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Dipolar interaction and long-range order in the square planar rotator model

A. Carbognani, E. Rastelli, S. Regina, and A. Tassi
Dipartimento di Fisica dell’ Universita` and Istituto Nazionale per la Fisica della Materia Via delle Scienze, 43100 Parma, Italy

~Received 11 March 1999; revised manuscript received 7 October 1999!

A continuous manifold of inequivalent spin configuration minimize the energy of the square planar rotator
model when the spins are coupled by dipolar interactions. This continuous degeneracy is accidental in nature
and causes a soft mode atq5(2p/a)(1/2,1/2) in the simple spin-wave spectrum. Consequently no long-range
order is obtained in simple spin-wave approximation in contrast with the expectation based on Monte Carlo
simulation. The solution of the puzzle is found going beyond the harmonic approximation. Indeed a careful
treatment of the magnon-magnon interaction replaces the accidental soft mode by a temperature-dependent gap
so that long-range order is restored. Satisfactory agreement between renormalized spin-wave theory and Monte
Carlo simulation is obtained in the low-temperature regime. Critical properties investigated by finite size
scaling of Monte Carlo data differ from both mean-field and two-dimensional Ising model critical behavior.
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I. INTRODUCTION

Two-dimensional ~2D! spin systems with continuou
symmetry and short-range interaction do not support lo
range order~LRO!.1 However, different scenarios are foun
whether the spins are two-dimensional~planar rotator model!
or three-dimensional vectors~Heisenberg model!. Indeed the
Heisenberg model with nearest neighbor~NN! exchange in-
teraction is paramagnetic at any finite temperature, whe
the planar rotator model with NN exchange interactio2

shows a Kosterlitz-Thouless phase transition atTKT
5(0.89560.005)J ~Ref. 3! with the low-temperature phas
characterized by divergent susceptibility and algebraic
caying of the spin-spin correlation function.

When the spin-spin interaction is an isotropic long ran
interaction, a variety of different behaviors are expected.
instance, a ferromagnetic exchange coupling decaying
1/r 3 where r is the spin-spin distance, supports LRO
shown by renormalization-group~RG! analysis4 and con-
firmed by Monte Carlo~MC! simulation.5 On the contrary,
an antiferromagnetic exchange coupling decaying with
same power law 1/r 3 is expected to have no LRO on th
basis of both MC simulation and simple spin-wa
approximation.6

An interesting phenomenology characterizes the pla
rotator model with pure dipole interaction, which is a lon
range and anisotropic interaction. The ground state of a
tem of magnetic moments located at the sites of a sim
cubic and of a square lattice was investigated by Belob
et al.7 using the Luttinger and Tisza method.8 A continuous
degeneracy of the ground state was found in both models
particular, the ground state of the square planar rotator m
was shown to consist of four sublattices where the magn
moments of each sublattice make an anglea, 2a, p1a,
p2a, with thex axis,a being arbitrary. The existence of
continuous degeneracy was pointed out also in the pla
rotator model with pure dipole interaction on a honeyco
lattice.9 This model was investigated by the mean-field a
proximation and the continuous degeneracy was found
persist at finite temperature in zero external magnetic fi
An ordered phase was found forT,Tc , however, it is well
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known that the mean-field approximation provides LR
even in 2D planar and Heisenberg models with NN excha
interaction, where the absence of LRO is rigorously prove1

At finite temperature both square and honeycomb pla
rotator models were investigated by Prakash and Henle10

who restricted the dipole interactions to nearest neighb
only, keeping the anisotropic nature of the true interacti
The free energy of both models was evaluated within
simple spin-wave approximation and symmetry-break
terms were found at finite temperature so thatorder by ther-
mal disorder was claimed. Other examples of order fro
thermal or quantum fluctuations, and from dilution a
quoted in literature.11 However, the simple spin-wave ap
proximation, which is usually a reliable approach at low te
perature, in this case leads to a divergent mean-square a
lar displacement because the ground state is affected
continuous degeneracy. The breaking of the continuous
generacy at finite temperature is a strong support to the
istence of LRO whereas a divergent mean-square ang
displacement implies the vanishing of the order paramete
any finite temperature.

