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Specific heat in the spin model for Nd_,Ce,CuO,
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The spin interactions in Nd ,CegCuQ, 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 Cu@lanes. 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-considieail$3-182¢08)03422-5

[. INTRODUCTION interactions is complicated. Hence we shall study instead an
effective Heisenbergg= 1/2) model, with the effect of finite
The discovery of an extreme enhancement of thedoping simulated by the frustration of AF interactions in
low-temperature specific heat in an electron-dopeccopper plane&® However, one has to be aware of the fact
Nd,_,Ce,Cu0O, (NCCO) compound renewed the interest in that the behavior of the doped holes in HTSO's is too com-
the superconducting materials containing magnetic rare earglicated to be described by simple spin models to its full
ions? In some respect these compounds are similar to holeextent*’
doped high-temperature superconducting oxifd$SO’s)
(e.g., LaCuQ,). Their three-dimensional3D) long range
order (LRO) originates from Ct" (S=1/2) spins with very
large intraplanar exchange, greater than 100 meV, and very we start from an extended Heisenberg model including
small interplanar exchange, less than 4GneV. However,  the most important magnetic interactions in the compound.
La"3 ions are nonmagnetic, whereas electron-doped systemgagnetic moments of Cl? and Nd"2 ions are~0.4ug and
have localized moments that can order leading to a series O~f—1.3,uB at T=0.4 K2 respectively. Here they are described
complicated reorientation transitiofs. by S= 1/2 spins since the crystal-field ground state is known
Inelastic neutron scattering experiments show that lowtg pe a single?:*® Thus our Hamiltonian is
energy Nd excitations have energies below 0.8 me¥hile
the Cu excitgtions appear for energies greatersthan 10 meV
(at T<10 K).° At low temperaturesT<2 K) Nd*°> 4f mo- — d_ 1 f o qn _ _
ments order by an exchange coupling to the Espins lead- : J%‘:) SdS?JrJ <|§1:> §S'+J <%‘Tp S1dsjj+a\]<<i§i:>> Sjs?
ing to a complex noncollinear structuteAt small doping (2.1
(x=~0.1), where the antiferromagnetidF) LRO of Cu mo-
ments still exists, one can observe a linear in temperatur@here the first two terms describe the AFJ’ >0) interac-
specific heaC, with a y coefficient (y=C,/KkT) increasing tions between the Cu-Cu and Cu-Nd nearest neighbors
very rapidly up to~4 J/mole ¥, indicating heavy-fermion- ((ij)), respectively. The next term stands for a small Cu-Cu
like behavior;, although not originating from Kondo-type interplane (ij)ip) AF coupling 0”">0) making the model
electron exchange. This intriguing behavior was investigatedD (see Fig. 1 and the calculations at nonzero temperatures
in a model for strongly correlated conduction electrons hy-possible!® Finally, the last term describes the frustrating AF
bridizing with neodymium 4 state§ and then by numerical interaction with the coefficient standing for the ratio of the
diagonalization of finite clustefsa stochastic approac, copper next-nearest-neighbd(ij))) AF interaction to the
using pseudospin models? and renormalization-group superexchang@. The presence of magnetic interactions me-
methods:®
In undoped case these materials are AF charge-transfer I I

II. MODEL HAMILTONIAN

insulators with one hole per Cu site while with increasing
doping the AF LRO disappears rapidfyand in a narrow
0] l l [0} V]

Jy

doping rangé (0.13<x<0.18) a superconducting state is
stabilized. Such a fast destruction of the AF ordered phase by
doping follows from the competition between the Cu-Cu su- J
perexchange and the Kondo interactions between the doped
oxygen holes and the Cu spitsin the doped system the I I l
oxygen holes in the Cu{planes modify the exchange inter-
actions between neighboring Cu spins and induce additional l l

. . . . . o] [ ] 0] [v]
spin fluctuations due to their hopping over the oxygen orbit-
als, which leads to a considerable frustration of the AF in- FIG. 1. Schematic structure of NCCO considered in our model.
teractions in the planes. An explicit treatment of hole-hole® andO represent Cu and Nd sites, respectively.
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diated through the copper-oxygen layers is significant as
these layers are involved in superconductivity in the
electron-doped compounds.

