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Specific heat in the spin model for Nd22xCexCuO4

Jan Bała
Institute of Physics, Jagellonian University, Reymonta 4, PL-30059 Krako´w, Poland

~Received 26 September 1997; revised manuscript received 30 December 1997!

The spin interactions in Nd22xCexCuO4 are described by an extended Heisenberg model and treated in the
spin-wave formalism including magnon-magnon scattering. The effect of doping in the model was mimicked
by additional frustrating interactions in the CuO2 planes. In the limit of strong Cu-Cu correlations, increasing
frustration leads to a drastic increase in the low-temperature specific heat anomaly. The spin dynamics was
treated beyond linear spin-wave order and the model was solved self-consistently.@S0163-1829~98!03422-5#
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I. INTRODUCTION

The discovery of an extreme enhancement of
low-temperature specific heat in an electron-dop
Nd22xCexCuO4 ~NCCO! compound1 renewed the interest in
the superconducting materials containing magnetic rare e
ions.2 In some respect these compounds are similar to h
doped high-temperature superconducting oxides~HTSO’s!
~e.g., La2CuO4). Their three-dimensional~3D! long range
order~LRO! originates from Cu21 (S51/2) spins with very
large intraplanar exchange, greater than 100 meV, and
small interplanar exchange, less than 1022 meV. However,
La13 ions are nonmagnetic, whereas electron-doped syst
have localized moments that can order leading to a serie
complicated reorientation transitions.3,4

Inelastic neutron scattering experiments show that lo
energy Nd excitations have energies below 0.8 meV,5 while
the Cu excitations appear for energies greater than 10 m
~at T,10 K!.6 At low temperatures (T,2 K! Nd13 4 f mo-
ments order by an exchange coupling to the Cu12 spins lead-
ing to a complex noncollinear structure.7 At small doping
(x'0.1), where the antiferromagnetic~AF! LRO of Cu mo-
ments still exists, one can observe a linear in tempera
specific heatCp with a g coefficient (g5Cp /kT) increasing
very rapidly up to;4 J/mole K2, indicating heavy-fermion-
like behavior,1 although not originating from Kondo-typ
electron exchange. This intriguing behavior was investiga
in a model for strongly correlated conduction electrons
bridizing with neodymium 4f states8 and then by numerica
diagonalization of finite clusters,9 a stochastic approach,10

using pseudospin models,11,12 and renormalization-group
methods.13

In undoped case these materials are AF charge-tran
insulators with one hole per Cu site while with increasi
doping the AF LRO disappears rapidly14 and in a narrow
doping range2 (0.13,x,0.18) a superconducting state
stabilized. Such a fast destruction of the AF ordered phas
doping follows from the competition between the Cu-Cu s
perexchange and the Kondo interactions between the do
oxygen holes and the Cu spins.15 In the doped system th
oxygen holes in the CuO2 planes modify the exchange inte
actions between neighboring Cu spins and induce additio
spin fluctuations due to their hopping over the oxygen or
als, which leads to a considerable frustration of the AF
teractions in the planes. An explicit treatment of hole-h
570163-1829/98/57~22!/14235~7!/$15.00
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interactions is complicated. Hence we shall study instead
effective Heisenberg (S51/2) model, with the effect of finite
doping simulated by the frustration of AF interactions
copper planes.16 However, one has to be aware of the fa
that the behavior of the doped holes in HTSO’s is too co
plicated to be described by simple spin models to its f
extent.17

II. MODEL HAMILTONIAN

We start from an extended Heisenberg model includ
the most important magnetic interactions in the compou
Magnetic moments of Cu13 and Nd13 ions are;0.4mB and
;1.3mB at T50.4 K,3 respectively. Here they are describe
by S51/2 spins since the crystal-field ground state is kno
to be a singlet.5,18 Thus our Hamiltonian is

H5J(̂
i j &

Si
dSj

d1J8(̂
i j &

Si
dSj

f1J9 (
^ i j & IP

Si
dSj

d1aJ (
^^ i j &&

Si
dSj

d ,

~2.1!

where the first two terms describe the AF (J,J8.0) interac-
tions between the Cu-Cu and Cu-Nd nearest neighb
(^ i j &), respectively. The next term stands for a small Cu-
interplane (̂ i j & IP) AF coupling (J9.0) making the model
3D ~see Fig. 1! and the calculations at nonzero temperatu
possible.19 Finally, the last term describes the frustrating A
interaction with the coefficienta standing for the ratio of the
copper next-nearest-neighbor (^^ i j &&) AF interaction to the
superexchangeJ. The presence of magnetic interactions m

FIG. 1. Schematic structure of NCCO considered in our mod
d ands represent Cu and Nd sites, respectively.
14 235 © 1998 The American Physical Society
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14 236 57JAN BAŁA
diated through the copper-oxygen layers is significant
these layers are involved in superconductivity in t
electron-doped compounds.

