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Single-hole Green’s functions in insulating copper oxides at nonzero temperature
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We consider the single-hole dynamics in a modifietl model at finite temperature. The modified model
includes a next-nearest’j and next-next-nearest”) hopping. The model has been considered before in the
zero temperature limit to explain angle-resolved photoemission measurements. We extend this consideration to
the case of finite temperature where long-range antiferromagnetic order is destroyed, using the self-consistent
Born approximation. The Dyson equation which relates the single-hole Green'’s functions for a fixed pseu-
dospin and for fixed spin is derived. The Green’s function with fixed pseudospin is infrared stable but the
Green’s function with fixed spin is close to an infrared divergency. We demonstrate how to renormalize this
Green’s function in order to assure numerical convergence. At nonzero temperature the quasiparticle peaks
shift to lower energy and are broadened. The temperature broadening is, however, not enough to explain the
widths of the experimental data, indicating that other degrees of freedom contribute to the quasiparticle
damping.S0163-182(8)03205-4

I. INTRODUCTION

H=-t E CiT(errr_tl 2 CiT(erl(r_t” 2 CiT(erzrr
Recent angle-resolved photoemission spectroscopy (e (e (i2)r
(ARPES measurements by Wellst al! and by Pothuizen

et al? on the insulating copper oxide SuO,Cl, provide an +J<%U SS;. @
unique experimental probe of the properties of a single hole h tis th i tor of lect ith spi
in an antiferromagnetic background. Theoretically this Wereciy IS the creation operator of an electron with spin

. . . o (o0=1,]) at sitei on the two-dimensional square lattice,
p_roblem was analyzed_ln terms of-4’-J model using exact (ij) represents nearest-neighbor sitég,;) next-nearest-
d|agonal|_zat|on techmques_ for_ small glusferand the neighbor sites(diagonal, and (ij,) represents next-next-
self-consistent Born approximatidSCBA).” From a recent nearest sites. The spin operatoiSis- %C_T 0,4Ci 5. The ex-
evaluation of the hopping integrals it was concluded that th@hange derived from two-magnon 'ﬁaﬁfganﬁ scattering is
next-next-nearest-neighbor hopping matrix eleméhtis =125 meVv®'°Following the most recent calculation of the
significant and almost as large as the diagonal hoppin@iopping matrix elements performed by Anderseral® we
matrix elementt’, so thatt” should also be incorporated take t=386 meV, t'=-105 meV, andt”"=86 meV.
in a model Hamiltoniafi. This was done in a recent pager, We setJ=1, so that in these units
where also the leading corrections to the SCBA were evalu-
ated. t=3.1, t'=-0.8, t"=0.7. 2

The ARPES experimerlts’ are carried out at a tempera-  \va first calculate the hole Green's function with fixed

ture of 300-350 K, which is above the dleemperature of e dospin at finite temperature, introduced by a constraint
this compound. Theoretical treatments up to now, howevelgn the sublattice magnetization, and evaluate the contribu-
restrict themselves to the zero-temperature limit, assumingon to the self-energy due to the virtual emission and ab-
long-range antiferromagnetic order, and spectra are artifisorption of spin waves by the hole. Then the hole Green’s
cially broadened in order to compare with experiment. It isfunction with fixed spin, which corresponds to a Green’s

therefore important to extend the SCBA calculations to finitefunction that is actually measured in ARPES, is calculated.
temperature, where long-range antiferromagnetic order ighis Green’s function turns out to be close to an infrared

lacking, although at room temperature the magnetic correlgdivergence and we s.hovy that th|s_|nstab|llty can be av0|deq
tion length for this compound is still about 60 lattice spac- y a proper renormalization, assuring that the results numeri-

ings and no drastic deviation of the ARPES spectrum a[:ally converge even when a rather limited number of grid

room temperature from the one at zero temperature is e)points is used. We find that at nonzero temperature the qua-

