C1(I1) P, electrons to the copper 4s orbital, in

first order does not induce an extra unpaired spin density in this P, orbital,

and will therefore not be observed in the values of fo. The only result of this
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mechanism is the transfer of negative electric charge from the pz orbit towards
the copper 4s orbit. The contribution of spin transfer to the quadrupole inter-
action only depends on the unbalance of electric charge. Therefore the increase
of the covalent part of the C1(11) quadrupole interaction can be, and has to be,
explained by the increase of the spin transfer from the c1(11) P, orbital to-
wards the copper 4s orbital. The same effect is observed in the two bromine com-
pounds.

For the Cl1(11) quadrupole interaction in (NHA)ZCUC]h'ZHZO this argumentation
does not hold very well as the value of vq is slightly smaller than that in the
K compound. As also the value of k for the isotropic copper hyperfine interac-
tion Is larger than in the other chlorine compounds we have to conclude that in
this compound the spin transfer towards the copper 4s orbital is obviously smal-
ler than in the other compounds. Probably this is due to the two different
orientations of the NH), molecules.

The relative values of the copper quadrupole interaction constants in the
various compounds will be shown to be explained by the occurrence of spin trans-
fer from the ligands into the copper 4p orbitals.

The total quadrupole interaction of the copper nucleus is given by the sum of
the large contribution due to the single electron in the 3d(x2 - yz) orbital
and the smaller ionic contribution, with opposite sign, due to the surrounding
jons. With increasing unit cell dimensions this second contribution will become
smaller and thus it should be expected that the value of v _ increases. The ex-
perimental values of vq in the chlorine compounds, given in table 23, however

show an opposite behaviour.

The contribution from the single electron in the (x2 - yz) orbital to vq is,

according to eq. (4.11),given by

e2Q<r'3>

v (cov) = 3d -2N2c052¢

% 71(21-1)
It can be seen from this expression that also from the decrease of the rhombic
distortion parameter, a small increase of Vq will be expected for increasing
unit cell dimensions,
There are several possible origins for the observed decrease of v_. First of
all an expansion of the 3d wave function will lead to a smaller value of vq(cov).
From the values of P__ /P

cov ion

CuCIh-ZHZO out of consideration again, that no such expansion is observed in

the series of chlorine compounds. Secondly the slight decrease of the value

given in table 23 it can be seen, leaving (NHb)2

of the reductlion parameter Ni (table 22) cannot account for the large relative
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change (20%) of the value of vq. The only effect which can cause this large de-
crease of vq is the occurrence of an increasing spin transfer from the C1(I1)
and oxygen ions into the empty copper bpx and hpy orbitals respectively. The
presence of an electron density in these orbitals namely leads to an extra con-
tribution to vq oppositely to the contribution of the single electron in the
ground state. The assumption of the increase of this 4p spin transfer is consis-
tent with the already discussed increase of the 4s spin transfer.

The influence of this spin transfer to the Lp orbit on the copper hyper-
fine interaction will be small, as only insecond order a net unpaired spin den-
sity will result. The hyperfine interaction constant Azp is much smaller than
Azs, so for about equal amounts of unpaired spin in both orbitals, the contri-
bution from the 4p orbital to the total hyperfine interaction will be much
smaller than that from the 4s orbital. For equal amounts of spin transferred
into the hpx and hpy orbitals the contributions to AXx and Ayy are equal and
positive, while the contribution to Azz is two times as large and negative.
Because the exchange polarization mechanism for the 4s and kp orbitals is not
well known quantitatively we cannot estimate the spin transfer coefficient.

For the halide (11) ions evidently the spin transfer to the Lp and 4s orbitals
will yield a small extra negative spin density in the s and Py orbitals. Also
here the magnitudes of the contributions to the hyperfine interaction cannot

be estimated. The spin transfer coefficient fO for the C1(11) ions is the sum

of the positive coefficient f; for the spin transfer towards the 3d(x2 - y2)

orbital and the negative coefficient F; for the spin transfer towards the copper
ks and bp orbitals. As can be seen in table 20 the value of fo for C1(11) shows
a very small increase in the series NHA’ K, Rb and Cs. It can thus be concluded
that, as the absolute value of fg increases, the value of fé will also increase
in this series.

Because of the much weaker covalent bonding of the halide (1) ions it is
difficult to conclude whether the differences of the quadrupole interaction
parameters in the various compounds can be explained also by the effect of spin
transfer towards the copper 4s and 4p orbitals. The increase of the halide (1)
value of Vq in the series NHh’ K, Rb and Cs may indicate the occurrence of this
transfer effect. However as long as no proper information is obtained concerning
the ionic contribution to the halide (1) quadrupcle interaction (see section
8.4) the discussion of second order effects in the covalent contribution is

senseless.

8.6.85. Spontaneous magnetostriction in the chlorine compounds. With the
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knowledge about the spin transfer effects which influence the C1(11) quadrupole
interaction constants it is now possible to make some comments concerning the
spontaneous magnetostriction observed in the chlorine compounds in the ferro-
magnetic state. As can be seen from table 8 and table 12 both the frequency
shift component Fxx and the quadrupole interaction parameters of the CI1(l1I)
nuclei determined in the paramagnetic state differ from those determined in the
ferromagnetic state. To get information about differences of the values of the
unpaired spin transfer coefficients in the paramagnetic and in the ferromagnetic
state we need to know all three components of the frequency shift tensor in the
ferromagnetic state in zero field. This is, unluckily, totally impossible as
the spontaneous magnetization points along the (110)-axis in zero field,and

the influence of the magnetostriction is only observed for those C1(11) nuclei
for which ES is parallel to the X-axis of the EFG tensor. Therefore we can not
obtain any information about the nature of the magnetostrictive distortion from
the difference between the components F;x and Fxx of the frequency shift tensor

in the ferromagnetic and paramagnetic state respectively.

