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Department of Biophysics, P. J. Sˇafárik University, Jesenna´ 5, 041 54 Kosˇice, Slovakia

A. Feher
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In this paper we present experimental data and Monte Carlo calculations of KEr(MoO4)2 specific heat in the
temperature range 0.4–6 K and in magnetic fieldB from 0–1 T applied along the easy axis. The data analysis
for B50 has identified KEr(MoO4)2 as anS53/2 Blume-Capel model on rectangular lattice with the intra-

chain exchange interactionJ̃1 /kB50.38 K, interchain exchange interactionJ̃2 /kB520.07 K, and single-ion
anisotropyD/kB510 K, with the ordering temperatureTc50.95 K. Further Monte Carlo studies of the Blume-
Capel model in the magnetic field applied along the easy axis have been focused on the formation of cluster
excitations in a paramagnetic regime. The magnetic-field dependence of a cluster mean length studied in the

chain direction exactly follows the behavior ofS51/2 Ising chain at least for the given set ofJ̃1 , J̃2, andD
parameters. On the other hand, the specific heat in nonzero field represents a more sensitive quantity to the
presence of interchain correlations and the occupation of a higher doublet.@S0163-1829~99!11025-7#
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I. INTRODUCTION

The study of magnetic excitations in one-dimensio
magnetic systems has been a subject of intensive theore
and experimental studies for a few decades.1,2 The spin dy-
namics ofS51/2 Heisenberg-Ising linear ferromagnet d
scribed by the Hamiltonian

HHI522J(
i

F Si
zSi 11

z 2
1

4
1g~Si

xSi 11
x 1Si

ySi 11
y ! G ,

~1!

whereg is an anisotropy parameter which varies between
Ising model (g50) and isotropic Heisenberg model (g
51), was theoretically investigated by Johnson and Bonn3

The zero-field studies have revealed that for 0.6<g<1 the
spin waves are dominating excitations from the ground s
~spin-wave regime! while for 0<g,0.6 the dominant exci-
tations are bound complexes of neighboring spins easily
sualizable in the Ising limit~bound magnon regime!. Spin
clusters—the spin excitations from the ground state of
Hamiltonian ~1! in a longitudinal field~applied along the
easy axisz)—were theoretically studied in detail forg50 in
Ref. 4. In the same work the theory was applied to the in
pretation of electron spin-resonance data obtained
exchange-coupled quasi-one-dimensional Ising ferroma
CoCl2•2H2O. The contribution of the spin cluster excitation
to the specific heat of KEr(MoO4)2 previously identified as a
PRB 600163-1829/99/60~2!/1167~8!/$15.00
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quasi-one-dimensionalS51/2 Ising ferromagnet,5 was stud-
ied in Ref. 6. The analysis revealed a significantly differe
behavior of data in low magnetic fields. The deviations fro
the theoretical predictions were ascribed to the influence
interchain coupling and a presence of transverse spin c
ponents. KEr(MoO4)2 belongs to the series of rare-ear
compounds with a general formulaXR(Mo4)2 (X
5Cs,K,Rb, . . . ,R5La,Ce, . . . ,Lu! representing system
with a layered crystal structure. In these ionic crystals
R31 ions occupy sites which are sufficiently far apart fro
one another so that dipolar coupling represents the domi
ing interaction among magnetic moments.7 The ground state
of a free Er31 is 4I15/2. In the KEr(MoO4)2 lattice the 2J
11 degeneracy of the electronic state is removed by
perturbing effects of the local crystalline field~CEF! of sym-
metry C2 and is split into eight Kramers doublets with th
lowest energiesE050, E1513 cm21, andE2532 cm21.8

The Ising character of this compound is quite well esta
lished by a strongg-factor anisotropy with

ga51.8, gb,0.9, and gc514.7 ~2!