pected. Another motivation for this work is that a SCBA siparticle peaks broaden and shift to lower energy. The shift
is independent of momentum and is due to the larger effec-

technique that can cope with the absence of long-range mag> ; - . :
netic order may be extended in the future to describe th ve hole bandwidth as at finite temperature the spin order is

guantum-disordered state of the doped copper oxides. rustrated.
_ We consider a two-dimensiongD) t-t"-t"-J model at IIl. HOLE GREEN'S FUNCTION WITH FIXED
finite temperature. We apply the modified spin-wave theory PSEUDOSPING
. . D
suggested by Takahashi for 2D Heisenberg model at nonzero
temperaturgto deal with a state without long-range antifer- At half filling (one electron per sifethe model under
romagnetic order. The Hamiltonian for the’-t”"-J model is  consideration is equivalent to a Heisenberg model. We are
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interested in the situation when one electron is removed from S =a, S =(25-ala)a, S$=S-aa
the system, and so when a single hole is produced. The dy-

namics of a single hole in an antiferromagnetic background

can be described by the SCBA!? This approximation for | e up sublattice,

works very well due to the absence of single-loop corrections

to the hole—spin-wave verté%-'>Now we have to modify _ R : , +
the SCBA for finite temperature. The main complication is Sm=bPm, Sn=bn(2S—bybm), Sp=—S+Dbybn
that at finite temperature there is no long-range antiferromag-

netic order. Nevertheless, following Takah&she introduce
artificially two sublattices: up and down. The bare hole op-
eratord; is defined so thadiTocciT on the sublattice and
«c;, on the| sublattice. In momentum representation,

[ 2 A
L S aiker 2 . 2 .
A, = N(1/2+m)ie2T ciie a= \[N% edMay, byp= \[N% e'dmby. (9

le: N 2 2 C”eikwj, 3) Th_e summ_ation oveq, her_e an_d eyerywhere below, is re-
N(1/2+m)ic| stricted inside the magnetic Brillouin zone. There are essen-
. . ) tially two ways to find an effective Hamiltonian quadratic in
whereN is the number of sites anth=(S;;)=0 is the av- s ‘operators andb. The first way is to just drop the quartic
erage magnetization. The brackets denote both quantum orms as is done in linear spin-wave thedhBWT). The
and statistical averaging. The quasimomentura restricted  ggcond way is to treat the quartic terms at the mean-field
to be inside the magnetic Brillouin zoney,= 3(cosk, level atab’b—(a’a)b’b+(a'bf)ab+---, corresponding
+cosk,)=0. In this notation it looks liked, has spinc= " {5 mean-field spin-wave theory. As both approximations give

+1/2, but actually rotation invariance is violated amds a  yery close results we choose to use LSWT because it is sim-
pseudospin which just labels the two sublattices. Neverthejer in the present context.

less, the pseudospin gives the correct value of the zpin-
projection: S,= o= *1/2. The coefficients in Eqg3) pro-
vide the correct normalization: A. Finite-temperature correction for Gy

So far we followed the zero-temperature derivation for the
1+<Siz>):1- (4) SCBA. We take the approach of calculating the finite-
2 temperature corrections to the hole Green’s func@grwith
a diagrammatic, perturbative, method. This framework can
be used if the number of spin waves per site is small, i.e., if
. T/J is not too large. This is a reasonable prerequisition as in
Gd(f,k):—if (dio(7)d{ (0))e'<"d . (5)  the experiments/J is of the order of 1/4. We will show
0 later on that at these temperatures the number of spin waves
o . N is actually small, justifying our approach. The advantage of
Thet’,t" terms in the Hamiltoniaxd) correspond to the hole his anproach over performing the calculations at imaginary,
hopping inside one sublattice. This gives the bare hole disyatsybara, frequencies is that in our framework the absence
persion of long-range antiferromagnetic order is specifically built in.
Problems with the numerical analytic continuation on the
real frequency axis are avoided. As is shown later on, an
_)13017%,302( v )2, (6) almost divergency occurs that demands large Iattipes in order
to get stable results. By performing the calculation on the
where y, =3(coskc—cosk,), Bp=4(2t"+t'), and By, real axis from the beginning, the Green’s function can be
=4(2t"—t'). In Eg.(6) we took into account that the sign of renormalized, lifting the almost divergency.
a hole dispersion is opposite to that for an electitbe maxi- At nonzero temperatures the long-range antiferromagnetic
mum of the electron band corresponds to the minimum of th@rder is destroyed. Very many long-wavelength spin waves
hole bang, and omitted the constant term. The bare holeare excited, and one must take into account their nonlinear
Green’s function is interaction. An approximate way to do it is to impose an
additional condition that sublattice magnetization be Zero,