-
From the resonance spectrum in the ferromagnetic state for mSﬂX we are able

to determine the components of the electric field gradient tensor as the analysis
using the Brown and Parker method yield the values of Vq and n. By comparing the
values for vq determined in the ferromagnetic state with those in the paramag-
netic state it can be seen that the value for vq in the ferromagnetic state is
about 4 MHz smaller than in the paramagnetic state. As it seems impossible that
this difference is due to a large change of the position of the c1(11) ions

in the unit cell, it has to be ascribed to a change in the covalent bonding with
the copper ion. If we analyse the change in quadrupole interaction in terms of
changes of the electric charge density in the ci1(11) 3p orbitals we obtain the
following results. With respect to the paramagnetic state, the charge unbalance in
the P, orbit has been decreased by an amount of 0.055 e, while the charge un-
balance in the Py orbit has been increased by an amount of 0.018 e. Here e is

the electric charge of the electron. These numbers hold for the potassium com=
pound; in the caesium compound these quantities are 0.071 e and 0.024 e respec-
tively.

This change in unbalance of the electric charge can be due to a change of the
spin transfer to the copper 3d, ks and Lp orbitals and can therefore be accom-
panied by a change of the unpaired spin density in the c1(11) orbitals, which

has been observed from the difference between F;x and Fxx'
It must be noted that, due to the change of the covalent bonding also the

Sternheimer antishielding factor for the nucleus may be changed. So it is
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possible that a part of the change of the EFG tensor may be caused by this ef-
fect rather than by the change of the spin transfer coefficients.

As we have not been able to observe the copper resonance spectrum for msﬂy in

an external field we have no information about the influence of the magneto-
strictive distortion on the copper interaction parameters. Probably the influence
will be relatively much smaller than observed for the C1(11) ions as for the
copper ion the changes in the covalent bonding are second order effects in the
electric and magnetic hyperfine interaction, while they are first order effects
for the chlorine ions.

From the argument given above it can be seen that it is likely that the differen-
ces between the CI1(I1) interaction parameters in the ferromagnetic and paramag-
netic state are due to a (small) distortion of the copper wave functions. This
distortion is probably caused by the ordering of the orbital magnetic moment

at the transition temperature. The exact nature however cannot be established.

8.7. Discussion of the super exchange interactions. Mith the present knowledge
concerning the microscopic aspects of super exchange interaction, it is rather
precarious to discuss the magnitude of super exchange couplings in this type

of compounds starting from microscopic quantities. Even for such simple struc-
tures as Mn0 it is still difficult to calculate the magnitude of the exchange
interaction from microscopic quantities. Therefore we cannot expect at all to

be able to present a quantitative discussion of the exchange couplings in these
much more complicated compounds. We will only try to indicate the reasons for
the differences between the exchange interactions in the various studied crystals.
To that aim we will make use of the spin transfer coefficients which have been
obtained from the experiments. In chapter 3.6 the relation between the exchange
interaction J and the unpaired spin density f0 at the ligands has been discussed

for the situation of two magnetic ions with one intermediate ligand ion. It has

been found that J is proportional to fg. All super exchange pathes in our com-

pounds involve at least two diamagnetic ions, which are not even situated at one
line with the two neighbouring copper ions. However the qualitative rule (see

p. 27) that the magnitude of the super exchange interaction is proportional to
the product of the relevant spin transfer coefficients, will also remain valid
if more than one diamagnetic ion is present in the super exchange link.

The bonding angles do not vary significantly over the series of compounds, so
we do not need to consider the influence of bond angles on the relative magni-

tudes of the super exchange interactions.
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Nearest neighbour interactions Jz.

The super exchange interaction JI between the two nearest neighbour copper ions
at (0,0,0) and (%,3%,%) is the sum of at least two different interactions which
occur via different intermediate diamagnetic ions. The first one, JI(I)’ is the
I-Hzo-halide(l)‘Cu2 (see fig. 5, p. 50).

The dependeoce of JI(I) on the spin transfer coefficients involved can be written

interaction via the exchange path Cu
symbolically as
Jy (1) v floymx) | x F(I > H,0) x £(0 + Cu)

f(o,nx)' contains the proper combination of the halide (I) spin transfer coef-
ficients fo and fﬂx' The second term stands for the spin transfer between the

3

halide (1) P, and Py orbitals and the oxygen sp” orbital which is directed
towards the halide (1) ion, containing the hydrogen ion. f(0 - Cu) denotes the
appropriate combination of the spin transfer coefficient of the two oxygen
""lone-pair' orbitals (see p. 51). Because of Hund's rule, the intra atomic ex-
change interaction between the lone-pair orbitals and the oxygen orbitals con-
taining the hydrogen ions, will be positive, which results in a ferromagnetic
exchange interaction between the copper ions via these diamagnetic ions.

In the series of chlorine compounds the values of fo and fﬂx for the C1(1) ions
(table 19) increase in going from the K- to the Cs compound. The second term of
JI(I) will slowly decrease simultaneously due to the increasing distance between
the C1(1) ion and the water molecule. Although we have no information about the
oxygen spin transfer coefficients, it is reasonable to assume that the value of
f(0 - Cu) is about constant, analogous to what has been observed for the, also
strongly bounded, Cl1(11) ions. It can thus be expected that the magnitude of
Jl(l) will be approximately constant or will show a maximum in going from the
potassium to the caesium compound. In the bromine compounds J](I) will probably
be somewhat larger because of the systematic larger spin transfer coefficients
for the Br(1) ions.