The square planar rotator model with the full dipole inte
action was studied by MC simulation in Ref. 12 and inve
tigated by both simple spin-wave approximation and M
simulation in Refs. 13 and 14. MC simulation seems to s
port LRO as well as the degeneracy-breaking temperat
dependent terms of the free energy evaluated within
simple spin-wave approximation. Indeed thermal fluctuatio
selectcolumnarspin configuration corresponding to alterna
rows ~columns! of parallel spins directed along the row
~columns! in agreement with MC results. However, the ord
parameter evaluated within the simple spin wave approxim
tion is zero at any finite temperature.13,14 Higher order ap-
proximation is thought to overcome this appare
contradiction.13,15

In this paper we perform a careful analysis of the sp
wave spectrum going beyond the simple spin-wave appr
mation. We introduce a renormalized spin-wave approxim
tion which consists on accounting for cubic and quar
contributions of the Hamiltonian expanded in spin deviatio
and we find that theaccidentalsoft mode in the simple spin
1015 ©2000 The American Physical Society
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1016 PRB 62A. CARBOGNANI, E. RASTELLI, S. REGINA, AND A. TASSI
wave spectrum~reminiscent of the continuous degeneracy
the ground state! is replaced by a temperature-depend
gap. Such a gap removes the divergence in the mean-sq
angular displacement and recovers LRO, even though
order parameter versus temperature has a singular beh
at very low temperature. We have checked this lo
temperature singular behavior by MC simulation at varian
with the linear behavior suggested in previous M
simulations.13

In order to test the renormalized spin-wave approximat
we have performed the same calculation on a system
isotropic antiferromagnetic exchange coupling decaying
1/r 3. In this case no gap appears at finite temperature s
the soft mode in the simple spin-wave spectrum is relate
a true symmetry property of the Hamiltonian. This gaple
mode leads to a divergent mean-square angular displace
in agreement with MC calculation.6

On the contrary, in the system with isotropic ferroma
netic exchange coupling decaying as 1/r 3 LRO is assured by
the linear dependence of the spectrum on the wave ve
which implies a linear dependence of the mean-square a
lar displacement on the temperature in agreement with
simulation.

We have evaluated the critical exponents for correlat
length, staggered susceptibility and staggered magnetiza
by finite-size scaling of MC data. Assumingn51 ~Ref. 14!
we obtaing51.3760.07 andb50.1960.04. These critical
exponents do not belong to any known universality cla
This result could support the conjecture10 concerning the
mapping of the present model into the two-dimensional p
nar model with symmetry-breaking perturbations16 for which
a nonuniversal set of critical exponents is expected.

In Sec. II we apply the renormalized spin-wave appro
mation to the planar rotator model with dipolar interactio
In Sec. III we present the results obtained by MC simulati
Section IV contains summary and conclusions.

II. RENORMALIZED SPIN-WAVE THEORY

The Hamiltonian of the planar rotator model with pu
dipolar interaction reads

H52
1

2

m2

a3 (
i ,r

rÞ0

(
ab

f ab~r !Si
aSi 1r

b , ~2.1!

where

f ab~r !5
a3

r 3 S 3
r ar b

r 2 2da,bD . ~2.2!

In Eq. ~2.1! m is the magnetic moment;a,b5x,y label the
two spin components;i labels theN sites of a square lattice
r5m1aûx1m2aûy , with m1 ,m2 integers, is the generic lat
tice vector;a is the lattice constant. The ground-state sp
configuration selected by thermal fluctuations is a colum
configuration.13,14The two-component spins of planar rotat
model are

Si
x5Scos~Q•r i1c i !, Si

y5Ssin~Q•r i1c i !, ~2.3!

whereQ5(2p/a)(0,1
2) is the order wave vector characteri

ing the columnar configuration andc i is the angular dis-
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placement from the ground state configuration at sitei. We
expand Hamiltonian~2.1! in powers of angular displace
ments retaining contributions up to fourth order. We intr
duce the Fourier transforms of angular displacements

c i5
1

AN
(

q
cqe

iq•r i ~2.4!

and we obtain the Hamiltonian

H5E01H21H31H41¯ , ~2.5!

where

E052
N

2

m2S2

a3 Dxx~Q!, ~2.6!

H25
1

2

m2S2

a3 (
q

@Dxx~Q!2Dyy~Q2q!#cqc2q ,

~2.7!

H352
1

2

m2S2

a3

1

AN
(

q1q2q3

dq11q21q3,0

3Dxy~Q2q1!cq1
cq2

cq3
, ~2.8!