for me down sublattice, (8)

and the Fourier representation farandb,,:

4
(A= 2, (cho)=2

The retarded hole Green'’s function is defined as

€ox=4t'cosk, cosk,+2t"(cos XK+ cos Xy)

God(€,k)= ()

€ cacti (Siei=She)=(3—alati-blby)=0. (10

For spin excitations we use the modified spin-wave
theory (see also the review paper in Ref.)16n order to  This constraint gives an effective cutoff of unphysical states
treat the Heisenberg term in the Hamiltonid@n within spin-  in the Dyson-Maleev transformation. The constraitd) is
wave theory, it is convenient to use the Dyson-Maleevintroduced into the Hamiltonian via a Lagrange multiplier
transformatiof’ for a localized spirS=1/2, $v2. Now we must diagonalize
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Heﬁ=HLSWT—gyz(szﬁ—azﬂel)—eg [A(ajag+bibg) oo —~ —o— & + —e e
FIG. 1. Self-energy at finite temperature. The solid line repre-
Tt
+ 7q(aqb—q+aqb—q)]' 1D sents the hole Green'’s functi@y,, and the dashed line represents

the spin wave. The first diagram corresponds to virtual emission of
the spin wave, and the second diagram corresponds to virtual ab-
sorption.

where A=1+1?/8. This can be done by the Bogoliubov
transformation

_ T _ T
ag=UgagtvgB_q, b,q—vqaq-i-uqﬁ,q, (12

= + 2 — _
and we find the effective spectrum and Bogoliubov param- (k) Eq: [(1+Ng)Gi-q,qCal€~ @q.k=a)

eters )

+Nq0i G+ wg,k+0a)], (18
—2\JA2— 2 _ Al where the first term arises from the virtual emission of the
®,q=2VAT= g, Ug= w_+ 2 spin wave and second term arises from the virtual absorp-
. tion; see Fig. 1. The self-consistent solution of this equation

A1 together with the standard relation
vq= —Sgnvq) Va)_,,q_f' (13 1
Gy(e,k)= (19

; . — €ok— k)+i
These equations show that at nonzero temperature the spin- €~ co— 2 (k)0
wave spectrum has a gap/1+ »2/16~v. This elucidates gives the retarded Green’s function. Due to the definition of
the meaning of the constraint and the Lagrange multiplierthe operators3), the Green’s functiort5) is invariant under

Taking into account that in thermal equilibrium translation with the inverse vector of the magnetic sublattice
Q=(xm,=m),
1
it o N_iptp\— -
Ng={agaq,) = =, 14 Gy(e,k+Q)=Gy(€,k), 20
e B g e 9 a(ek+Q)=Gy(e k) @
) _ in spite of the absence of the long-range antiferromagnetic
we obtain from Eq(10) the equation fow, order.
0=1— EE i(:H_an)' (15) B. Results for G4
NG @ug The numerical solution of Eq19) is straightforward. To

avoid poles we replaceB0—iI'/2=i0.05. The energy scale
consists of 300 points with variable densityoncentrated
near sharp structures @,). The number of points in the
magnetic Brillouin zone is 0 which is equivalent to a
140x140 lattice. Actually the results are almost independent
of the grid as soon as it is larger than>2R0. In Fig. 2 the
Hisw= > Oka( Al q i aq+di, gk Bg+H.C.. spectral density- (1/7)ImG4(w,k) as a function ofw for a

k.q cut through the Brillouin zone fronk=(#/2,7/2) to k

This equation gives an exponentially smaland, hence, an
exponentially large magnetic correlation lengtho 1/v.