The second exchange interaction J,(11) takes place via the link

Cu, - Halide (11) - Hy0 = Cu

1 2

As far as the halide (l1) ions are concerned the relevant spin transfer coef-

ficients are fc and fny. The coefficient f(I1 - HZO) is probably much smaller

than for the halide (1) ions, as the distance from the halide (II) ion to the

water molecule is about 0.6 A larger than the halide (1) - H,0 distance.
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Besides the oxygen orbitals are not directed towards the halide (11) ions, which
will cause a further decrease of f(Il + HZO) compared to f(l » H20). Therefore,
although the halide (11) spin transfer coefficients are much larger than those
of the halide (1) ions, J](I) and J'(II) will be of the same order of magnitude.
Because the spin transfer mechanism leading to JI(II) is analogous to that of
J'(I). Jl(ll) will also be ferromagnetic. In the chlorine compounds the values
L K; Rb

and Cs. As discussed in the preceding section, fc is the difference of the two

of fG and fﬂy for the C1(I1) ions increase slightly in the series NH

o

transfer coefficients, fo = f! - fg, where fé and f; stand for the spin transfer
from the P, orbital to the copper 3d(x2 - y2) and 4s orbitals respectively.

Both f; and fg were found to increase, which causes only a very slight increase
of fc' In the deduction of the magnitude of the super exchange interaction, we
have to consider these two transfer mechanisms separately. The simultaneous
transfer of an electron from the oxygen ion to the Cu2 ks orbital and of an
electron from the CI1(11) ion to the CuI ks orbital (correlation super exchange)
will give a ferromagnetic contribution to Jl(ll). As also the spin transfer to
the copper 3d orbitals leads to a ferromagnetic interaction we have to conclude
that the influence of the o spin density at the C1(11) ions, on the super ex-
change interaction is proportional to fé + f; rather than to fé - f;. So the
increase of JI(II) due to the interactions of the C1(11) ions is much larger

L K, Rb and Cs.
The coefficient f(ll - H,0) will decrease with increasing unit cell dimension,

2
thus following the series K, NH%’ Rb and Cs. As for the value of JI(I)' proba-

than can be estimated from the increase of fc in the series NH

bly Jl(ll) will show a maximum in this series (or remain about constant). How-
ever for the ammonium compound it can be seen that both F(o,wy)lI and (11 »
Hzo) will be smaller than in the potassium compound, from which it can be con-
cluded that J](II) in the NHQ compound is smaller than in the K compound .
Possibly a third mechanism contributes to J]. This exchange interaction

JI(A) takes place via the linkage

Cu' - Halide (1) - Alkali - Halide (1) - Cu2
As can be seen from fig. 34 two such linkages exist between two neighbouring
copper ions. This interaction is about equal to the next-nearest neighbour in-
teraction JZ(A) between similar copper ions via the alkali ion. This interac-
tion JZ(A) will be shown to be ferromagnetic and to increase in the series NHA'
K, Rb and Cs. JI(A) evidently shows the same behaviour.

In the bromine compounds all spin transfer coefficients are larger than
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in the chlorine compounds, and therefore all exchange interactions will be
larger. Qualitatively the same difference between the super exchange interac-
tions in the NH‘4 and Rb compound, as discussed for the chlorine compounds, will
exist. Summarizing we can say that for the series chlorine compounds K, Rb and
Cs the total value of Jl will probably show a maximum due to the combined effect
of increasing spin transfer coefficients for the chlorine and alkali nuclei and

the decreasing interaction between the chlorine ions and the water molecules.

Next-nearest neighbour interaction J .
The n.n.n. super exchange interaction of the copper ion is not equivalent for
all six next-nearest neighbours. The interaction Jz(c) with the two copper ions

along the crystallographic c-axis takes place via the linkage

cus = OH2 - Halide (1) - HZO - Cu
As we have no information about the oxygen spin transfer coefficients, which
mainly determine the magnitude of this exchange interaction, it is not possible

to discuss the differences of the interaction in the various compounds.

The n.n.n. interaction between the copper ions in the (a-a) plane,Jz(A),occurs

via the linkage
Cu - Halide (1) - Alkali = Halide (1) - Cu

There are two of such linkages between the copper ions.

Because both copper ions transfer unpaired spin to different alkali orbitals
this interaction is ferromagnetic. Although the analysis of the alkali hyper=
fine interaction has not yielded clear information about the spin density in
their p orbits, the increase of the s-orbital spin density reflects the in-
crease of the p-orbital spin density in the series K, Rb and Cs. Therefore it
is expected that the value of J2 increases in going from the K compound to the
Cs compound. In the NH& compounds the two n.n.n. exchange pathes between two
copper ions are different, as the one link involves halide (1) ions and the
other halide (I1) ions. Both exchange interactions however are ferromagnetic.
It is hard to see if the correspondence between the NHh molecule and the alkali
jons is such that the values of the spin transfer coefficients fs can be com-
pared straight forward. |f so, we can conclude that J2 in the ammonium compounds

must be smaller than in all other compounds.
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Comparison of J. and J2 with the values of ® and T .