The model(2.1) with J’=J"=0 recently has been a sub-
ject of intensive theoretical studf@s3?and it is well estab-
lished that LRO exists ak=0 anda=0 while increasingx
destabilizes the AF state. Exact results on finite lattices indi-
cate that fora.,;;~0.4 (Refs. 20—22 the conventional col-
linear AF LRO breaks down and including inhomogeneities
simulating doping this critical frustration can be reduced
even toa~0.15%2 On the other hand, spin-wave calculations

Ad_z 3 13'/ 1 13’ 1 Nn¢+ N¢s
=73t | (Emna) 5| 1m

+aJ(1—nd)(7k—1)},

g 2 1
B =7 J(1—ng) v+ EJ”(l—nd)cos(kzc)
(2.6

show that the Nel state becomes unstable arouag;
~0.52-25 Furthermore, a systematicNLlexpansiorf® self-
consistent spin-wave thedfy and Schwinger boson mean-
field theory® found the stability of the Nel state enhanced
by quantum fluctuations leading t®.,;; larger than 0.5. In
the region of strong frustrationa=0.5) several types of
states have been considered: a quantum spin IfffitE°a
short-range resonating valence bond staf®, and
dimerized!?4?%3%or chiraP*?>*states.

To simplify the notation(and reduce the number of spin
operators in our modelve have made a rotation of spins on
one of the sublatticeB by 180° about theS* axis and deal
with the ferromagneticNeel state and spin operators trans-
formed ad®
Sf?-—gf?, ieB,

SIS (2.2

whereé=d,f,f’ describes three different sitésne Cu and
two Nd) in our unit cell. Next we introduce the Bose opera-
tors d; ,f; ,f{ by means of the Holstein-Primakoff transfor-
mation, which for$j spin operators has the form

dfd.\ 12
o+ g
s —(28)1’2di(1 23) ,

T\ 12
Sf*:(ZS)”Z(l—'—') d;, (2.3

2S
s¢?=s—dfd

and is expressed in the same way Sﬁrand 3‘” spin opera-
tors. In Fourier space, including the higher-order/2S
terms in the expansion of spin operatd&q. (2.3)], our
Hamiltonian has the form
H:Hd+Hf+de, (24)

where

—ktdd_)],

Hd=; [AYdld+dT, d_,)+Bld/d"
Hi=AY, (Fif L f i+ T 60, (2.5
k

Har=A"2 [(dfL+df ) codk,b)
k

+(dif Ly dif L) sin(k,b)],
with

¢ ZS,
A =§J”(1—nd),

AdT_ \/EZSJ, ( 1 2ng+n+ nf,)
=5 i

4

Here yk=%[cosalg()+cosalg,)], ¥k =cos@k)cos@k), and
z=4 is the in-plane coordination number. The lattice param-
etersa, b, andc stand for the Cu-Cu in-plane, Cu-Nd, and
Cu-Cu interplane nearest-neighbor distances, respecti]ﬂely.
andJ| represent the exchangé parallel and perpendicular
to the z axis, respectively, and the quantitiag,n; ,n;, are
renormalizations of parameters for the model considered be-
yond the linear-spin-wave approximatighSWA). In Sec.
Il we consider the limitdJ| =0 giving Hy=0 and in Sec.
IV, whereJ| =Jj +#0, we make a simplifying approximation
to theHy; term.

The specific heat is calculated from the total energy of
excited magnons at the temperatdrewhich is given by

>

k,i=d,f,f’

1
E(T) = N

wi(k,T){Ni(k,T)Jr%

: (2.7)

1 EE Ad+2Af
2|NT T

WhereNi(k,T)={exy:{wi(k,T)/kT]—1}~f1 is the Bose distri-
bution function with magnon energias(k,T). Our unit cell
consists of three sitgene Cu and two Ndand we will have
three different magnon branches. The spin susceptibility per-
pendicular to the magnetization axis can be calculated in the
same way as for a simple Heisenberg mdtiahd expressed

as

_ N(gug)? 12A7(AT= A%+ 8AT(AT+ BY) + (A")2
R ATT4AT(AS+BE) — (AY)?]