Hopping to a nearest neighbor in the Hamiltoniél)
gives an interaction of the hole with spin waves,

(16) =(m,0) is shown for two different temperatures.
In diagrams we will denote the vertey , by a dot; see Fig. The number of spin waves per site for the highest tem-
3(d). This vertex is given by~25 ‘ perature, T=0.4, we considered is=0.05, and so much
" 2 h | S ]
gk,q5<a’qdkT|Ht|dk+q1>:4t N(')’kuq"' 7k+qvq)- }/’ | 2,m2) T=03
.
(17 = T

We stress that the vertéd7) has the same form as in the
case of zero temperature, except for the pseudogap in the
Bogoliubov parameter§13). We remind the reader of the
fact that at zero temperatugg .- =0 because of the Gold-
stone theorem. In the present case, due to the pseudogap,
Ok q-070. This is a reflection of the fact that the long-range S —
antiferromagnetic order is destroyed. However, as the
pseudogap is small, its presence will not give rise to large
effects in the spectra.

Similar to the zero-temperature case the spin structure of FIG. 2. Plots of (- 1/7)ImG4(w,k) as a function ofw for a cut
the interaction(16) forbids single-loop corrections to the through the Brillouin zone fronk = (/2,7/2) to k= (ar,0) for T
hole—spin-wave vertex, so that the self-energy is of the form=0.01 andT=0.3.
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smaller than unity, justifying the perturbational approach. , . /}!/I:q \i{.e;q\ N . ,,ﬂ’k’.(
—_— >

We recall that we use the set of paramet@jshased on Ref.

6 and that the same set has been used in Ref. 7 for a zero-
temperature calculation. Quasiparticle energies and residues FIG. 3. The verticeda) single-hole creation(b) hole+spin-
obtained here are quite similar to that at zero temperdturewave creationc) hole creation with spin-wave annihilation, and
We see from Fig. 2 that temperature shifts the quasipeaksl) usual hole—spin-wave vertex. The thick line corresponds o
positions to lower energy and broadens them. The explanand the thin solid line corresponds @,. The dashed line is the
tion for this is that there are two contributions to the self-spin wave.

energy at nonzero temperatures. One term originates from

virtual spin-wave emission processes and the other from vir- Now we have to find the relation betwe&y(e,k) and

tual spin-wave absorption. The former contribution is alsoG4(e€,k). The operatorc,,, acting on the half-filled ground
present aff=0 and is enhanced at finite temperatures by &state produces a single hole. We denote the corresponding
factor 1+ng; i.e., at finite temperature the interaction be- amplitude bya, and denote it in Fig. &) as a cross. The
tween the spin waves and the hole is effectively increasethick line corresponds to the Green’s functiGh and the

due to this process. The matrix element for the emission othin line corresponds to th&,. The amplitudea, equals

an extra spin wave is larger if the number of spin waves

already present is larger, because of the bosonic nature of the = (dy;C )= \/g (24)

spin waves. The part of the self-energy that is due to the

spin-wave emission is multiplied by a factor larger than 1 at = 5 gperator,, acting on a state of the system can also
finite temperature, causing a shift of the quasiparticle peakBroduce a hole spin wave. This amplitude is shown in Fig.