1
In principle it is possible to calculate the values of JI and J2 from the ex-
perimentally determined values of 6 and Tc; using the following expressions
which are appropriate for a b.c.c. Heisenberg ferromagnet with § = 4 and

JZ/JI > 0 (see chapter 2).

k6 = 4J + 3J

I 2

ch bOJ! + b]Jl/J2

where b0 = 2.60 and b| = Z.QSIA).
Applying these formulae to the values of 8 and TC given in table 6 it is found

that the so calculated value of J2 is much larger than J This result is clear-

T
ly in contradiction to what has been discussed before.
There may be several reasons, theoretical as well as experimental, for this
discrepancy.

a) In the expressions for 8 and Tc the n.n.n. exchange interaction has been
treated to be equivalent for all six nearest neighbours. This is not the situa-

tion in these compounds.

b) The influence of third nearest neighbour interaction on 8 and TC has not

been included. Especially the interaction via Cu-Hal(1)=HOH=Hal(l)-Cu between
similar copper ions along the (110)-axis can have an appreciable magnitude.

c) From the experiments it is known that there is a small anisotropic ex-
change interaction present in these crystals. In table 1 (p. 14) it can be seen
that any anisotropy influences the relation between Tc and J', but not in such
a way as to be able to ascribe the mentioned discrepancy to the occurrence of

a small anisotropic exchange interaction. (The influence of anisotropy on

other macroscopic quantities however is much larger. For instance the large
discrepancy between the experimental value for (EcD - Ec)/ch and the theoretical
one for nearest-neighbour interaction only, respectively 0.384 and 0.460 can be
explained already by the assumption of an anisotropy of only 4%.)

d) The value of & is determined by extrapolation of experimental data for

T > 26. It is possible that systematic errors in this extrapolation procedure
cause a wrong value of 8. Moreover, as has been discussed in chapter 6.6, the
exchange interactions still change between liquid hydrogen and liquid helium
temperature. It is quite possible that, although we did not observe it from the
nuclear interaction parameters, the exchange interactions in external field

show a temperature dependence, even for T < 4.2 K. That may be due either to
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the torsional oscillation of the copper octahedron as discussed in chapter
(8.2) or to the occurrence of magnetostriction. Magnetostriction could influence
both the exchange interactions and the nuclear interaction parameters of the
protons, from which the temperature dependence of the resonance frequency has
been used to determine 6.

Qualitatively however, it can be seen that the conclusions about the relative
values of the exchange interactions in the series of compounds are in accordance
with the values of TC and 6.

From the expressions given before it is found that for increasing value of

JZ/J| the ratio Tc/e increases too. As we have no reliable information about

the value of J2 in the NHh compounds relative to that in the other compounds

we can only compare the values of Tc/e for the series of chlorine compounds K,
Rb and Cs. These values are respectively 0.756, 0.820 and 0.836. Although these
values are not very accurate, the trend is obvious: an increasing value of J2
in going from the K to the Cs compound. This confirms the conclusions drawn

with respect to the relative values of the alkali spin transfer coefficients.

The larger values of Tc for the bromine than for the chlorine compounds is
clearly reflected by the larger spin transfer coefficients for the bromides.

The relative magnitudes of the n.n.n. exchange interactions with respect to the
n.n. exchange interactions in the bromides is smaller than in the corresponding
chlorides as the values of Tc/e are smaller. That can be understood as the sub-
stitution of the chlorine by bromine ions mainly changes the value of J] as

can be seen from the values of the spin transfer coefficients. The value of Tc

in RbCuBrh-ZHZO is slightly larger than that of the NHA compound probably due

to the larger n.n. interactions because of larger spin transfer from the Br(l11)
jons to the copper 4s and 4p orbitals and the larger Br(l) transfer coefficients.

The effect of the smaller spin transfer to the copper 4s and kp orbitals, proba-

bly together with the smaller n.n.n. exchange interaction in (NH&)ZCuCIh-ZHZO

is reflected very clearly by its low value of TC as compared to that of the
other chlorine compounds. The transition temperature of the Rb compound is
higher than that of the K compound which is in accordance with the discussed

larger value of both J, and J2 in the Rb compound. The much lower transition

temperature for the Cslcompound is surely due to the large decrease of the in-
teraction between the chlorine ions and the water molecules, which is not com-
pensated by the increase of the spin transfer coefficients.

Summarizing we can conclude that the qualitative arguments, based on the
experimentally determined spin transfer coefficients, explain the relative

values of TC for the various compounds rather well.
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APPENDIX A

Pinestructure of the Cl(II) resonance lines in external field. During the ex-
periments in the paramagnetic state at T = 1.2 K in an external field, for the
determination of the components of the field-shift tensor of the Ci(11) site
nuclei, an extra finestructure of the C1(1l) resonance lines in all four com-
pounds has been observed. At that temperature only the Aml =

ArnI - +%-+ '%-transitions of that Cl1(11) site, for which the external

rotating in the X-Y plane of the EFG tensor, can be detected. Due to the lack
of intensity the resonance signals for the magnetic field parallel to the Z-
axis cannot be observed. The shape of the finestructure of the resonance lines
in the X-Y plane strongly depends on the magnitude and direction of the exter-
nal fleld and on temperature. Moreover, the pattern of the finestructure of

the (+— > -—Q tran51t|on differs from that of the (+—-* +—) transition. The
flnestructure of the (+—-+ +—J resonance line is asymmetric and most times four-
fold. The (+—-+ -lJ transition, however, shows a nearly symmetric splitting
pattern whuch is threefold for the magnetic field along the Y-axis (c- axis). In

fig. 35 two recorder traces of the second derivative of the lineshape of the

(+5 - -%) transition for ﬁO[IX axis are shown. The number of, not well separated,

