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Critical behavior of the frustrated antiferromagnetic six-state clock model on a triangular lattice
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We study the antiferromagnetic six-state clock model with nearest neighbor interactions on a triangular
lattice with extensive Monte Carlo simulations. We find clear indications of two phase transitions at two
different temperatures: BelowTI a chirality order sets in and by a thorough finite-size-scaling analysis of the
specific heat and the chirality correlation length we show that this transition is in the Ising universality class
~with a nonvanishing chirality order parameter belowTI). At TKT (,TI) the spin-spin correlation length as
well as the spin susceptibility diverges according to a Kosterlitz-Thouless~KT! form and spin correlations
decay algebraically belowTKT . We compare our results to recent x-ray diffraction experiments on the orien-
tational ordering of CF3Br monolayers physisorbed on graphite. We argue that the six-state clock model
describes the universal feature of the phase transition in the experimental system and that the orientational
ordering belongs to the KT universality class.

DOI: 10.1103/PhysRevE.66.026111 PACS number~s!: 05.90.1m, 64.60.Cn, 75.10.Hk, 75.40.Mg
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I. INTRODUCTION

The study of frustrated two-dimensional spin models
motivated by their relevance for phase transitions in a w
range of physical systems. For instance, the fully frustra
XY (FFXY) model describes an array of Josephson juncti
under an external magnetic field@1,2#. Besides its experi-
mental relevance the FFXY model has been the focus of
number of theoretical works since a delicate question ar
here regarding the critical behavior. The model has a c
tinuous U(1) symmetryand a discrete Ising, chiral orZ2
symmetry that can be broken at low temperatures throug
Kosterlitz-Thouless~KT!-type transition and an Ising-like
transition, respectively.

Despite a lot of effort@3–22#, there is no consensus on th
nature of the phase transitions and it is not clear whether
two transitions happen at two different temperatures or a
single one. Renormalization group~RG! studies on the
FFXY model drew the conclusion that the transitions oc
at the same temperature@3#. Monte Carlo simulation studie
on generalized FFXY models supported the single-transitio
picture for the FFXY model @4#. Interestingly, it has been
reported that theZ2 symmetry breaking transition may no
belong to the Ising universality class. Monte Carlo studies
the FFXY models on a triangular and a square lattice yield
the correlation length exponentn50.83(4) ~triangular lat-
tice! and n50.85(3) ~square lattice!, which is inconsistent
with the Ising valuen51 @5#. The specific heat appeared
follow a power-law scaling rather than the logarithmic sc
ing as one would expect for the Ising universality class
non-Ising scaling behavior is also observed in the studie
the FFXY model via a Monte Carlo simulation@6# and
Monte Carlo transfer matrix calculations@7,8#. The same
non-Ising critical behavior is also observed in the coupledXY
Ising model@5,9,10#.

On the other hand, numerical evidence also in favor
two transitions at two different temperatures has been
1063-651X/2002/66~2!/026111~7!/$20.00 66 0261
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lected. Monte Carlo simulation studies of the frustrated C
lomb gas system, which is supposed to be in the same
versality class as the FFXY model, showed that the KT-type
transition temperatureTKT and the Ising-like transition tem
peratureTI are different withTKT,TI @11,12#. Two transi-
tions were also found in the FFXY model on a square lattice
@13# and on a triangular lattice@14–16# using Monte Carlo
simulations. A careful analysis of the RG flow of the FFXY
model also led to a conclusion of the double transition s
nario @17#. It is the general belief that the transitions atTKT
and atTI belong to the KT universality class@18# and to the
Ising universality class, respectively, if the transitions occ
at different temperatures. However, the critical exponents
sociated with theZ2 symmetry breaking, which are found b
Monte Carlo simulations, turn out to be different from tho
of the Ising universality@12,13,16#. They are rather close to
those obtained in theXY Ising model@5#. Although there is
an argument that the observed non-Ising exponents are
to a screening effect hindering the asymptotic scaling beh
ior @19#, the controversy on the nature of the phase transit
remains unsettled@20–22#.