The model~2.1! with J85J950 recently has been a sub
ject of intensive theoretical studies20–32 and it is well estab-
lished that LRO exists atT50 anda50 while increasinga
destabilizes the AF state. Exact results on finite lattices in
cate that foracrit'0.4 ~Refs. 20–22! the conventional col-
linear AF LRO breaks down and including inhomogeneit
simulating doping this critical frustration can be reduc
even toa'0.15.22 On the other hand, spin-wave calculatio
show that the Ne´el state becomes unstable aroundacrit
'0.5.23–25 Furthermore, a systematic 1/N expansion,26 self-
consistent spin-wave theory27, and Schwinger boson mean
field theory28 found the stability of the Ne´el state enhanced
by quantum fluctuations leading toacrit larger than 0.5. In
the region of strong frustration (a'0.5) several types o
states have been considered: a quantum spin liquid,22,23,29a
short-range resonating valence bond state,23,30 and
dimerized21,24,26,31or chiral21,22,32states.

To simplify the notation~and reduce the number of sp
operators in our model! we have made a rotation of spins o
one of the sublatticesB by 180° about theSx axis and deal
with the ferromagneticNéel state and spin operators tran
formed as33

Si
j,6→Si

j,7 , Si
j,z→2Si

j,z , i PB, ~2.2!

wherej5d, f , f 8 describes three different sites~one Cu and
two Nd! in our unit cell. Next we introduce the Bose oper
tors di , f i , f i8 by means of the Holstein-Primakoff transfo
mation, which forSi

d spin operators has the form

Si
d,15~2S!1/2di

†S 12
di

†di

2S D 1/2

,

Si
d,25~2S!1/2S 12

di
†di

2S D 1/2

di , ~2.3!

Si
d,z5S2di

†di

and is expressed in the same way forSi
f andSi

f 8 spin opera-
tors. In Fourier space, including the higher-order;1/2S
terms in the expansion of spin operators@Eq. ~2.3!#, our
Hamiltonian has the form

H5Hd1H f1Hd f , ~2.4!

where

Hd5(
k

@Ak
d~dk

†dk1d2k
† d2k!1Bk

d~dk
†d2k

† 1dkd2k!#,

H f5Af(
k

~ f k
†f k1 f 2k

† f 2k1 f 8k
†f k81 f 82k

† f 2k8 !, ~2.5!

Hd f5Ad f(
k

@~dk
†f 2k

† 1dk f 2k!cos~kzb!

1~dk
†f 82k

† 1dk f 2k8 !sin~kzb!#,

with
s

i-

s

Ak
d5

zS

2 F S J1
1

2
J9D ~12nd!1

1

2
Ji8S 12

nf1nf 8
2 D

1aJ~12nd!~gk21!G ,
Bk

d5
zS

2 FJ~12nd!gk1
1

2
J9~12nd!cos~kzc!G ,

~2.6!

Af5
zS

8
Ji8~12nd!,

Ad f5
A2zS

4
J'8 S 12

2nd1nf1nf 8
4 D .

Here gk5 1
2 @cos(akx)1cos(aky)#, gk85cos(akx)cos(aky), and

z54 is the in-plane coordination number. The lattice para
etersa, b, andc stand for the Cu-Cu in-plane, Cu-Nd, an
Cu-Cu interplane nearest-neighbor distances, respectivelyJi8
andJ'8 represent the exchangeJ8 parallel and perpendicula
to the z axis, respectively, and the quantitiesnd ,nf ,nf 8 are
renormalizations of parameters for the model considered
yond the linear-spin-wave approximation~LSWA!. In Sec.
III we consider the limitJ'8 50 giving Hd f50 and in Sec.
IV, whereJ'8 5Ji8Þ0, we make a simplifying approximation
to theHd f term.