H452
1

24

m2S2

a3

1

N
(q1q2q3q4

dq11q21q31q4,0

3@Dxx~Q!13Dxx~Q1q31q4!24Dyy~Q2q1!#

3cq1
cq2

cq3
cq4

, ~2.9!

with

Dab~q!5(
rÞ0

f ab~r !cos~q•r !. ~2.10!

The simple spin-wave ~SSW! spectrum is vSSW(q)
5(m2S2/2a3)eq , where

eq5Dxx~Q!2Dyy~Q2q!. ~2.11!

Note that the SSW spectrum vanishes atq05(2p/

a)( 1
2 , 1

2). Indeed

eq0
5(m1m2

8
1

~m1
21m2

2!3/2F S 3
m1

2

m1
21m2

221D
3cos~m2p!2S 3

m2
2

m1
21m2

221D cos~m1p!G50,

~2.12!

where the prime in the sum means that the termm15m2
50 has to be excluded. The soft mode excitation atq0 modi-
fies the columnar ground state into the configuration giv
by

Sm1 ,m2

x .Scos~m2p!cosa, Sm1 ,m2

y .Scos~m1p!sina,

~2.13!

with a arbitrary.14 This configuration, shown in Fig. 2 o
Ref. 15, corresponds to one of the continuous degene
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PRB 62 1017DIPOLAR INTERACTION AND LONG-RANGE ORDER IN . . .
ground states. The order parameter in SSW approximatio
zero for any finite temperature. This fact claims for ne
investigations with respect to the selection of a colum
ground-state configuration out of the manifold of continuo
degeneracy due to thermal fluctuations.13,14To go beyond the
SSW approximation we consider the cumulant expansion

^cqc2q&5(n50
` ~21!n

bn

n!
^cqc2q~H31H41¯ !n&0

c

5^cqc2q&02b^cqc2qH4&0
c

1
1

2
b2^cqc2qH3

2&0
c1¯ , ~2.14!

where

^cqc2q&05
t

eq
~2.15!

is the SSW propagator of the noninteracting system ant
5kBTa3/m2S2 is a reduced temperature.

The last two terms of Eq.~2.14! can be evaluated usin
Eqs.~2.8! and ~2.9!. One obtains

^cqc2qH4&0
c52

m2S2

a3 ^cqc2q&0
2 1

N (
k

@Dxx~Q!

1Dxx~Q1q2k!2Dyy~Q2q!

2Dyy~Q2k!#^ckc2k&0 ~2.16!

and

^cqc2qH3
2&0

c5S m2S2

a3 D 2

^cqc2q&0
2 1

N (
k

@Dxy~Q2q!2

14Dxy~Q2q!Dxy~Q2k!12Dxy~Q2k!2

12Dxy~Q2k!Dxy~Q2k1q!#

3^ckc2k&0^ck2qc2k1q&0 . ~2.17!

The propagator of the interacting system reads

^cqc2q&5
1

^cqc2q&0
212Sq

5
t

eq2tSq
, ~2.18!

where the proper self-energySq is easily obtained from Eqs
~2.16! and ~2.17!

Sq5
1

N (
k

@Dxx~Q!1Dxx~Q1q2k!2Dyy~Q2q!2Dyy~Q

2k!#
1

ek
1

1

2N (
k

@Dxy~Q2q!2

14Dxy~Q2q!Dxy~Q2k!12Dxy

3~Q2k!212Dxy~Q2k!Dxy~Q2k1q!#
1

ek

1

ek2q
.

~2.19!

The renormalized spin-wave~RSW! spectrum isvRSW(q)
5(m2S2/2a3) ẽq , where
is

r
s

ẽq5eq2tSq. ~2.20!

The value of the self-energy atq5q0 is

Sq0
5

1

N (
k

@Dxx~Q1q02k!2Dyy~Q2k!#
1

ek

1
1

N (
k

Dxy~Q2k!@Dxy~Q2k!

1Dxy~Q2k1q0!#
1

ek

1

ek2q0

520.575, ~2.21!

so thatẽq0
50.575t. The gap atq5q0 is originated by ther-

mal fluctuations and increases as temperature increases.
behavior is very peculiar. As far as we know, this is the fi
example of a gap in the elementary excitation spectr
originated by thermal fluctuations. Usually the energy gap
reduced rather than increased by thermal fluctuations. A
culation of the renormalized spectrum in the neighborho
of q0 gives

eq→q0
.0.575t10.150~p2aqx!