for the lowest doublet. The energy of the first excited doub
was re-estimated asE151562 cm21 with correspondingg
factors9

ga852.3, gb8 , gc8,1. ~3!
1167 ©1999 The American Physical Society
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1168 PRB 60D. HORVÁTH et al.
Theoretical calculations considering only dipolar interactio
and CEF effects have shown that the magnetic structur
the ground state consists of dipolar ferromagnetic chains
allel to thec axis with magnetic moments oriented along t
chains. The moments in neighboring chains are coup
antiferromagnetically9 ~Fig. 1!. Similar dipolar calculations
performed for CsDy(MoO4)2 resulted in the qualitatively
same ground-state configuration10 which was recently con-
firmed by elastic neutron-scattering experiments perform
on CsDy(MoO4)2 single crystal at 0.5 K, i.e., in the ordere
state.11

On the basis of the aforementioned facts the title co
pound might be an interesting subject of resonance and t
modynamic studies of nonlinear magnetic excitations~spin-
cluster excitations! in Ising system with long-range
interactions. However, in spite of the recent progress in
study of Ising systems, there is still lack of theories includi
long-range interactions. Thus in the first step we have a
lyzed the relevant system within exchange-coupled mod
characterized by short-range interactions. In particular,
present work is devoted to the theoretical and experime
study of KEr(MoO4)2 specific heat. The analysis of data h
been performed within spin-3/2 Blume-Capel~BC! model on
the rectangular lattice. In general, the exact solution for
spin-3/2 BC model is not known even in the case of pla
lattices,12 although recently some special cases have b
solved exactly.13 These solutions, however, do not includ
any case with the external field. For that reason we h
applied the standard single-spin-flip Monte Carlo~MC!
algorithm14,15 to focus our attention on the study of sp
cluster excitations in the longitudinal field and their cont
bution to the specific heat of the studied system.

The outline of this paper is as follows. Section II is d
voted to the analysis of a temperature dependence
KEr(MoO4)2 specific heat in the zero magnetic field. In th
section theS53/2 BC model on the rectangular lattice
introduced. In addition, further statistical quantities are
fined to extend our understanding of the processes on
microscopic level. The magnetic field dependence
KEr(MoO4)2 specific heat in a magnetic field applied alo
the easy axis is discussed in Sec. III. The main conclus
are summarized in the Sec. IV.

II. MODEL OF KEr „MoO4…2 IN ZERO EXTERNAL
MAGNETIC FIELD

A. Model of KEr „MoO4…2

Previous specific-heat studies carried out from 0.4–6 K
zero magnetic field have indicated assumed low-dimensio

FIG. 1. Ground-state configuration of KEr(MoO4)2 magnetic
structure calculated in a pure dipolar approach~open and solid
circles correspond to opposite directions of the moments!.
s
of
r-

d

d

-
er-

e

a-
ls
e
al

e
r
n

e

of

-
he
f

s

n
al

behavior of the magnetic system.5 The compound was iden
tified as a quasi-two-dimensional array of coupledS51/2
Ising chains with intrachain interactionuJ1u/kB'0.9–1.4 K
and interchain interaction 0.01J1,uJ2u,0.1J1. This rela-
tively large dispersion inJ1 ,J2 values might result from the
analysis performed on the basis of the approximate effect
field theory for S51/2 rectangular Ising lattice. Since th
approach does not yield accurate results in the vicinity of
phase transition observed atTc50.95 K, to avoid the inac-
curacies involved by the approximation, the exact Onsag
solution of this model16 was applied yieldinguJ1u/kB50.85
K and uJ2 /J1u'0.2. Despite the good description of expe
mental data near the phase transition, the disagreemen
tween the data and exact theory still persists at temperat
above 2 K, with rising differences towards higher tempe
tures; e.g., at the temperature 4 K the difference between th
data and theoretical prediction takes about 50%~Fig. 2!.
These deviations might be ascribed to the direct subtrac
of the contribution of a higher doublet with the energyE1
515 cm21.

To verify this assumption in detail, a more comple
model was suggested for KEr(MoO4)2; since in the afore-
mentioned temperature range only the two lowest doub
govern the thermodynamics of our system, the system ca
treated as anS853/2 rectangular Ising lattice with

D5~E12E0!/2, ~4!

which represents the realization ofS53/2 BC model17,18 on
a rectangular lattice given by the Hamiltonian

H BC52 J̃1(
i , j

Si , j
z Si 11,j

z 2 J̃2(
i , j

Si , j
z Si , j 11

z 1(
i , j
H0~Si , j

z !,

~5!