The specific heat is calculated from the total energy
excited magnons at the temperatureT, which is given by

E~T!5
1

N (
k,i 5d, f , f 8

v i~k,T!FNi~k,T!1
1

2G
2

1

2S 1

N(
k

Ak
d12Af D , ~2.7!

whereNi(k,T)5$exp@vi(k,T)/kT#21%21 is the Bose distri-
bution function with magnon energiesv i(k,T). Our unit cell
consists of three sites~one Cu and two Nd! and we will have
three different magnon branches. The spin susceptibility p
pendicular to the magnetization axis can be calculated in
same way as for a simple Heisenberg model34 and expressed
as

x'5
N~gmB!2

z

12Af~Af2Ad f!18Af~A0
d1B0

d!1~Ad f!2

Af@4Af~A0
d1B0

d!2~Ad f!2#
.

~2.8!

All the numerical calculations were made on a 1
31003100 k lattice leading to the results almost indistin
guishable from the ones for 20032003200 points. The self-
consistency has been carried out until the renormaliza
factors (nd ,nf ,nf 8) change less than 0.001% on each loo

The model is considered only below the Nd31 ordering
transition (T;2 K!.35 At higher temperatures the Nd ion
have only moments induced by copper ions participating
the 3D LRO below the Cu21 Néel temperature. In the clas
sical limit the AF Nee´l state changes from two sublattices
four sublattices ata50.5. Here we have considered only
<a<0.4 representing the situation in a doped compou
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57 14 237SPECIFIC HEAT IN THE SPIN MODEL FOR Nd22xCexCuO4
with AF LRO still present (x,0.13). This compound has th
simplest crystal structure of all the cuprate superconduc
with no apical oxygen.3,11 Therefore, our model consists o
only three-plane subsystems~see Fig. 1! communicating
with each other through a small exchange elementJ9. In a
real compound the energetic scales for the Cu-Cu intrap
exchange, the Nd-like magnetic excitations, and interpl
Cu-Cu exchange are;100 meV, ;1 meV, and;1021

21022 meV, respectively.5,12,36,37This justifies the choice o
J/J85100 andJ9/J850.1 as a realistic parameters set~with
J8 adopted as the energy unit!. Moreover, we have assume
the lattice ratioa/c53 in agreement with NCCO lattice pa
rameters (a53.962 Å andc512.21 Å at 300 K!.3,35

III. ISING LIMIT „J'8 50…

In this section we consider the case when Nd-Cu inter
tions are Ising-like (J'8 50). As it is shown below, even in
this simplified case it is possible to explain the anomaly
the specific heat observed experimentally.1 The Hamiltonian
~2.5! is diagonalized by the Bogoliubov transformation

ak5ukdk2vkd2k
† ,

uk5F11~12xk
2!1/2

2~12xk
2!1/2 G1/2

, ~3.1!

vk52sgn~Bk
d!F12~12xk

2!1/2

2~12xk
2!1/2 G1/2

,

wherexk5Bk
d/Ak

d , giving

H5(
k

vd~k,T!ak
†ak1v f~T!(

k
~ f k

†f k1 f 8k
†f k8!,

~3.2!

with vd(k,T)52A(Ak
d)22(Bk

d)2 and v f(T)52Af . The
model has to be solved self-consistently with the renorm
izations of parameters

nd5
1

N(
k

~uk
21vk

2!Nd~k,T!1
1

N(
k

vk
2 ,

nf5nf 85
1

N(
k

Nf~k,T!. ~3.3!

The respective magnetic moments areM j5S2nj with j
5d, f , f 8.

In Fig. 2 we have presented the zero-temperature dis
sions of copper and neodymium spin waves at different fr
tration levels. Both Nd-like branches are momentum in
pendent and soften with increasing frustration. On the ot
hand, for the Cu magnon mode softening takes place only
kÞ0 and is the strongest at large momenta@see Fig. 2~a!#.
Assuming J50.13 eV, the copper–spin-wave gapDd

;AJJ8 is about 15 meV, in reasonable agreement with
experimental value, greater than 10 meV.6 This gap sets the
scale of the effective copper-neodymium interactions as
the limit J8→0 we haveDd50. For realistic parameter
Dd@kT and the copper contribution to the total energy of t
system comes mainly from the 1/2N(k@vd(k,T)2Ak

d# term
rs
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@see Eq.~2.7!#. As it will be shown below, going beyond th
LSWA, this contribution can drastically alter theg coeffi-
cient in the strongly frustrated model.