resonance lines gradually changes from six for high field and low temperature
to four and then to two for low field and/or high temperature.
The ratio of the splittings Av of the 3SCI and 37Cl (+% - -%) transitions
for ﬁollx (F=nli2 K5 H, = 5 kOe) in the potassium compound is found to be 1.22.
As for this temperature and fieldstrength the Ci(11) Larmor frequency VL is
smaller than the quadrupole interaction constant v (v /v = %0, the resonance
frequency of the (+—-» -—) transition can be approxlmated by a second-order
perturbation theory expression
2
v=u\JL’8v—
q
a and B depend on the ratio vL/vq,the asymmetry parameter n and the direction
of the total magnetic field with respect to the EFG principal axes. The ratio
of the y values and of the quadrupole moments of the two isotopes are, respec-
tively, 735/737 = 1.201 and QBS/Q37 = 1.269. Using these data it can easily be
calculated that if the finestructure is due to different values of the quadru-

pole interaction the ratio of the splittings for corresponding (+%-» -%0
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Fig. 35. Recorder traces of the second derivative of the 3SCI(II) (+%-+ -%J

transition in RbZCuClb-ZHZO with the magnetic field parallel to the X-axis,
(T = 1.2 K) for two different values of Ho'

transitions of the two isotopes will be AvBS/Av37 < 1.201, whereas if the split-
tings are caused by the changes of the Larmor frequency A\)BS/AV37 1] .2004: 50

it can be concluded that the observed finestructure has to be due to small
differences in the Larmor frequency. In all four chlorine compounds these split-
tings have been observed; the pattern are analogous and the magnitude of the
splittings in the various compounds under the same conditions differs only
slightly. The magnitude and shape of the finestructure is found to be indepen-

dent of crystal shape, and reproduces exactly for different samples of the same
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compound. These splittings are not observed at any other resonance line.

In the bromine compounds the Br(Il) (+%-+ -%0 transitions for ﬁollx axis also

exhibit a finestructure. However, probably due to the larger linewidth of these
resonance |lines the finestructure is less well resolved than in the chlorine
compounds. Therefore the field and temperature dependence of the splitting of
the bromine resonance lines cannot be measured properly. However, it has been
established that the behaviour of the line splitting is analogous to that ob-
served in the chlorine compounds.

To obtain information about the nature of these finestructures the temper-
ature and field dependences of the splitting of the 35CI(II) (+%-» -%J trans-
ition with the external field along the X-axis has been measured. In fig. 35 a
recorder plot of the second derivative of the resonance for two different mag-
netic fields for T = 1.2 K is given. As the measure of the splitting Av the
frequency difference between the outermost maxima of the second derivative of
the resonance line (see arrows) has been taken. From this difference in resonance
frequency Av the difference in Larmor frequency AvL is calculated.

Because the splittings depend on the direction of the external field with
respect to the crystal axes, it is necessary to perform the experiment in the
“He temperature range, where the sample can be orientated perfectly in the de-
sired direction. At bHe temperatures the signal intensity of the CI(Il) resonance
lines in the Rb compound is larger than in all other compounds. Besides, the Rb
salt possesses the highest Curie temperature of the four chlorine compounds, so
the largest value of the induced magnetization can be obtained for this compound
within the limited range of field strength and temperature. Therefore most of
the line-splitting experiments have been performed on the Rb compound.

In fig. 36 the field dependence in the Rb compound of AvL for two different
temperatures is given (§O|IX). In fig. 37 the temperature dependence in two dif-
ferent fields is plotted, whereby instead of the temperature the measured reduced
magnetization is used as the variable. From both plots it can be seen that the
magnitude of the splitting does not depend in a simple way on the magnetization
or on the strength of the applied field. Therefore the possibility of twin
crystals, the presence of impurities or the existence of isotope effects as
origins of the finestructure can be excluded. In all these cases the splitting
would be directly proportional to the magnetization. Also any classical dipolar
interaction with surrounding nuclei can be left out of consideration, as these
interactions are temperature and field independent. It seems that both the tem-
perature and field dependence of the splitting AuL can be described to be, not

linearly, dependent on the parameter m(dm/dHo) (m = reduced magnetization, Ho =
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36.

Fig.

Field dependence of the splitting v, in the Rb compound. HO{IX axis.

Fig. 37. Temperature dependence of AvL in the Rb compound. Instead of the

temperature, the reduced magnetization m has been used as variable.

applied field). In the ferromagnetic state in zero field no indication of these

line splittings has been found, which is not in contradiction as dm/dH is about

zero in that case.




Three possible mechanism which can be the origin of these finestructures remain.

a) Magnetostriction. From the experiments in the ferromagnetic state in zero
field, which have been discussed in chapter 7.4, it has been concluded that the
interaction parameters of those C1(11) nuclei, for which the spontaneous mag-
netization is directed along the X-axis of the EFG tensor, are strongly in-
fluenced by spontaneous magnetostriction effects. Also the dependence of the
rubidium quadrupole interaction on the direction of the external field (see
section 6.6) points to the occurrence of magnetostriction. Therefore it may be
possible that some minor magnetostriction effects appear which can lead to the
observed line splittings. However, as little is known about the microscopic
aspects of magnetostriction, it is very hard to say whether the shape and the
temperature and field dependence of the observed finestructure can be explained
in principal by such effects.

A magnetostrictive distortion will also influence the c1(11) gquadrupole inter-
action constants vg and n. We are however not able to determine these constants
accurately in the hHe temperature range as we can observe only two resonance
lines with the external field along the X- and Y-axis of the EFG tensor, while
the spectrum along the Z-axis cannot be detected at all. So it cannot be ex-

cluded on that ground that magnetostriction effects occur.

b) Canting of the copper magnetic moments. |t is known from measurements by

Wittehoek et al.I on CuSOh°SH20 that in a paramagnetic crystal a canted spin

structure can exist. A Dzyaloshinski exchange interaction term of the form

Dgl % gz as discussed in chapter 2 can account for such an effect. As the trans-
ferred hyperfine interaction of the C1(11) nuclei is very anisotropic, a canting
of the spins of about 1° in the direction of the Z-axis of the hyperfine inter-
action tensor (y' direction) will give already frequency shifts of the right
order of magnitude. So only minor anisotropic interactions are needed to cause
the observed finestructure. However, to explain the appearance of a six-fold
splitting, six different canting angles have to be assumed, which seems to be

rather of belief.