to lower energy that is nearly uniform in the Brillouin zone 3(b) as a circled cross with the dashed line being a spin
and a shift of the incoherent part of the Green'’s function tQyave. We denote this amplitude oy
. qQr

higher energies. This has a simple physical reason. At non-
zero temperature the hole propagates more easily because the

a b [ d

antiferromagnetic order is frustrated. This causes a uniform br—q q:<:8qdk—qlck1>:g< 'gq( E S+eiQ'ri>>

shift of all quasiparticle poles to lower energy and does not ’ N el

effect their dispersion, as the quasiparticle dispersion is de-

termined predominantly by the magnetic interaction. So the :& B 2 (1_aj‘a_)a_eiq-ri ~ Ev
effect of nonzero temperature is qualitatively different from N\ 7S e N"
the effects of doping, where it is found that a reconstruction (25)

of the quasiparticle dispersion takes place, attributed to the

frustrated magnetic order in the doped systérfihe contri-  There is some ambiguity in the last step of this derivation. If
bution to the self-energy at finite temperature due to the spinye neglect quartic terrrﬁq(l_ai‘rai)ai_)ﬁqai , we get a
wave absorption is mainly responsible for the broadening of 5i,e ofbyq by a factor ofy2 larger than that given by Eq.

the quasiparticle peaks. (25). If we treat the quartic term on the mean-field level, then
aiTai—>1/2 and we get a value @, a factor ofy2 smaller
ll. HOLE GREEN'S FUNCTION WITH FIXED SPIN G, than in Eq.(25). The correct value is somewhere in between.

The operatorsl,; andd,, discussed in the previous sec- We choose the verteBq to be the same as in the zero-
tion are defined at different sublattices. The operators on tw&EMperature caseWe will see that this provides the correct
sublattices are useful as mathematical constructions, b@'™ rule for th.e Green's functioG, anc_l this is a justifica-
when a photon removes an electron from the system, it dodion of our choice. We stress that Eg5) is a bare vertex. It
not differentiate between the sublattices, and moreover, £C'TesPonds to the instantaneous creation of a-hsin
nonzero temperature there are no sublattices at all. TherefolAVe, but not the creation of a hole with a subsequent decay

we have to define the particle operator that is relevant foft0 @ holetspin wave.
photoemission independent of the sublattice. This particle
operator is A. Finite-temperature correction for G

(22) ation of a hole with the absorption of a spin wave from the
thermal bath. We denote this amplitude &y, . It is shown

in Fig. 3(c), and for simplicity we also denote it as a circled
cross. The derivation dfy 4 is quite similar to Eq(25) and
the result is

5 At finite temperature there is another possibility: the cre-
Cyo= \/%EI: Cioelk.ri'

The normalization is chosen in such a way that

2
(Olckioi]0)=¢0I 2 clici[0)=1. (22
2
=(a e
The corresponding retarded Green’s function is Ckaq <a—qdk““cki> Nuq. (26)

(4 o In Egs. (25 and (26) we have omitted the standard Bose
Ge(e, k)= Jo (CholT)Cks(0))e'“dT. (23 statistics factorsy1+ ng in Eq. (25) and Jng in Eq. (26).
These factors are taken into account separately in the calcu-
This is the Green’s function measured in ARPES. lation of the diagrams.
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l,/'_‘\\\ ///'_‘\\\ 1 o
= b o R+ B @ 4 _;|mj G(e,k)de

. i s . | , .
d e

1
— ;Imj Gd(e,k)de)

FIG. 4. Dyson equation relating Green'’s functioBs (thick

X
solid line) and G (thin solid line.

aZ+ % [(1+ngbf o4+ nqcﬁyq])