Next we analyze the effect of frustration~mimicking dop-
ing in the compound! on theg coefficient for realistic pa-
rameters. ForkT,0.1J8 one can see the usual exponent
increase ing, while for largeT a linear specific heat stabi
lizes with a rapidly increasing value fora.0.3 @Fig. 3~a!#

FIG. 2. Dispersions of~a! Cu and~b! Nd-like spin waves for
different frustrationsa in the model found in the Ising limitJ'8
50 for the realistic parameters of NCCO atT50.

FIG. 3. Temperature dependence ofg5Cp /kT for different
frustrationsa found in the Ising limitJ'8 50 ~a! with and~b! with-
out magnon-magnon interactions, calculated for realistic parame
of NCCO.
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14 238 57JAN BAŁA
and when higher-order terms in the Holstein-Primakoff e
pansion are included. On the other hand, when the prob
is treated in the LSWA the magnon dispersions are temp
ture independent and the copper mode practically do not c
tribute to the specific heat (Dd@kT). Therefore, the change
in g are only due to softening of Nd modes@see Fig. 3~b!#.
This indicates that the Cu-Nd magnon-magnon scatte
dominates the magnon dynamics leading to heavy-ferm
like behavior.

We have investigated the temperature dependence
magnetic moments at different frustration levels. AtT50 the
Nd magnetic moment is always 0.5mB , while the Cu one
decreases from;0.34mB to ;0.11mB when a increases
from 0 to 0.4, respectively~see Fig. 4!. This corresponds to
decreasing Cu Ne´el temperature with doping. Fora.acrit
'0.45 the AF Ne´el ground state becomes unstable in o
model. This instability occurs for a similar value ofa as in
the 2D frustrated Heisenberg model using spin-wa
formalism.25,24,23The character of theg coefficient starts to
change dramatically ata'0.3 when the copper magnet
moment reduction isMd(a50.3)/Md(a50)'0.7, in agree-
ment with the experimentally observed ratio.12 In nonfrus-
trated model the Cu magnetic moment changes only
DMd'0.01mB ~when M f changes from 0.5mB to 0), while
for a50.4 we haveDMd'0.1mB @see Fig. 4~a!#, explaining
so active a role played by the strongly correlated mome
contributing to the specific heat. In all cases we have fou
nondiverging spin deviations.

We have also investigated to what extent this sharp
crease in theg coefficient is influenced by changes in th
parameters of the model. One can see thatg slowly de-
creases with increasing Cu-Cu interplane interactionJ9
@compare Fig. 3~a! with Figs. 5~a! and 5~b!#, but a rapid
reduction takes place with decreasing Cu-Cu intraplane
changeJ @see Figs. 5~c! and 5~d!#. At J/J851, when higher-
order terms are negligible, we have an almost-a-independent
g coefficient. Thus one can see that strongly correlated c
per spins (J@J8) are the main factor determining the rap
increase in theg coefficient in our spin model.

IV. HEISENBERG LIMIT „J'8 5J i8…

In this section the spin model is considered in the lim
where the Nd-Cu interactions have the Heisenberg fo
th
e
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First we have diagonalized the Hamiltonian~2.5! in the 2D
case. In this limit (kz50, J950) one can perform the rota
tions

zk
15~cosfk!dk2~sin fk! f k ,

zk
25~cosfk! f k1~sin fk!dk ~4.1!

and next the Bogoliubov transformations

ak5~coshuk!zk
12~sinh uk!z2k

2† ,

bk5~coshuk!zk
22~sinh uk!z2k

1† , ~4.2!

which in the LSWA for tan(2fk)5JJ8gk /$A2@J2(12gk
2)

1JJ813/16(J8)2#% and tanh(2uk)52(J1J8/4)sin(2fk)/
Jgk give the Hamiltonian with independentak , bk , and f k8
modes. Performing two additional Bogoliubov transform
tions for ak and bk states, we have found the magnon d
persions as presented in Fig. 6. The high-energy mag
branch @see Fig. 6~a!# has the energy gapDd
'20.1,44.8,63.5 forJ851,5,10~with J5100), respectively.
Thus, as in Sec. III, we haveDd;AJJ8, which plays a lead-
ing role beyond the LSWA.