¢) Indirect interaction between nuclear spins. From NMR experiments in dia-
magnetic substances it is known that there exists an indirect interaction be-
tween nuclear spins of neighbouring atoms which leads to a finestructure of the
resonance 1ines. This interaction takes place via the hyperfine couplings of

the considered nuclei and those electrons which take part in the chemical
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bonding of the molecule in questionz). In the situation of the paramagnetic

substance, however, this indirect interaction can take place via the time-
averaged magnetic moment of the paramagnetic ions.

The resonance frequencies of the chlorine nuclei are strongly dependent
on the time-averaged magnetic moment of the nearest paramagnetic copper ion
with which they have a strong hyperfine interaction. Because the copper nuclear-
magnetic moment can have four different orientations with respect to the total
field at the nucleus, the time-averaged magnetic moments of the copper ions
can have Tour only slightly different values due to the influence of the hyper-
fine interaction of the copper nucleus. This will result in four slightly dif-
ferent resonance spectra for the nearby chlorine ions because of the small dif-
ferences in Larmor frequency.
Instead of a single (+%-+ -%) transition for the C1(I1) nuclei, a four-fold
splitting of this line will thus be observed. The difference in Larmor frequen-

cy between the outermost (+% > -%J transitions for FOHY will then be given by

nF Z(Cu) dm(T,Ho)

F__(c1)
XX dH
(o]

where e is the gyromagnetic ratio of the electron and m(T, H ) denotes the re-
duced magnetization for temperature T and external field H ; The value of
dm/dH can be determined from the field dependence of the reduced magnetization
at constant temperature. The value of AvL calculated from this expression is
found to be of the same order of magnitude as that observed experimentally.
From the above given expression however it is expected that AvL will be propor-
tional to dm/dH which is essentially not observed. Besides, the experiments
show that the flnestructure splitting of the (+—-+ +—0 transition for H ”c is
at least one order of magnitude too large to be explalned by this type of in-
teraction. So we have to conclude that the occurrence of this finestructure
cannot be due to this interaction either.

It seems to be possible that these ]ine splittings are caused by the combined
effect of some of the mentioned interactions. However, further experimental as
well as theoretical work has to be performed to be able to determine the origins

of this finestructure.




APPENDIX B

The influence of chlorine impurities on the bromine resonance spectra. The
first bromine crystals that were used for the NMR experiments were grown from
solutions containing approximately 2 ©/00 chlorine ions. During the course of
the experiments it became apparent that the concentration of these chlorine ions
in the crystals was probably larger than in the solutions. The chlorine impuri-
ties occupy the Br(ll) sites and probably the Br(l) sites too. They influence
both the quadrupole and transferred hyperfine interaction of the nearby bromine
nuclei, which results in a broadening of the Br resonance lines and even in
extra bromine resonance spectra. After we noted the existence of these effects,
crystals were grown from solutions containing less than 0.2 ©/00 chlorine ions.
These purer crystals were used for all the measurements discussed in this thesis.
By comparing the spectra observed in the ferromagnetic state in the 2 %/00 €1

and 0.2 %/oo C1 crystals the following differences were detected.

Br(I) spectrum. |In the 2 %/00 C1 crystals the width of the Br (1) resonance
d 3 3

lines at T = 0.3 K in zero field is about 35 kHz, only the +7-+ 5 transition

has a linewidth of 20 kHz. The linewidth in the 0.2 ©/00 €1 crystals is 20 kHz
and 10 kHz for the +%-+ -%-transition.

We think that this line broadening in the less pure crystals is caused
mainly by the long-range influence of the impurities on the EFG tensor at the
Br(1) nuclei. The influence of a spread in the magnetic interaction on the
resonance |inewidth will be less important as the magnetic interaction of the
bromine nuclei is much smaller than the quadrupole interaction. Besides that,
the influence of an impurity on the magnetic interaction will be very short-
ranged.

These conclusions were confirmed by experiments on a 20 %/60 CI crystal where
the Br(l) xand B transitions could not be detected anymore, while the +%-+ -%
transition was still observable.

In the purest crystals at least three extra sets of Br(1) B transitions,

also with a linewidth of about 20 kHz, have been detected. The intensity of

these extra resonance lines are unequal and are in the order of IO"3 of the

normal B transitions. As the corresponding extra a transitions could not be
detected at all because of a too weak signal intensity, it was not possible to

calculate the magnetic and quadrupole interaction accurately for these extra
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81

79Br and Br

spectra. However, by comparing the resonance frequencies of the
extra resonance lines, it seems that the change in resonance frequency is caused
by an increase of the PQR frequency of the order of a few hundred kHz, together
with a decrease of the Larmor frequency of the order of 20 kHz.

in the 2 °/oo CI crystals these extra transitions have not been observed, proba-

bly because of frequent overlap and larger width of these extra resonance lines.

Br(II) spectrum. The Br(ll) resonance spectrum is much more influenced by the
impurities than the Br(l) spectrum as all the interactions of the Br(ll) nuclei

are much stronger. The effects are clearly demonstrated by the shape of the

(+%—+ -%) transition. The enormous signal intensity of this transition allows

us to observe in the 2 %/oo Cl crystals extra resonance lines, which have a
linewidth of about 50 kHz, even if the total absorption rate of the transitions
is of the order of IO-S of that of the main resonance line.