X1
(2.9

All the numerical calculations were made on a 100
X 100X 100 k lattice leading to the results almost indistin-
guishable from the ones for 28@00X 200 points. The self-
consistency has been carried out until the renormalization
factors f4,ns,n¢/) change less than 0.001% on each loop.

The model is considered only below the Ndordering
transition (T~2 K).>* At higher temperatures the Nd ions
have only moments induced by copper ions participating in
the 3D LRO below the Cif Neel temperature. In the clas-
sical limit the AF Nééstate changes from two sublattices to
four sublattices atr=0.5. Here we have considered only 0
=< a=<0.4 representing the situation in a doped compound
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with AF LRO still present x<0.13). This compound has the 200 y L———
simplest crystal structure of all the cuprate superconductors (a) y—
with no apical oxyger:! Therefore, our model consists of 150 | RN - gt

only three-plane subsysten(see Fig. 1 communicating
with each other through a small exchange eleni¥ntin a

real compound the energetic scales for the Cu-Cu intraplane
exchange, the Nd-like magnetic excitations, and interplane
Cu-Cu exchange are-100 meV, ~1 meV, and~10"1 %0 I
—10 2 meV, respectively:'?*3"This justifies the choice of £

8100 // e — .
5 /- P

J/J'=100 andJ"/J'=0.1 as a realistic parameters é$aith 0 . '
J’ adopted as the energy uniMoreover, we have assumed 05 r .
the lattice ratioa/c=3 in agreement with NCCO lattice pa-
rameters §=23.962 A andc=12.21 A at 300 K.3%° 04 &
03 F -
. ISING LIMIT (3] =0) )
s 0.2 - j

In this section we consider the case when Nd-Cu interac-
tions are Ising-like §| =0). As it is shown below, even in o1l ]
this simplified case it is possible to explain the anomaly in (b)
the specific heat observed experimentallfhe Hamiltonian
(2.5 is diagonalized by the Bogoliubov transformation

0 1 L
©,0,0) (/2,0,0) (/2,7/2,0) ©.0,0)

FIG. 2. Dispersions ofa) Cu and(b) Nd-like spin waves for

_ _ ot
o= U= vy, different frustrationse in the model found in the Ising limig]

1+ (1—x§)1/2 12 =0 for the realistic parameters of NCCO B 0.
U= #2(1_)( )1/2 , (31) ) ] ]
k [see Eq(2.7)]. As it will be shown below, going beyond the

2 121172 LSWA, this contribution can drastically alter the coeffi-
_ _sqr(BY) 1-(1—xp) cient in the strongly frustrated model.
Uk 9Bk 2(1—xp¥2 | Next we analyze the effect of frustratiémimicking dop-

ing in the compoundon the y coefficient for realistic pa-

_npdiad
wherex, =B /Ay, giving rameters. FokT<0.1J’ one can see the usual exponential
increase iny, while for largeT a linear specific heat stabi-
H=> wd(k,T)alak-wa(T)z (FLf + 710, lizes with a rapidly increasing value far>0.3 [Fig. 3a)]
K K
(3.2

40 T T

with 9k, T)=2(AHZ2—(BNH? and o'(T)=2A". The
model has to be solved self-consistently with the renormal-
izations of parameters

1 1
ng=N2u (U oONg(k,T)+ 520 v,

1
nf=nf,=N; N¢(K,T). (3.3

The respective magnetic moments dfg=S—n, with ¢
=d,f,f’".

In Fig. 2 we have presented the zero-temperature disper-
sions of copper and neodymium spin waves at different frus-
tration levels. Both Nd-like branches are momentum inde-
pendent and soften with increasing frustration. On the other
hand, for the Cu magnon mode softening takes place only for
k#0 and is the strongest at large momefdae Fig. 2a)].
Assuming J=0.13 eV, the copper—spin-wave gafi4
~ /33’ is about 15 meV, in reasonable agreement with the
experimental value, greater than 10 m&Vhis gap sets the
scale of the effective copper-neodymium interactions as in F|g. 3. Temperature dependence pf C,/KT for different
the limit J'—0 we haveA3=0. For realistic parameters frystrationsa found in the Ising limitJ. =0 (a) with and (b) with-
A4>kT and the copper contribution to the total energy of theout magnon-magnon interactions, calculated for realistic parameters
system comes mainly from the Nzk[wd(k,T)—Aﬂ] term  of NCCO.