H0~Sz!5D F 9

4
2~ Sz !2 G , Sz56

3

2
,6

1

2
, ~6!

FIG. 2. Specific heat of a single crystal of KEr(MoO4)2 versus
temperature (L); the resultant KEr(MoO4)2 specific heat obtained
by subtraction of the contribution of crystal-field levels is repr
sented by dots; the solid line represents exact specific-heat re
numerically calculated foruJ1u/kB50.85 K,uJ2 /J1u50.19. ~For
clarity, the specific heat data from the nearest surrounding of
phase transition, exceeding the value of 25 J/K mol, are not sho!.
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where Si , j
z is the spin projection at the site positio

i , j , H0(Sz) is the single-site part of the Hamiltonian@we

used the calibrationH0(3/2)5E0 , H0(1/2)5E1]; J̃1

(>0), J̃2 (<0), represent the intrachain, intercha
nearest-neighbor interactions, respectively, andD stands for
the single-ion anisotropy parameter. We should note that

J̃1 , J̃2 signs were chosen to mimic the dipolar nature of
interactions despite the specific heat is not sensitive to
sign of the interaction.

B. Calculation techniques

The model~5! is not exactly soluble, thus the MC metho
was used to provide the theoretical predictions of a suffic
accuracy. Since the MC calculations require much comp
tional time, the MC method is not an effective tool for fittin

the experimental data to determine the values ofJ̃1 ,J̃2 andD
parameters. However, the important fact useful for find

J̃1 ,J̃2 values is thatD of the studied system is quite larg
with respect to the temperatures of our interest, more p

cisely max(T,Tc)!2D/kB and D@max(uJ̃1u,uJ̃2u). The lat-
ter guarantees the dominance ofSz563/2 projections and
the equivalence ofD(Sz)2 and 9D/4 terms. The appropriate
rescaling of the spin variableSz5(3/2)sz (sz561) in
H BC demonstrates a direct correspondence between BC
Ising model

H I5H BCuSz5(3/2)sz52J1(
i , j

s i , j
z s i 11,j

z 2J2(
i , j

s i , j
z s i , j 11

z ,

~7!

where J̃15(4/9)J1 and J̃25(4/9)J2. Owing to this fact, we
used the previous estimates ofJ1 ,J2 to determine

J̃1 /kB50.38 K, J̃2 /kB520.07 K. ~8!

The valueD/kB510.8 K was estimated from electron par
magnetic resonance~EPR! experiment9 using Eq.~4!.

The physical quantity of the main interest is the spec
heat which can be calculated by using the fluctuati
dissipation formula

C5R
^E2&2^E&2

~kBT!2 L2
. ~9!

Here ^ . . . & means the ensemble average and^E& is the
mean energy of a lattice involvingL2 spins,R5kBNA is the
gas constant (NA is Avogadro’s number!.

Considerable information about the anisotropy of a s
tem is provided by the nearest-neighbor values^G1& and^G2&
of intrachain and interchain static pair-correlation functio
The values have been obtained by averaging ofG1 andG2:

G15
1

~L21!L (
i 51

L21

(
j 51

L

Si , j
z Si 11,j

z ,

G25
1

~L21!L (
i 51

L

(
j 51

L21

Si , j
z Si , j 11

z . ~10!
e

e
e

t
a-

g

e-

nd

c
-

-

.

To simplify the description of the clustering of the two
dimensional system, we focused our attention on the form
tion of clusters in the chain direction parallel to thec axis.
Thus the notion of the spin ferromagnetic chains of t
length l 1

(0) was introduced as the sequence

$Si , j
z , Si 11,j

z , . . . ,Si 1 l
1
(0)21,j

z
, Si 1 l

1
(0) , j

z
% ~11!

picked out from MC snapshot to satisfy the properties

~12!

A statistical quantity associated tol 1
(0) is the mean length of

the ferromagnetic chainŝl 1
(0)& (1<^ l 1

(0)&<L), which can
be calculated via the expression

^ l 1
(0)&5 K L

11~L21!rb
L , ~13!

where density of the boundary pair breaksrb is defined by

rb512
1

~L21!L (
i 51

L21

(
j 51

L

dS
i , j
z ,S

i 11,j
z , 0<rb<1. ~14!