211.786~p2aqy!2

~2.22!

and the mean-square angular displacement becomes

^c i
2&5

t

N (
k

1

ek
.20.156t ln t1ct, ~2.23!

wherec is a constant coming from the regular contribution
the sum. As one can see from Eq.~2.23! at low temperature
^c i

2&/t diverges logarithmically as shown by the continuo
curve in Fig. 1. Note that the same quantity evaluated
systems with conventional LRO is a constant since in t
case only the regular contribution in the sum~2.23! is
present. The order parameter is

FIG. 1. Mean square angular displacement versus tempera
The continuous curve is the analytic result~2.23!. Full circles are
MC data for a 32332 lattice.
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1018 PRB 62A. CARBOGNANI, E. RASTELLI, S. REGINA, AND A. TASSI
^cosc i&5cos~Q•r i !e
2~1/2!^c i

2&

.cos~m2p!exp@0.0882t ln t2ct/2#. ~2.24!

Note the infinite slope of the order parameter fort→0. In
this limit the energy cost to create a spin wave of wa
vector q;q0 is vanishing so that a large number of sp
waves can be excited. However interaction between s
waves originates a gap in the spectrum that increases a
creasing temperature and LRO is restored.

For comparison we consider the planar isotropic antif
romagnet where the spin-spin coupling decays as 1/r 3 where
r is the spin-spin distance. The Hamiltonian reads

H5
1

2 (
i ,r

rÞ0

J~r !cos~Q•r1c i2c i 1r !, ~2.25!

whereJ(r )5J(a3/r 3) and Q5(2p/a)( 1
2 , 1

2 ). Expansion of
Hamiltonian~2.25! gives

H5E01H21H41¯ , ~2.26!

where

E05
N

2
J~Q!, ~2.27!

H25
1

2 (
q

@J~Q2q!2J~Q!#cqc2q , ~2.28!

H45
1

24

1

N (
q1q2q3q4

dq11q21q31q4,0@J~Q!22J~Q1q4!

13J~Q1q31q4!22J~Q2q1!#cq1
cq2

cq3
cq4

,

~2.29!

with

J~q!5(
rÞ0

J
a3

r 3 cos~q•r !. ~2.30!

Note that SSW approximation gives an elementary excita
energyvSSW(q)5Jeq where

eq5@J~Q2q!2J~Q!#/J ~2.31!

that vanishes quadratically asq→0. Indeed one haseq
.0.40(aq)2. The RSW spectrum is given byvRSW(q)
5Jẽq , where

ẽq5eq1tSq, ~2.32!

with t5kBT/J and

Sq5
1

JN(
k

@J~Q!2J~Q2k!1J~Q2q2k!

2J~Q2q!#
1

ek
. ~2.33!

In the long wavelength limit Eq.~2.32! gives
e

in
in-

-

n

ẽq5~0.401ct!~aq!2. ~2.34!

It is straightforward to prove that the leading order in te
perature of the mean-square angular displacement obta
by RSW approximation is the same as that obtained by S
approximation

^c i
2&5

t

N (
k

1

ẽk
.

t

N (
k

1

ek
.0.196t ln N, ~2.35!

so that the absence of LRO expected on the basis of S
approximation6 is confirmed by RSW approximation. Indee
the soft mode atq50 in the planar isotropic antiferromagne
is not suppressed by thermal fluctuations as one expect
account of the rotational invariance of Hamiltonian~2.25!.

III. MONTE CARLO SIMULATION

We have performed MC simulation to get the thermod
namic properties of the model over the whole range of te
perature. In particular, we have evaluated the tempera
dependence of the mean-square angular displacement i
der to compare the results of MC simulation with the an
lytic result at low temperature. As shown in Fig. 1 MC da
~full circles! fit very well the analytic result given in Eq
~2.23! obtained by renormalized spin-wave theory~continu-
ous curve!. MC data are taken from a simulation on a samp
32332 averaging over 103 configurations after having disre
garded 105 steps for equilibration. The approach of period
‘‘images’’ is adopted.17 This approach, which is based on
periodic arrangement of MC cells, seems to be the most c
venient to treat systems with long-range interactions. N
that the singular behavior of the mean-square angular
placement is caught by MC simulation only if the region
low temperature (0.01,t,0.1) is carefully investigated
This peculiar behavior escaped previous MC analysis.12,13