Now we can find the relation between the Green’s func-
tionsG., Eq.(23), andGy, Eq.(5). In leadingt approxima-
tion it is given by the diagrams presented in Fig. 4 where the
thin solid line represents the bare hole Green'’s funcBgp,
Eq. (7). Each self-energy insertion should be understood as a
combination of spin-wave emission and spin-wave absorp-
tion diagrams, similar to that in Fig. 1. Now let us dress these
diagrams by higher orders in the hoppingAs we already Wwhere we have used Eq4.3) and(15). Thus Eq.(27) repro-
discussed above, there is no single-loop correction to thduces the correct normalizatio(0|cchkT|O>=1. This also
“dot.” We neglect double-loop corrections to the “dot” as proves that the vertice®5) and(26) are correct.
it has been done in the SCBA. Therefore the only possibility The verticesd, 4, Eq.(25), andc 4, Eqg.(26), are invari-
is the introduction of self-energy corrections@g. To take ant under translation by the inverse vector of magnetic sub-
into account all these corrections we need just to replace alattice Q=(* 7, %= 7). by, g q=bk 4. At the same time the
bare hole Green’s function§yy by dressed hole Green's vertex gy 4, EQ. (17), changes sign under this translation:
functionsGy . Ok+q.q= —Ukq- Therefore the self-energy,(e,k) changes

So Fig. 4 actually represents a Dyson equation relatingign atk—k+Q and
G, Eq.(23), andGy, Eq. (5). In analytical form it is

2
=0.5+ N% [(1+ngvi+nqud]

—22 A 1+2n,)=1 31
~N2 w—yq( ngy=1, (31

Gc(€,k)=aiGy(e,k) +31(€,k) +2a,Gy( €,k) 2 5 €,k) Gc(e,k+Q)#Gy(€,k). (32)

+Gy(e,k)Z5(€,k), (27)
The imaginary part ofG.(e,k) gives directly the spectra
measured in ARPES experiments. This Green'’s function can
be calculated using the Dyson equati@Y) as soon as we

where

S1(ek)=2 [(1+ng)bi_,(Gale—wq.k—0) have foundG, in the SCBA, Eq.(19).
q
2

+NqCk (Gal€+ wg,k+0)] (28) C. Results for G,
and Numerical evaluation ofs, at finite temperature, how-
ever, is more complicated than &t 0. The problem lies in
S.(e.k)= 14+n.)b,_ o Gyle—wa k— the infrared divergence of the integrandf(e,k) at small
2(€k) % [(1419)Bk-g,49k-qaCal €~ @g.k—0) g. To clarify this we compare the smajl-behavior of the

integrands of the self-energies, ,, and 3,. Small g
means that ¥, <q<T, where&,,«exp(1.1T) is the mag-
netic correlation length. In this region the spin-wave mean
B. Sum rules occupation number is~T/q, and the vertices ar@yg

Let us check now the sum rules. All singularities of re- ~ Va b “Ck,qNU\/a.- The self-energy. has an integrand
tarded Green’s functions are in the lower half plane of com-*NqGkqd“q~Tqdq Itis convergent at smad| and therefore
plex e. Therefore, if we integrate E419) over e from — o numerical calculatior_l oE_ is straightforwar_d and the finite-
to + oo, this integral can be replaced by the integral over arfémperature generalization of the SCBA is as the simple as
infinite semicircle in the uppee half plane. For infinite Zero-temperature SCBA. For the integrand of the self-energy

+NgCi gk qCal €+ g, k+q)]. (29

€, Gd: GOdv and we get the well-known sum rule 22 one ﬁndsanbk’qgk’qdququ, which is also conver-
gent at smally. The situation is different in the self-energy
1 % 341 It is logarithmically divergent at smabj: ocnqbﬁyqdzq
- ;'mﬁde(fyk)df: 1, (30 ~Tdg/q. There is no real divergence, however, because the

integral is convergent ai~ 1/¢y,, but to calculate this inte-
which agrees with Eq(4). If we integrate Eq.(27) in the  gral numerically by “crude force” one needs a grid with
same limits, the terms which contain more than one Green'dq<<1/¢y . One then needs, for example, whér0.25, a
function give no contribution, because the integral can bdattice of at least 208 200, and for lower temperatures an
transferred into the upper complexhalf plane, and we find even bigger lattice.
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spectra aff=0.01 agrees quite well with zero-temperature
calculations. We stress that the agreement is not trivial. At
(w,0) N . . . .