~Here the used Kronecker symbold is generalized for the
fractional indices.!

To describe the relative occupation of63/2 and61/2
doublets, we introduced the probability

p~Sz!5Prob~Si j
z 5Sz!5^dS

i j
z ,Sz& ~15!

satisfying the normalization conditionp(21/2)1p(23/2)
1p(3/2)1p(1/2)51.

The MC simulations of the equilibrium temperature d
pendences were performed by starting at 5 K from a ran-
domly chosen spin configuration~close to the expected para
magnetic state!. Then the spin system was cooled with th
temperature stepDT.0.1 K down to 0.4 K. After each step
DT, 53104 MC steps/spin were carried out to equilibra
the system. Consequently, 33105 MC steps/spin were done
to calculate the statistical averages of interest. The sim

tions were performed for theJ̃1 ,J̃2 given by Eq. ~8! and
D/kB510.8 K revealing the fact that the system sizeL530
is sufficient to guarantee that the contribution of the fini
size effects does not exceed the nominal 5% inaccurac
the experimental data5 except the critical region~Fig. 3!
which is well described by the Onsager’s solution for t
model ~7!.

C. Analysis of the MC results

The treatment of the MC data indicates the spontane
transition from the paramagnetic to antiferromagnetically
dered phase at the temperatures approaching the value o
pseudocritical temperatureTc(L). It was found thatTc(30)
50.9660.01 K estimated from the peak ofC(T) coincides
with the experimentally observedTc50.95560.005 K.
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1170 PRB 60D. HORVÁTH et al.
The results of the MC simulations for the given set

J̃1 ,J̃2 andD parameters are drawn in Fig. 4. ForT,2 K the
specific heat of BC model coincides with the Onsager’s
lution of Eq. ~7!. A slight but systematic discrepancy b
tween the MC results and data observed at higher temp
tures, taking about 20% at 4 K, might persist due
approximative separation of the lattice contribution and

FIG. 3. Temperature dependence of KEr(MoO4)2 specific heat
near the critical point~dots! and the MC simulations forL510, 20,

and 30 withJ̃1 and J̃2 given by Eq.~8! andD/kB510.8 K.

FIG. 4. Temperature dependence of KEr(MoO4)2 specific heat
with only lattice contribution subtracted~solid line! and MC results
obtained for the Hamiltonian~5! and ~6! with the parameters

J̃1 /kB50.38 K, J̃2 /kB520.07 K, andD/kB510.8 K (1) and with

the parameters J̃1 /kB50.38 K,J̃2 /kB520.07 K, and D/kB

510.0 K (L) calculated for the lattice sizeL530.
f

-

ra-

r

experimental inaccuracy ofD, so further MC trials were con-
centrated on the finding of a more appropriateD value. They
revealed the alternative value

D/kB510 K, ~16!

which provides a good agreement between the theory
experiment~Fig. 4!. It should be noted that the differenc
between the original and alternative estimation ofD value
still lies within the experimental inaccuracy of EPR estim
tion. Further conjecture stemming from MC studies is illu
trated in Fig. 5~a!. It shows the temperature dependence
the ratio^G1&/^G2&. This ratio is the measure of the comp
tition of the intrachain and interchain coupling effects; wh
for T,Tc the strength of both kinds of spin correlations
comparable, the anisotropy of spin-spin correlations forT
.Tc indicates the decoupling of the planar system in
chains. The MC calculation of the probability of the occup
tion of the higher doubletp(61/2) @Fig. 5~b!# demonstrates
that under 2 K the studied system coincides with the mod
~7!. Thus, on the basis of these facts, in the tempera
region 2,T,3 K the system behavior may be approximat
by S51/2 Ising chain. This simplification represents an i
termediate step for understanding of the spin-cluster exc
tions in the magnetic field applied along the easy axis.4,19

III. SPECIFIC HEAT OF KEr „MoO4…2 IN EXTERNAL
MAGNETIC FIELD PARALLEL TO THE EASY AXIS

A. The modification of the model for BÞ0

Specific heat of the single-crystal KEr(MoO4)2 of weight
of 1 g was measured in the temperature range from 2–6 K
using a standard adiabatic calorimetry in the fields up to
applied along the crystallographicc axis which was declared
by the previous studies to be the easy axis of the magn