The 3D model is more complicated as bothf k and f k8
modes are involved@see Eq.~2.5!#. Therefore, to solve it
numerically we have made the Bogoliubov transformat
~3.1!, which gives theHd f part of the Hamiltonian of the
form

Hd f5Ad f(
k

@~ak
†f 2k

† 1ak f 2k!ukcos~kzb!

1~ak
†f k1 f k

†ak!vkcos~kzb!

1~ak
†f 82k

† 1ak f 2k8 !uksin~kzb!

1~ak
†f k81 f 8k

†ak!vksin~kzb!#. ~4.3!

Next we perform a simplifying approximation assumin
uk f k

†2vk f 2k'0. Now the whole Hamiltonian can be easi
diagonalized by a simple rotation of theak , f k , f k8 states,
which leads to the calculation of eigenvalues of the matr
@H~k!#5F vd~k! 2Ad fvkcos~kzb! 2Ad fvksin~kzb!

2Ad fvkcos~kzb! 2Af 0

2Ad fvksin~kzb! 0 2Af
G . ~4.4!
ge

m-
Such an approximation works very well in theJ@J8 limit
~compare solid and dashed lines in Fig. 6! giving practically
linear dispersion of the lowest mode fork→0 ~Fig. 7!.

Although the rotational invariance has been lost and at
k50 point the;0.02J8 gap opens, it can only affect th
low-temperature behavior withkT,0.02J8 ~exponential in-
crease ofg in this range of temperatures!, which is of minor
e

interest here. At higher temperatures (0.1J8,kT,0.2J8) the
main difference in theg temperature dependence is a chan
from exponential~see Sec. III! to more power-law-like be-
havior. The linear part of theg (0.2J8,kT,0.4J8) re-
sembles that found in Sec. III~compare Fig. 3 with Fig. 8!.
Moreover, comparing the specific heat for different para
eters sets found in the Ising limit~Fig. 5! with the one ob-
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57 14 239SPECIFIC HEAT IN THE SPIN MODEL FOR Nd22xCexCuO4
tained in this case, we have found only small quantitat
differences. For these reasons, we argue that the anoma
the g coefficient is not connected with thek-linear mode
near the (0,0,0) point, which was absent in Sec. III.

Using the analytical expression~2.8!, one can obtain the
Pauli-type susceptibility for different frustrations~see Fig.
9!. At T50 the value of x' steadily increases from
2.4(gmB)2 to over 3.2(gmB)2 for a increasing from 0 to 0.4
These results can be qualitatively understood as follo
When the parent compound is doped, the effective Cu
superexchange interactionJ is reduced on average due to th

FIG. 4. Magnetic moments~in units ofmB) of ~a! Cu13 and~b!
Nd13 ions as a function of temperature for different frustration
calculated for realistic parameters of NCCO in the Ising limitJ'8
50.

FIG. 5. Temperature dependence of theg coefficient in the Ising
limit J'8 50 including the magnon-magnon interactions for differe
frustrations, found for~a! J/J85100 and J9/J850.5, ~b! J/J8
5100 andJ9/J851, ~c! J/J8520 andJ9/J850.1, and~d! J/J8
51 andJ9/J850.1.
e
in

s.
u

presence of hole carriers. As a consequence, the suscep
ity at zero temperature, being inversely proportional to
spin superexchange, should increase. In Table I we have
together values of theg coefficientx' and the Sommerfeld-
Wilson ratio R54p2kB

2x/3g2mB
2g for frustration changing

from a50.2 toa50.42. The increase ing exceeds change
in x' leading to the Sommerfeld-Wilson ratio decreasi
from 3.39 (a50) to 1.04 (a50.42).

Finally, we would like to make a more quantitative com
parison of the value of specific heat with the experimen
results. Assuming the energy of the Nd spin excitatio
v f;0.8 meV ~Refs. 5, 12, and 38! at kT50.2J8, we have
g'2.7 and 5.8~J/mol K2) for a50.3 and 0.4, respectively
These results are the same order of magnitude as the ex
mental ones.1

Another similarity of NCCO with heavy-fermion
systems39 is the influence of a magnetic field upon theg
coefficient. As presented in Fig. 10, the specific heat in

,

t

FIG. 6. Dispersions of~a! Cu and~b! Nd-like magnons in the
2D LSWA (kz50, J950) given by the exact solution~solid lines!
and using the simplifying approximation~dashed lines!. Magnons
with increasing dispersions are obtained forJ/J85100, J/J8520,
andJ/J8510, respectively. In all casesJ5100 anda50.