0 041 0.2 0.3 0.4
kT/J
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and when higher-order terms in the Holstein-Primakoff ex-First we have diagonalized the Hamiltoniéh5) in the 2D
pansion are included. On the other hand, when the problerase. In this limit k,=0, J”=0) one can perform the rota-
is treated in the LSWA the magnon dispersions are temperaions

ture independent and the copper mode practically do not con-

tribute to the specific heat\(;=kT). Therefore, the changes g&: (cos ¢ )d—(sin ¢y ) i,

in v are only due to softening of Nd modgsee Fig. 8)].
This indicates that the Cu-Nd magnon-magnon scattering
dominates the magnon dynamics leading to heavy-fermion-
like behavior.

We have investigated the temperature dependence
magnetic moments at different frustration levelsTAt O the
Nd magnetic moment is always @5, while the Cu one
decreases from~0.34ug to ~0.11ug when « increases
from O to 0.4, respectivelysee Fig. 4 This corresponds to Bi=(cosh@y) (g —(sinh 6) 1], (4.2
decreasing Cu Na temperature with doping. Far> ag,; o 5
~0.45 the AF Nel ground state becomes unstable in ourwhich in the LSWA for tan(25) =33y /{V2[J*(1~ %)
model. This instability occurs for a similar value afas in ~ +JJ'+3/16Q0")?]} and tanh(Z)=—(J+J'/4)sin(2)/
the 2D frustrated Heisenberg model using spin-wavelyk give the Hamiltonian with independers, By, andfy
formalism?>2*?The character of the coefficient starts to modes. Performing two additional Bogoliubov transforma-
change dramatically atr~0.3 when the copper magnetic tions for oy and g, states, we have found the magnon dis-
moment reduction i# 4(a=0.3)/M4(a=0)~0.7, in agree-  persions as presented in Fig. 6. The high-energy magnon
ment with the experimentally observed ratfoln nonfrus- branch [see Fig. 6] has the energy gapAg
trated model the Cu magnetic moment changes only by=20.1,44.8,63.5 fod’=1,5,10(with J=100), respectively.
AM4~0.01ug (WhenM; changes from 055 to 0), while  Thus, as in Sec. Ill, we hav&y~ JJ’, which plays a lead-
for «=0.4 we haveAM 4=~0.1ug [see Fig. 43)], explaining ing role beyond the LSWA.
so active a role played by the strongly correlated moments The 3D model is more complicated as bdth and f
contributing to the specific heat. In all cases we have foungnodes are involvedsee Eq.(2.5]. Therefore, to solve it
nondiverging spin deviations. numerically we have made the Bogoliubov transformation

We have also investigated to what extent this sharp in{3.1), which gives theH4; part of the Hamiltonian of the
crease in they coefficient is influenced by changes in the form
parameters of the model. One can see thaslowly de-
creases with increasing Cu-Cu interplane interactifn

{E=(cos ¢y) i+ (sin ¢y )d, (4.2)

é,’f”d next the Bogoliubov transformations

ax=(cosh6y) {— (sinh 6,) %L,

[compare Fig. @) with Figs. 5a) and §b)], but a rapid Har=A"> [(aff L+ encf ) urcog k,b)
reduction takes place with decreasing Cu-Cu intraplane ex- :

changel [see Figs. &) and 8d)]. At J/J' =1, when higher- +(ajf+ flag)vcogkb)

order terms are negligible, we have an almestidependent

y coefficient. Thus one can see that strongly correlated cop- +(apf T+ arf L) ugsin(k;b)

per spins §>J’') are the main factor determining the rapid

ter rt P
increase in they coefficient in our spin model. +(eyfi+ Fravisingk b)]. (4.3