FIG. 5. ~a! The temperature dependence of^G1&,^G2& and their
ratio ^G1&/^G2& calculated using MC sampling forL530 and pa-

rametersJ̃1 /kB50.38 K,J̃2 /kB520.07 K, andD/kB510.0 K. ~b!
The temperature dependence of the occupation probability o
higher doubletp(61/2) calculated for the same parameters as
Fig. 5~a!.
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system~Fig. 6!. The inacuracy of the data did not exce
3%. Experimental details are described elsewhere.20 A lattice
contribution was subtracted from the experimental data us
the method described in Ref. 5. As was shown above, z
magnetic-field MC calculations suggest to treat the system
an S51/2 Ising ferromagnetic chain in the narrow tempe
ture range from 2–3 K—the result of a compromise betwe
the strength of decoupling of the system into chains and
occupation of the higher doublet. Thus the temperature
pendences of the specific heat in Fig. 6 cannot be analy
within one-dimensional~1D! S51/2 model in the whole
temperature region and further analysis was performed
two chosen temperatures:T152.5 K andT254.27 K. The
former should represent a more regular condition for app
ing the S51/2 theory of spin-cluster excitations4,19 to the
data analysis. Thus using the current data the magnetic-
dependence of the specific heat at a constant temperature
obtained~Figs. 7 and 8!, however, the low number of exper
mental data does not allow us to make a detailed quantita
analysis. The comparison of the experimental data with
theoretical prediction forS51/2 Ising chain in the magneti

FIG. 6. Temperature dependence of the single cry
KEr(MoO4)2 specific heat in zero magnetic field (L) and fields
Bic; B50.125 T (1),0.25 T (h), 0.4 T (n), 0.55 T(3), 0.7 T
(d),1 T (s) ~lattice contribution subtracted!.

FIG. 7. Specific heat of the single crystal KEr(MoO4)2 versus
magnetic fieldBiz at the temperatureT152.5 K (d). The solid
line representsS51/2 Ising ferromagnetic chain withJ1 /kB50.85
K plotted simultaneously with the MC results forS53/2 BC model

with J̃1 /kB50.38 K,J̃2 /kB520.07 K, andD/kB510 K calculated
on the lattice sizeL520, 30, and 40. The comparison of the data
different system sizes shows that finite-size effects are not esse
with respect to the difference between the MC and experime
results.
g
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field applied along the easy axis19 is shown in Figs. 7 and 8
As can be seen, at the temperatureT1 the behavior of the
system may be roughly approximated by the specific-h
contribution of spin-cluster excitations theoretically pr
dicted in S51/2 Ising ferromagnetic chain in the magnet
field parallel to the easy axis4 resulting in a single round
maximum. Observation of the round maximum represen
strong indication of the ferromagnetic nature of intracha
interaction since, as was predicted in Ref. 19, the intrach
antiferromagnetic interaction gives rise to a double pe
structure of the specific heat versus magnetic-field dep
dence. Previous zero-field analysis was not able to determ
the character of the interactions due to the fact that the s
cific heat of Ising system in zero magnetic field is not sen
tive to the sign of interaction. Furthermore, recent speci
heat studies ofHc2Tc phase diagram21 point to the
antiferromagnetic character of the interchain coupling. Th
in a rough approximation we could note that the signs of
interactions correspond to those theoretically predic

within the pure dipolar approach,9 namely, J̃1.0, J̃2,0.
The combined effect of the crystal and external magne
field Biz can be incorporated into a generalized single-s
part of BC Hamiltonian~6!:

H0~Sz!5D F 9

4
2~Sz!2 G2

1

2
g~ uSzu! mB sgn~Sz! B,

~17!

g~x!5H gc , x53/2,

gc8 , x51/2.
~18!