FIG. 7. Dispersions of Nd-like spin waves~only bonding mode!
found in the Heisenberg limitJ'8 5Ji8 for the realistic parameters o
NCCO atT50. Magnons with decreasing dispersion are obtain
for a50, 0.1, 0.2, 0.3, and 0.4, respectively.
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14 240 57JAN BAŁA
model drops to much smaller values already ath/gmB
'0.2J8, in agreement with the anomaly foun
experimentally.1 This sets the characteristic energy scale
the interaction between an external field and Nd mome
which is the same as our temperature range whereg stabi-
lizes at large values (kT;0.2J820.4J8).

V. SUMMARY

In this paper we have studied the physical properties
the 3D spin model with magnetic ions weakly coupled
strongly correlated electrons in CuO2 planes. The spin dy-
namics was treated beyond the LSWA, producing qual
tively different results from those obtained using the LSW
or the low-temperature expansion~which can only reproduce
the steep increase in the specific heat forkT,0.1J8). The
main limitation of this approach is the restriction to tempe
tures and doping where for both Cu and Nd moments L

FIG. 8. Temperature dependence of theg coefficient for differ-
ent frustrations found in the Heisenberg limitJ'8 5Ji8 ~a! with and
~b! without magnon-magnon interactions and calculated for reali
parameters of NCCO.

FIG. 9. Magnetic susceptibility@in units of (gmB)2# perpendicu-
lar to the quantization axis for realistic parameters of NCCO w
different frustrations.
r
s,

f

-

-

exist. Therefore, nothing can be said about the Scho
anomaly present above the Nd Ne´el temperature.10,40 The
driving force of the phenomena presented here is magn
magnon scattering, which, in a system with strongly cor
lated electrons, can dominate the specific heat at higher t
peratures when AF order is sufficiently frustrated a
consequently the Ne´el temperature sufficiently reduced. I
NCCO the largeg onset is already in the Cu AF ordere
phase (0.1,x,0.14) whereg reaches about 70% of it
maximal value. Although our calculations cannot give a l
ear term in theT50 limit they distinctly show that forkT
.0.2J8 the changes in theg coefficient can be even quant
tatively explained by our spin-only model when dynamic
effects are taken into account. Moreover, as it has been
sented in Sec. IV, the calculated values ofg and theg/x'

ratio are close to the experimental results in a doped c
pound.

Comparing the results in Secs. III and IV, we notice
minor role of thek-linear mode near the (0,0,0) point~see
Fig. 7!. The number of magnonsn excited in this mode is
n;(T/J)3. KeepingT constant (kT;J8) and increasingJ,
we haven;(J8/J)3 decreasing~the stronger correlated cop
per spins the steeperk→0 mode!. Thus, whenJ@J8 most of
the excited states lie in the nondispersive part of the lo
energy magnon branches, which are almost identical in b
limits.

ic

TABLE I. The g coefficient, the magnetic susceptibilityx' ,
and the Sommerfeld-Wilson ratioR for realistic parameters with
different frustrationsa at kT50.2J8.

a g x' /(gmB)2 R54p2kB
2x/3g2mB

2g

0.20 10.1 2.60 3.39
0.22 10.6 2.64 3.28
0.24 11.2 2.67 3.14
0.26 12.0 2.72 2.98
0.28 12.9 2.77 2.83
0.30 14.1 2.83 2.64
0.32 15.6 2.91 2.45
0.34 17.8 3.00 2.22
0.36 20.8 3.11 1.97
0.38 25.3 3.25 1.69
0.40 32.8 3.45 1.38
0.42 47.5 3.74 1.04

FIG. 10. Temperature dependence of theg coefficient in the
Heisenberg limitJ'8 5Ji8 for the realistic parameters of NCCO wit
a50.4 and the magnetic fieldh parallel to the quantization axis.
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Another issue, not considered in detail in this paper, is
role played by the direct Nd-Nd and Nd-Ce~in doped
sample! exchange. In a doped compound Nd magnetic io
are substituted by nonmagnetic Ce41 ones. This allows one
to treat these interactions as frustrated~in a similar way to
Cu-Cu ones!. Numerical calculations show that these inte
actions only enlarge the Nd contribution to the specific h
but do not affect Cu-Nd magnon-magnon scatterings, wh
determine the character of theg coefficient at larger values
of a.
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