: T=0 long-range antiferromagnetic order is assumed, and in
the present work we used a quite different approach based on
a state without long-range order. The agreement indicates
(r/2,0) that these two approaches are consistent. For nonzero tem-
peratures the trend in the spectra &g is the same as for
Gy the temperature effect is to shift the quasiparticle peaks
uniformly to lower energies and to broaden them. The spec-
tra presented in Fig. 5 should be directly compared with
‘ ARPES experimental dat& They reasonably reproduce po-
-8.0 -6.0 -4.0 -2.0 sitions and residues of experimental peaks, but fail to repro-
® duce widths of the peaks.

SPECTRAL WEIGHT

(n/2,m/2)

FIG. 5. Plots of 1/7m)ImG.(w,k) for different temperatures
andk points. The thin line is the result far=0.01, the thick lines IV. CONCLUSIONS
for T=0.2, 0.3, and 0.4. The spectral weight at thgQ) point is

. We considered the two-dimensional’-t”-J model at fi-
multiplied by a factor of 10.

nite temperature, and developed a technique to deal with the
state without long-range antiferromagnetic order. There is
hope to extend this technique to the quantum-disordered
state of the doped system. We generalized the self-consistent
Born approximation to the case of nonzero temperature and
— derived the Dyson equation which relates the single-hole
2i(ek)=2p(ek)+Zrrlek), @3 Green’s function with fixed spin to the single-hole Green’s
where function with fixed pseudospin. This equation is sensitive to
very large distances of the order of the magnetic correlation
Sa(e,k)=> (1+nq)b§,qq[Gd(e—wq,k—q)—Gd(e,k)] length and therefore not convenient for computations. To
q ’ overcome this problem we developed a renormalization pro-
cedure which allows one to exclude large distances and to
+> nqcﬁq[Gd(enL wq.k+0)—Gg(e,k)] (34 work with a relatively small lattice: The results are indepen-

q ' dent of the lattice size as soon as it is larger thar 20. The
effect of a finite temperature is a broadening and a shift of
the quasiparticle peaks to lower energy, independent of the
momentum. This is attributed to the frustrated magnetic or-

ERR(e,k)zGd(e,k)E [(1+ nq)bﬁ_q’q+ nqcﬁ,q]. der at finite temperature. The calculated ARPES spectra
q 35 demonstrate that temperature broadening is not enough to
(39 explain the widths of the experimental spectfaThis
Numerical calculation oB r does not cause any trouble be- strengthens the argument that other degrees of freedom con-
cause it is well convergent at smajl On the other hand, tribute to the peak width.
2 rr Can be easily calculated analytically using the modified
spin-wave theory equation13) and (15): Xgg(€,k)
=1Gq(e,k). Using this procedure the calculation can be
done at arbitrary small temperature. The results are practi- We are very grateful to M. Kuchiev and G.A. Sawatzky
cally independent of the grid as soon as it is larger tharfor stimulating discussions. This work was financially sup-
20X 20. The plots of ¢ 1/7)ImG.(e,k) as a function ofe ported by the Nederlandse Stichting voor Fundamenteel
for k=(w/2,m/12), k=(7/2,0), andk=(,0) are presented Onderzoek der Materi@OM) and the Stichting Scheikun-
in Fig. 5. dig Onderzoek Nederlan@BON), both financially supported
The half widths of quasiparticle peaks G@f, are slightly by the Nederlandse Organisatie voor Wetenschappelijk
larger than the half widths of quasiparticle peak$sgf. The  OnderzoekK NWO).

We can avoid this problem by renormalizig, so that
we can work with a reasonable grid size. Let us rewrite Eq
(28) in the form

and
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