By using Eqs.~5! and ~17! we can easily verify that the
application of a magnetic field of a supercritical value,

B.Bc5
9uJ̃2u

2 gc mB
, ~Bc.32 mT!, ~19!

changes the antiferromagnetic ground state,

l

tial
al

FIG. 8. Specific heat of the single crystal KEr(MoO4)2 versus
magnetic fieldBiz at the temperatureT254.27 K (d). The solid
line representsS51/2 Ising ferromagnetic chain withJ1 /kB50.85
K. The results of the MC calculations forS53/2 BC model with

J̃1 /kB50.38 K,J̃2 /kB520.07 K andD/kB510 K were obtained
for L520, 30, and 40. The Schottky contribution of the two lowe
Kramers doublets separated by the energy 2D/kB520 K split in a
magnetic field is represented by a dotted line.
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Si , j
z 5Si 11,j

z 52Si , j 11
z 5

3

2
sgn~Si , j

z !, ;~ i , j !, B,Bc ,

~20!

and leads to the ferromagnetic state consisting of the p
Si , j

z 53/2 projections. Consequently, forB.Bc , any spin
flips Si , j

z Þ3/2 can be considered as spin excitations. The
mation of two-dimensional clusters of the excitations stud
in the chain direction can be quantified by mean length^ l 1

(B)&
in analogy with Eq. ~13!. Now the chain clusters
$Si , j

z , Si 11,j
z , . . . ,Si 1 l

1
(B)21,j

z
, Si 1 l

1
(B) , j

z
% satisfy the property

Si 21,j
z 5Si 1 l

1
(B)11,j

z
53/2ÞSa, j

z ,

for a5 i ,i 11,i 12, . . . ,i 1 l 1
(B) ~21!

and boundary pair breaks occur between 3/2 andSa, j
z Þ3/2.

To calculate their densityrb we used the modified formula
@see Eq.~14!#

rb512
1

~L21!L (
i 51

L21

(
j 51

L

dS
i , j
z ,3/2, B.Bc . ~22!

B. The analysis of the MC results forBÞ0

The MC simulations of specific heat versus magnetic-fi
dependences stemming from the Hamiltonian~5! taking into
account the modification~17! were performed for a given se
of the parameters@Eqs.~8! and ~16! andgc514.7,gc851] at
temperaturesT152.5 K andT254.27 K ~Figs. 7 and 8!. A
remarkable reduction of the discrepancies between the th
and data was achieved at both temperatures. In the first
it reveals an important role of interchain correlations a
temperatureT1 quite far from the critical region while the
second case indicates the significance of spin-spin corr
tions even at relatively high temperatureT2 where one would
expect the ideal paramagnet behavior; the dashed line in
8 represents a Schottky contribution of the two lowest Kra
ers doublets separated by the energy 2D/kB520 K split in a
magnetic fieldBiz. These rather phenomenological sta
ments can be supported by MC calculations of the spin c
figurations performed at both temperatures.

In zero magnetic field the presence of mainly intrach
spin correlations is evident even atT2 where instead of ran
domly distributedSz563/2 projections expected for a par
magnet one can see the clustering of chains~Fig. 9!. The
mean length of the ferromagnetic chain clusters^ l 1

(0)&
smoothly diminishes with the increasing temperature, qu
tatively following the behavior of a correlation length ofS
51/2 Ising ferromagnetic chainj,2

j5@ ln„tanh~J1 /kB T!… #21, ~23!

with J1 /kB50.85 K; see Fig. 10. In this figure, the influenc
of the higher doublet on the shortening of the spin-cha
was demonstrated by increasing ofD from D/kB510 K up
to the saturation valueD/kB530 K. The comparison of the
magnetic-field dependence of^ l 1

(B)& with the corresponding
theoretical predictions@the relations~6! and~7! in Ref. 4# for
the 1DS51/2 ferromagnetic Ising model is shown in Fig
11~a! and 11~b!. The excellent agreement between the the
re

r-
d

d

ry
se

a

la-

ig.
-

-
n-

n

i-

s

y

and data observed at both temperatures strongly indic
that the formation of two-dimensional clusters studied in
chain direction exactly resembles a behavior of theS51/2
Ising chain. Further interesting observation is the fact t
the quantity^ l 1

(B)& is not sensitive to the population of

higher doublet and presence of the interchain couplingJ̃2 at

least for the given values of parametersJ̃1 ,J̃2 andD. How-
ever, as was shown above, both mechanisms strongly a
the thermodynamic properties. The sensitivity of the therm
dynamics to the population of the higher doublet results fr
the energy cost necessary for the creation ofSz561/2 exci-
tations~Fig. 9!.