In Fig. 2 we give the size dependence of the mean-squ
angular displacement att50.1 for the ferromagnetic and an
tiferromagnetic square planar model with isotropic lon
range interaction decaying as 1/r 3. The existence of LRO in
the ferromagnetic model is proved by the size independe
of the mean-square angular displacement. On the cont

FIG. 2. Mean square angular displacement att50.1 versus lnN
for square planar models with ferromagnetic~F! and antiferromag-
netic ~AF! isotropic long-range interactions decaying as 1/r 3.
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the absence of LRO in the antiferromagnetic model is clea
pointed out by the size dependence of the mean-square
gular displacement which agrees very well with the analy
result of Eq.~2.35!.

In Fig. 3 we show the staggered magnetization ver
temperature of the square planar rotator model with p
dipolar interaction fort.0.1. For t,0.1 we have verified
that the staggered magnetization is well reproduced byMs
5110.095t ln t20.2t ~Ref. 15! in good agreement with the
analytic result of Eq.~2.24!. Figures 1 and 3 of the presen
paper should be compared with Figs. 7, 12, 13 of Ref.
where MC results obtained for samples up to 1283128 are
shown. A linear dependence of the staggered magnetiza
versus temperature is suggested:Ms5120.32t ~note that
our reduced temperaturet is T/2 of Ref. 13!. The same fit can
be obtained looking at Fig. 3 in which the order parame
versus temperature is shown fort.0.1. On the contrary, if
we push the investigation out into the very low-temperat
region as shown in Fig. 1, the singular behavior is recove

In Fig. 4 the staggered susceptibility is plotted agai
temperature for several lattice sizes in good agreement
Fig. 8 of Ref. 13.

Finally we try to get some insight on the critical behavi
of the square planar model with dipolar interaction. This

FIG. 3. Staggered magnetization versus temperature for di
ent lattice sizes.

FIG. 4. Staggerred susceptibility versus temperature for dif
ent lattice sizes.
ly
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an intriguing point. The RG analysis in 4-e dimensions18 was
performed for models where spins are coupled by excha
and dipolar interactions under the hypothesis that the
change is dominant with respect to the dipolar interacti
For antiferromagnetic spin configuration the critical exp
nents are the same as those found in absence of dip
forces for both Heisenberg and Ising models. These res
are relevant in 3D models with dominant exchange inter
tion but their extrapolation to models with pure dipole inte
actions, in particular to two-dimensional systems, is not
vious.

MC simulations on 3D Ising model17 partially support the
RG results since no change in the behavior of magnetiza
and specific heat was observed when the ratio between s
and long-range interaction is changed. However no esti
tion of critical exponents was attempted.

For a simple cubic Ising model with pure dipolar intera
tion high-temperature series expansion19 provides a critical
exponent of the staggered susceptibilityg51.14 which dif-
fers from both the mean-field exponentg51 and the critical
exponentg51.25 of the Ising model with NN exchange in
teraction.

Very little is known about the critical properties of 2D
lattices with spins coupled by pure dipolar interactions.
particular, no analytic evaluation of critical exponents w
attempted. MC simulation performed on the square Is
model20 leads to the conclusion that critical exponents a
the same~within the numerical uncertainty! as those of the
square Ising model with NN exchange interaction.

In the square planar rotator model we find that the dip
interaction supports LRO whereas the planar model with
exchange interaction does not order at any finite tempera
even though the existence of a topological phase transit
known as Kosterlitz-Thouless phase transition,2 is proved.
This fact prevents any comparison with the critical behav
of the corresponding NN model. Therefore we try to get t
critical exponents by a finite-size scaling of our MC resul
This procedure gives very good results for the NN Isi
model and it has been successfully used to evaluate the
cal exponents of the Ising model with dipole interaction.20

We have verified that the choicen51 is consistent with
MC data. As shown in Fig. 9 of Ref. 14 one finds that t
relationshiptc(L)2tc;1/L, which impliesn51, is consis-
tent with the lattice size dependence of the temperature of
maximum of the staggered susceptibility or of the spec
heat. Assumingn51 the value ofg is given by the slope of
the straight line obtained by plotting the maximum of t
staggered susceptibility versus the lattice size on a log
scale. Mean values of the staggered susceptibility are ev
ated averaging over 10 distinct simulations for a 32332 lat-
tice up to 100 distinct simulations for a 838 lattice. In Fig.
5 we show the least-squares linear interpolation of the d
obtainingg51.3760.07.