Next we perform a simplifying approximation assuming
ukfl—ka_kwo. Now the whole Hamiltonian can be easily
In this section the spin model is considered in the limitdiagonalized by a simple rotation of the,,f,,f, states,
where the Nd-Cu interactions have the Heisenberg formwhich leads to the calculation of eigenvalues of the matrix

IV. HEISENBERG LIMIT (3] =1J))

(k) 2A%, cogk,b)  2A%Ty,sin(k,b)
[H(k)]=| 2A%Tvcogk;b) 2A" 0 . 4.9
2A%Ty, sin(k,b) 0 2Af

Such an approximation works very well in tle>J' limit interest here. At higher temperatures 0 &kT<0.2]") the
(compare solid and dashed lines in Fig.gdving practically — main difference in they temperature dependence is a change
linear dispersion of the lowest mode for-0 (Fig. 7). from exponentialsee Sec. I)l to more power-law-like be-
Although the rotational invariance has been lost and at théavior. The linear part of they (0.2)'<kT<0.4J') re-
k=0 point the~0.02)" gap opens, it can only affect the sembles that found in Sec. l{tompare Fig. 3 with Fig. 8
low-temperature behavior witkT<<0.02)’ (exponential in- Moreover, comparing the specific heat for different param-
crease ofy in this range of temperatureswhich is of minor  eters sets found in the Ising limiFig. 5 with the one ob-
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FIG. 6. Dispersions ofa) Cu and(b) Nd-like magnons in the
2D LSWA (k,=0, J"=0) given by the exact solutiofsolid lineg
and using the simplifying approximatiaashed lines Magnons
'with increasing dispersions are obtained @3’ =100, J/J’ = 20,
andJ/J’' =10, respectively. In all caseb=100 anda=0.

FIG. 4. Magnetic moment§n units of ug) of (8 Cu*3 and(b)
Nd*? ions as a function of temperature for different frustrations
calculated for realistic parameters of NCCO in the Ising lidit
=0.

tained in this case, we have found only small quantitativePréSence of hole carriers. As a consequence, thg susceptibil-

differences. For these reasons, we argue that the anomaly if &t zero temperature, being inversely proportional to the

the y coefficient is not connected with thelinear mode ~ SPIN superexchange, should increase. In Table | we have put

near the (0,0,0) point, which was absent in Sec. IIl. together values of the coefficienty, and the Sommerfeld-
Using the analytical expressia@.8), one can obtain the Wilson ratio R:4772k§X/392H§7 for frustration changing

Pauli-type susceptibility for different frustratiosee Fig. from a=0.2 toa=0.42. The increase iy exceeds changes

9). At T=0 the value of y, steadily increases from in x, leading to the Sommerfeld-Wilson ratio decreasing

2.4(gup)? to over 3.2gup)? for « increasing from 0 to 0.4. from 3.39 (@=0) to 1.04 @=0.42). o

These results can be qualitatively understood as follows. Finally, we would like to make a more quantitative com-

When the parent compound is doped, the effective Cu-Ciparison of the value of specific heat with the experimental

superexchange interactidnis reduced on average due to the results. Assuming the energy of the Nd spin excitations
wi~0.8 meV (Refs. 5, 12, and 38at kT=0.2)', we have

y~2.7 and 5.8J/mol K?) for «=0.3 and 0.4, respectively.

30 T T T T T T
e @ (b) These results are the same order of magnitude as the experi-
“ mental ones.
$) Another similarity of NCCO with heavy-fermion
‘ system?’ is the influence of a magnetic field upon the
coefficient. As presented in Fig. 10, the specific heat in our
0.5 T T
S 1ol 1t ] 3
0 1 1 1 1 1

0 0.1 0.2 0.3
kT/¥

04 0 0.1 0.2 0.3 04

1 1
(r/2,0,0) (/2,7/2,0)

0
©,0,0)

0,0,0)
FIG. 5. Temperature dependence of theoefficient in the Ising

limit J| =0 including the magnon-magnon interactions for different
frustrations, found for(a) J/J’=100 andJ"/J'=0.5, (b) J/J’
=100 andJ"/J'=1, (c) J/3'=20 andJ"/J’'=0.1, and(d) J/J’

=1 andJ"/J'=0.1.