IV. CONCLUDING REMARKS

Temperature and magnetic field dependence
KEr(MoO4)2 single-crystal specific heat was analyzed in t
frame of Ising and BC models with anisotropic exchan
coupling. It was found that despite of the dipolar nature
magnetic correlations in the studied system this rather p
nomenological approach based on the short-range interac

FIG. 9. The configuration segment of the snapshot created
ing MC run for S53/2 BC model for the parameters:L530,T

5T2 ,B50 T,D/kB510 K. The interactionJ̃1 /kB50.38 K acts in

the west-east direction, whereasJ̃2 /kB520.07 K acts in the north-
south direction. The symbols→,., ⇒,⇐ correspond to theSz

53/2,23/2,1/2,21/2 projections, respectively.

FIG. 10. Temperature dependence of the mean length^ l 1
(0)& cal-

culated for S53/2 BC model ~17! with J̃1 /kB50.38 K,J̃2 /kB

50.07 K, D/kB510 K (L), and D/kB530 K (1); the solid line
represents a behavior of the correlation lengthj corresponding to
S51/2 Ising chain withJ1 /kB50.85 K andB50 ~in units of a
lattice spacing!.
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models seems to be sufficient for the description of t
KEr(MoO4)2 thermodynamics. The same observations we
also found in dipolar magnets ErBa2Cu3O7 and ErBa2Cu4O8
where Er moments exhibit qualitatively the same groun
state magnetic structure as that predicted for KEr(MoO4)2,22

i.e., the spins in ferromagnetic chains running in theb direc-
tion are oriented along theb axis, with adjacent chains in the
ab plane coupled antiferromagnetically.23 The results of
neutron-scattering studies performed on the compounds w
found to be in an excellent agreement with Onsager’s ex
solutions of exchange coupledS51/2 Ising rectangular
lattice.23 These experimental results have triggered MC stu
of 2D dipolar Ising antiferromagnet with an important con
clusion that for relevant range of parameters magnetic pr

FIG. 11. ~a! Magnetic field dependence of the mean length
the clusters of spins flipped in2z direction, theoretically predicted
for S51/2 ferromagnetic Ising chain withJ1 /kB50.85 K in Biz at
T152.5 K ~solid line! and that calculated by MC from Eqs.~13!
and~22!. ~b! Magnetic-field dependence of the mean length of clu
ters of spins flipped in2z direction theoretically predicted forS
51/2 ferromagnetic Ising chain withJ1 /kB50.85 K in Biz at T2

54.27 K ~solid line! and that calculated by MC from Eqs.~13! and
~22!.
.

la

.

e
re

-

re
ct

y
-
p-

erties of the two-dimensional antiferromagnetic Ising mod
are not qualitatively affected by the long-range character
the dipolar interaction and the presence of dipolar intera
tions does not change the universality class of the system24

From this point of view, the current analysis of KEr(MoO4)2
suggests the system studied effectively resembles the be
ior of S53/2 BC model on rectangular lattice with param
eters~8! and ~16!. Furthermore, the ground-state energy p

site predicted within this model,Eg /kB5( J̃11 J̃2)/kB5
21.01 K, is close toEg /kB521.32 K, the value obtained
previously from the pure dipolar approach. In future furth
measurements of specific heat versus magnetic-field dep
dence are to be performed to enable a more detailed qua
tative analysis of data; the present analysis reveals that
measurements in magnetic field are not describable so ex
lently as the zero-field data when keeping the same para
eters and it seems the analysis in field should require ren
malization of the parameters. One possible explanation of
fact might result from the existence of two nonequivale
magnetic centers in the KEr(MoO4)2 unit cell.9 To verify
this assumption, further MC simulations of KEr(MoO4)2
specific heat in nonzero magnetic field are to be perform
with the nonequivalence included.

A second aspect of this work is the exact validity of th
Ising model for this system; the precise character of the C
ground state suggests rather Ising-like behavior indicated
small but nonzero transversalg-factor values. It gives rise to
the propagation of domain walls, thus the spin dynamics
the system might be a potential subject of future interest.
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