At T = 1.2 K more than 20 extra transitions per isotope were observed from
which about 80% at lower and 20% at higher frequency than the main transition.
This entire extra spectrum in the NH& compound has a width of about 7 MHz. As
the resonance frequencies of these (+—-+ -—J transitions are in first order only
determined by the magnetic |nteract|on, these frequency shifts have to be due
to changes in the transferred hyperfine interaction of the Br(l1) nuclei in
question, caused by the nearby Cl ions. This assumption has been verified by the
comparison of the 79Br and 8‘Br extra spectra. The ratio of the frequency shifts
f 798r and 81

main transition was always exactly equal to the ratio of the y values of the

of corresponding extra resonance lines o Br with respect to the

two isotopes. If these shifts were due to a change in the quadrupole interaction
the ratio of these shifts would be equal to the ratio of the Qz/y values for

the two isotopes, which differs largely from the ratio of the y values.

The influence of the impurities on the Br(ll) quadrupole interaction could
not be measured as in these impure crystals the high-frequency transitions, from
which the frequencies are mainly determined by the quadrupole interaction, have
never been observed because they are strongly broadened by the spread in the
quadrupole interaction. From the temperature independent linewidth of these
transitions in the 0.2 o/oo Cl crystals, which is found to be about 1.5 MHz and
which is not of magnetic origin, it can be concluded that already very small
amounts of C1 impurities give rise to enormous broadening effects. So the in-
fluence of impurities on the quadrupole interaction has to be very large.

Apart from the appearance of the extra Br resonance lines also the (+-»

-—) transitions of the 35Cl and 37CI nuclei situated at Br(ll) sites could be
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observed with a signal to noise ratio of about 10. The width of these C]
resonance lines is about 20 kHz. The corresponding C1 a transitions ‘could not
be detected, which can be calculated to be due to a too low signal intensity.
If we assume for the chlorine nuclei equivalent principal axes for the T.H.
interaction tensor and the EFG tensor as have been determined for the Br(I1)
sites, the local fields at the chlorine nuclei are calculated to be 20% smaller

than the local fields at the corresponding bromine nuclei.

Conclusion. The chlorine impurities change the quadrupolar and transferred
hyperfine interaction of the nearby Br(l) and Br(ll) sites. This change in in-
teractions is due to a change in the spatial charge distribution around the
copper ion as the chlorine-copper interaction differs from the bromine-copper
interaction. Because of the strong super exchange interactions between neigh-
bouring copper ions, also the interactions at the next-nearest bromium sites
will be influenced, which leads to the large number of extra Br(ll) resonance
lines.

The change in the local charge distribution surely will influence the local
super exchange interaction between the copper ions. |t has been observed indeed
that the Curie temperature of the bromine compounds decreases with increasing
concentration of the chlorine impurities.

The study of the bromine perturbation spectra can yield information about the
interaction of the bromine nuclei with next-nearest copper ions. As this in-
teraction is directly related to the super exchange interaction via the bromine
ions, valuable extra information about the magnitude of the various super ex-

change interactions can be obtained.
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Samenvatting.

Reeds meer dan tien jaar is het bekend dat de reeks isomorfe verbindingen
KZCUC]Q'ZHZO' (NH“)ZCUCIA'ZHZO. szcuc‘h'ZHZO en (NHh)ZCUBrh°2H20 een ferro-
magnetische ordening vertonen bij een temperatuur van ongeveer | K. De soorte-
lijke warmte=, susceptibiliteits-, en magnetisatie-metingen van Miedema et al.

1,2) en NielingaB)

hebben aangetoond dat het magnetisch gedrag van deze vier
verbindingen volledig met elkaar overeenstemt. Op een gereduceerde temperatuur-
schaal bleken alle soortelijke warmte kurven identiek te zijn. Het thermodyna-
misch en kritisch gedrag van deze verbindingen is verklaard met behulp van
verschillende theoretische modellen voor de 3-dimensionale § = l-b.c.c.

4,5) :

Heisenberg ferromagneet De naaste buren- en naast-naaste buren super
exchange wisselwerkings constanten J] en J2 konden berekend worden uit de ex-
perimentele waarden voor de Curie-Weiss temperatuur 6, de ordenings temperatuur
Tc en uit de temperatuur afhankelijkheid van de soortelijke warmte.

Het belangrijkste doel van het werk dat in dit proefschrift beschreven wordt,

is het uitbreiden van de kennis betreffende deze reeks isomorfe Heisenberg

ferromagneten, met inbegrip van C52CuClh-2H20 en RbZCuBrh-ZHZO, door vanuit

een microscopische gezichtshoek inzicht te verschaffen in de magnetische eigen-
schappen. Met dat doel zijn de magnetische en electrische hyperfijn interacties
van alle kernen (behalve die van de zuurstof kernen) gemeten met behulp van
kern resonantie technieken. Uit deze kern interacties kunnen we informatie
verkrijgen m.b.t. de covalente binding van de buitenste electronen van zowel

de diamagnetische als de magnetische Tonen. Gebruik makende van een Molecular
Orbital benadering kan de transfer van ongepaarde spin van het magnetische
koper ion naar de verschillende diamagnetische 1iganden berekend worden. De
verandering van de ongepaarde spin-dichtheids distributie door de substitutie
van de halogeen en/of alkali ionen geeft informatie over de verschillende

spin transfer mechanismen.