FIG. 7. Dispersions of Nd-like spin wavésnly bonding modg
found in the Heisenberg limit] :J”’ for the realistic parameters of
NCCO atT=0. Magnons with decreasing dispersion are obtained
for «=0, 0.1, 0.2, 0.3, and 0.4, respectively.
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TABLE |. The vy coefficient, the magnetic susceptibility, ,
35 i and the Sommerfeld-Wilson ratiB for realistic parameters with
30 i different frustrationsy atkT=0.2]".
. Z: a y X [(9ue)® R=4m?kgx/39°ugy
5 15 | 0.20 10.1 2.60 3.39
10 | 0.22 10.6 2.64 3.28
5 1 0.24 11.2 2.67 3.14
0.26 12.0 2.72 2.98
0 0.28 12.9 2.77 2.83
14 ] 0.30 14.1 2.83 2.64
12 ] 0.32 15.6 291 2.45
0.34 17.8 3.00 2.22
10 T 0.36 208 3.11 1.97
£ 8 ) 0.38 25.3 3.25 1.69
5 6 . 0.40 32.8 3.45 1.38
4 ] 0.42 47.5 3.74 1.04
2 -
0 exist. Therefore, nothing can be said about the Schottky

0.1 0.2 03
kT /I

0.4

anomaly present above the Nd @&leemperaturé®*® The

driving force of the phenomena presented here is magnon-
FIG. 8. Temperature dependence of theoefficient for differ- ~Magnon scattering, which, in a system with strongly corre-
ent frustrations found in the Heisenberg lirdit=J; (a) with and  lated electrons, can dominate the specific heat at higher tem-
(b) without magnon-magnon interactions and calculated for realistigeratures when AF order is sufficiently frustrated and
parameters of NCCO. consequently the Mg temperature sufficiently reduced. In
NCCO the largey onset is already in the Cu AF ordered
model drops to much smaller values already hdgug phase (0.£x<0.14) wherey reaches about 70% of its
~0.2)", in agreement with the anomaly found maximal value. Although our calculations cannot give a lin-
experimentally* This sets the characteristic energy scale forear term in theT=0 limit they distinctly show that fokT
the interaction between an external field and Nd moments;>0.2)" the changes in the coefficient can be even quanti-
which is the same as our temperature range whestabi-  tatively explained by our spin-only model when dynamical
lizes at large valuesk(T~0.21' —0.47"). effects are taken into account. Moreover, as it has been pre-
sented in Sec. IV, the calculated valuesyofind they/y,
ratio are close to the experimental results in a doped com-

. ) ) . ound.
In this paper we have studied the physical properties of comparing the results in Secs. Il and IV, we notice a

the 3D spin model with magnetic ions weakly coupled tominor role of thek-linear mode near the (0,0,0) poitgee
strongly correlated electrons in Cy@lanes. The spin dy- Fig. 7). The number of magnons excited in this mode is
namics was treated beyond the LSWA, producing qualita-nN(T/J)s_ KeepingT constant kT~J') and increasing,
tively different results from those obtained using the LSWA o haven~ (J'/3)° decreasingdthe stronger correlated cop-
or the Iow-_temperatL_Jre expansi(_m_vhich can only reproduce per spins the steepkr—0 modg. Thus, wherd>J' most of
the steep increase in the specific heatKar<0.1)"). The  the excited states lie in the nondispersive part of the low-

main Iimitation_ of this approach is the restriction to tempera—energy magnon branches, which are almost identical in both
tures and doping where for both Cu and Nd moments LRQjits.

V. SUMMARY

4 T T

40
351 .
35| . 30 - 1
I 251 1
4 al 7 B 20f -

........................................... ~

.............................................. &l i
25 B 10 E
5}

2o 0.1 0.2 03 0.4 0o = 0.1 oiz oia 0.4 0.5

kT/J kT/J

FIG. 9. Magnetic susceptibilithin units of (gug)?] perpendicu- FIG. 10. Temperature dependence of thecoefficient in the
lar to the quantization axis for realistic parameters of NCCO withHeisenberg Iimit]i=J”’ for the realistic parameters of NCCO with
different frustrations. a=0.4 and the magnetic field parallel to the quantization axis.
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