We have also evaluated the critical exponent of the st
gered magnetizationb in different ways. In Fig. 6 we show
the staggered magnetization~evaluated at the temperature
the maximum of the staggered susceptibility! versus the lat-
tice size on a log-log scale. The slope of the least-squa
linear interpolation of the data givesb50.1960.04. A simi-
lar result is obtained by the scaling of the staggered mag
tization evaluated at the critical temperaturetc50.75. Finally

r-

r-
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1020 PRB 62A. CARBOGNANI, E. RASTELLI, S. REGINA, AND A. TASSI
the value ofb deduced by the scaling of the staggered m
netization evaluated at the temperature at which the spe
heat has its maximum, is in substantial agreement with
above result even though the error bars are much larger s
the peak of the specific heat is less sharp than that of
susceptibility.

The critical exponents we have obtained differ from t
mean field exponents as well as from those of the squ
Ising model with NN interaction. The square planar mod
with pure dipole interaction was conjectured to fall in t
universality class of the square planar model with NN e
change interaction in presence of symmetry-break
perturbations.10 If so the critical exponents of the prese
model should be the same as those of thep54 model inves-
tigated in Ref. 16 which should display conventional pow
law singularities, but with nonuniversal critical exponen
The critical exponents should depend on the symme
breaking field intensityh4 . De’Bell et al.13 have noted that a
NN square planar model withh4;0.2,0.3 shows similarities
with the pure dipole square planar model. All these fa
could explain why the critical exponents of the prese
model are unusual.

IV. SUMMARY AND CONCLUSIONS

Poor information is found in literature about the therm
behavior of spin systems where the spins are coupled by
dipole interaction. Mostly, renormalization group analysi18

and MC simulation17 refer to 3D Ising or Heisenberg mode
in which the dipole interaction is weak with respect to t
dominant NN exchange interaction.

Even less is known about 2D models. MC simulation w
performed on the square Ising20 and planar12 model with
pure dipole interaction. Nothing is known about the critic
exponents of the planar rotator model with pure dipole int
action. We have investigated the thermodynamical proper
of this model by both low-temperature expansion and M
simulation.

The ground-state configuration is affected by continuo
degeneracy corresponding to four interpenetrating sublatt

FIG. 5. Critical exponentg of the staggered susceptibility ob
tained by finite-size scaling of MC data worked out onL3L
samples.
-
fic
e
ce
e

re
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-
g

-
.
-

s
t

l
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s

l
-

es

s
es

making anglesa, 2a, p1a,p2a with a reference axis,a
being arbitrary. This continuous degeneracy is not relate
the symmetry of the Hamiltonian and the simple spin-wa
spectrum shows anaccidental soft mode at q5(2p/

a)( 1
2 , 1

2 ) in the neighborhood of which the excitation ener
is quadratic. For this reason the simple spin-wave the
leads to a contradictory result. Thermal contributions to
free energy select acolumnarconfiguration where rows (a
50) or columns (a5p/2) of parallel spins alternate. Ther
mal contributions to the magnetization reduce to zero
order parameter at any finite temperature.

We have solved this apparent contrasting result using
renormalized simple spin-wave approximation which a
counts for interactions between spin waves. Indeed the a
dental soft mode is replaced by a temperature-dependen
@see Eq.~2.22!# that prevents the divergence of the mea
square angular displacement. Singular behavior of the o
parameter is pointed out. We have checked this behav
which escaped previous MC simulation,12,13pushing our MC
simulation into the range 0.01,t,0.1. An excellent agree
ment between our analytic result and MC simulation
found. The staggered magnetization and the staggered
ceptibility agree with previous MC data13 for t.0.1.

We have performed finite-size scaling analysis of t
maximum of the staggered susceptibility and of the st
gered magnetization evaluated at the temperature of
maximum of the susceptibility leading to unusual values
the critical exponentsg51.37 andb50.19. An interesting
conjecture10 about the mapping of the square planar rota
model with pure dipole interaction into the correspondi
NN model with symmetry-breaking perturbation16 could ex-
plain the unusual critical exponents we have found.
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FIG. 6. Critical exponentb of the staggered magnetization ob
tained by finite-size scaling of MC data worked out onL3L
samples.
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