Er kan een verband gelegd worden tussen de spin transfer coefficienten en de
grootte der super exchange interacties tussen de koper ionen. De genoemde ex-
perimenten leveren daarom ook een kwalitatieve schatting op van de sterkte

der verschillende super exchange koppelingen in de zes verbindingen. Dit is te
meer interessant daar er geen eenvoudige relatie gevonden wordt tussen de een-
heids cel afmetingen en de grootte der exchange constanten.

De kern resonantie experimenten stellen ons ook in staat de richting van de
spontane magnetisatie in de ferromagnetische toestand in nulveld te bepalen.

Deze blijkt verschillend te zijn in de chloor en broom verbindingen. Het is
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waargenomen dat de kern interactie parameters van één der chloorionen sterk
verschillen in de paramagnetische en ferromagnetische toestand. Naar aanleiding
hiervan geven we een mogelijke oorzaak aan voor het verschil in voorkeursrich-
ting voor de chloor en broom verbindingen.
De temperatuur afhankelijkheid van de spontane magnetisatie in de buurt van het
overgangspunt is ook gemeten. Door de gunstige omstandigheden, speciaal in de
bromiden, kan de waarde van de kritische exponent £, die het exponentiele
gedrag van de spontane magnetisatie dichtbij TC beschrijft, veel nauwkeuriger
bepaald worden dan mogelijk is m.b.v. macroscopische methoden.

In hoofdstuk 2 wordt een kort overzicht van de macroscopische magnetische
eigenschappen van een 3-dimensionale b.c.c. Heisenberg ferromagneet gegeven.

Speciaal het verband tussen de super exchange constanten J, en J, en de macro-

scopisch waarneembare grootheden wordt besproken. Daarbij1wordtzook de invioed
van anisotropie op deze grootheden bediscussieerd.

Het theoretische model, dat de vorming van covalente bindingen van een 3d over-
gangs metaal ion in een octaedrische omringing beschrijft, wordt in hoofstuk 3
uitgebreid behandeld. Een eenvoudige Molecular Orbital benadering wordt gebruikt
om de betreffende electronen banen te beschrijven. De invloed van de spin trans-
fer van het magnetisch ion naar de liganden, op de kristalveld splitsing en de
spin-baan koppelings constante van het magnetisch ion wordt afgeleid. De uit-
drukkingen voor de ligand hyperfijn interactie en het verband tussen spin
transfer coefficienten en super exchange interactie worden bepaald.

In hoofdstuk 4 worden de eigenschappen van het Cu2+ ion in een kristalveld

met tetragonale symmetrie en rhombische distorsie behandeld. De uitdrukkingen
voor de g-tensor, de hyperfijn interactie tensor en de electrische veld gradient
tensor worden afgeleid voor het geval van pure ionaire binding. Deze uitdruk-
kingen worden daarna gemodificeerd, overeenkomstig de M.0. benadering, om
rekening te houden met een gedeeltelijk covalente binding.

In hoofdstuk 5 worden de verschillende bijdragen tot de kern spin Hamiltoniaan
besproken. De analyse van de resonantie spectra voor | = %, het meest voorkomende
geval in deze verbindingen, wordt uitgebreid behandeld. Afgezien van storings
theorie uitdrukkingen voor de resonantie frekwenties, die niet in alle voor=
komende situaties toepasbaar zijn, zal ook aan de analyse volgens de methode

van Brown en Parker aandacht besteed worden. Na een beschrijving van de experi-
mentele opstelling, wordt de kristalstructuur behandeld. Uitgaande van de lokale
symmetrie van de ion posities kan het aantal te verwachten kern resonantie
spectra bepaald worden. Ter vergemakkelijking van de beschrijving van de hoofd-

asrichtingen der kern interactie tensoren worden lokale richtingen binnen een
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koper octaeder vastgelegd. Ook wordt een eenduidige notatie voor de nulveld
spectra in de ferromagnetische toestand gegeven. Aan het eind van dit hoofdstuk
worden enkele specifieke aspecten van de kern resonantie in ferromagnetische
verbindingen aan de orde gesteld.

De resultaten van de experimenten in de paramagnetische toestand worden weer-
gegeven in hoofdstuk 6. Achtereenvolgens zullen we behandelen de bepaling van
de kristalveld splitsingen, g-tensor en de waarde van de Curie-Weiss tempera=-
tuur 8. Daarna wordt de bepaling van de richting der hoofdassen van de frekwen-
tie shift-en de electrische veld gradient tensoren, en de waarden van hun com-
ponenten voor alle kernen, besproken.

De kern resonantie spectra die waargenomen zijn in de ferromagnetische toestand,
en de informatie die van deze spectra verkregen wordt, zijn beschreven in hoofd-
stuk 7. Ook de temperatuur afhankelijkheid van de spontane magnetisatie net
onder het overgangspunt wordt hier besproken.

Uiteindelijk zullen in hoofdstuk 8 alle experimentele resultaten geanalyseerd
worden in termen van spin transfer coefficienten voor de verschillende dia-
magnetische ionen. De consistentie van het toegepaste theoretische model zal
getoetst worden en de tekortkomingen aangeduid. De waargenomen verschillen in
de waarde van de spin transfer coefficienten voor overeenkomstige ionen in de
verschillende verbindingen zullen informatie verschaffen over de transfer
mechanismen en de kwalitatieve veranderingen van de exchange interactie.

Het grootste deel van het experimentele werk hetgeen in de hoofdstukken

6 en 7 beschreven wordt, is reeds gepubliceerd in Physica6'7'8). Daarenboven

zijn twee korte berichten over een deel der experimenten verschenen in de ver-

slagen van internationale conferentiesS’lo).
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