Here we present a thorough numerical study of a rela
model, the fully frustrated antiferromagnetic six-state clo
model on a triangular lattice. We also report on an orien
tional ordering transition in a two-dimensional experimen
system@23# that, as we argue, is in the same universa
class as the model we study numerically. The experime
system actually motivates~besides numerical simplicity! our
restriction to the six states of the spins rather than the c
tinuumXYspins@and thus to a sixfold clock (C6) symmetry
rather than theU(1) symmetry#. In the unfrustrated~ferro-
magnetic! case it has been shown, however, that the KT
havior is stable with respect to a crystal field of sixfold sym
metry @24–26#. Hence we expect that our model displays t
same critical behavior as the FFXY model.

The paper is organized as follows: In Sec. II we define
model and identify symmetry in the ground state. The cor
©2002 The American Physical Society11-1
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sponding order parameters are also defined. In Sec. III
explain briefly the Monte Carlo procedure we used and
termine the transition temperatures for the two phase tra
tions. Section IV is devoted to the classification of the u
versal properties at the two transitions we find. In Sec. V
present experimental x-ray diffraction results on the orien
tional ordering of CF3Br monolayers physisorbed on grap
ite, which we expect to be described by the KT transiti
occurring in the model we studied numerically in the prec
ing sections. Section VI concludes the paper with a summ
of our results.

II. MODEL

We investigate the phase transitions of the antiferrom
netic six-state clock model on a two-dimensional~2D! N
5Lx3Ly triangular lattice~see Fig. 1!. The six-state clock
spin S is a planar spin pointing toward discrete six dire
tions; S5(cosu,sinu) with

u5
2pn

6
~n50,1, . . . ,5!. ~1!

The interaction is given by the Hamiltonian

H52J(
^ i , j &

cos~u i2u j !, ~2!

where the sum is over all nearest neighbor site pairs^ i , j &
and J.0 is the antiferromagnetic coupling strength. T
overall factor 2 is introduced for a computational conv
nience.

The antiferromagnetic interaction on a triangular latt
induces a frustration. As a result the spins on each trian
should make an angle of6120° with one another in the
ground state. There are 12-fold degenerate ground states
three-sublattice structure. According to their chirality, we c
categorize the ground states intoCn andAn (n50,1, . . . ,5).
In each ground state the spin configurations of the three
latticesA, B, C ~Fig. 1! are given by

FIG. 1. A triangular lattice of size 1233. The arrows represen
the spin state in one of the ground states,C0. The lattice sites are
labeled by the sublattice indicesA, B, and C. Also shown are el-
ementary up and down triangles denoted byn i and , i , respec-
tively. The 6 signs denote the chirality of the triangles.
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u i PA5
2pn

6
, u i PB5

2p~n62!

6
, u i PC5

2p~n64!

6
,

~3!

for Cn ~upper sign! andAn ~bottom sign!. In other words, in
theC(A)-type ground state, the spin angles increase by 2p/3
along the up triangles in the~counter! clockwise direction,
and vice versa for down triangles.

There are two different symmetries between them; th
in the same class ofC or A are related by the rotationu i
→u i1(2pm/6)(m50, . . . ,5) andthose in the others by the
reflectionu i→2u i . Therefore the model possesses theC6
~six-fold clock! symmetry and theZ2 ~Ising! symmetry. Note
that the FFXY model on a triangular lattice has aU(1) and a
Z2 symmetry @2#. Since the clock spin can have only s
states, while theXYspin is a continuous one, the continuo
U(1) symmetry of the FFXY model is reduced to the dis
creteC6 symmetry. The nature of theZ2 symmetry in each
model is identical.

From the symmetry consideration, we expect that th
are two types of phase transitions associated with the sp
taneous breaking of theC6 symmetry and theZ2 symmetry.
The chirality at each elementary triangle is defined as

hn i ,, i
5

2

3A3
@sin~u j2u i !1sin~uk2u j !1sin~u i2uk!#,

wheren i and , i are up and down triangles as depicted
Fig. 1. Then the ground stateCn(An) has a checkerboard
pattern of the chirality withhn511 (21) and h,5
21 (11). The staggered chirality

h5
1

2N (
i

~hn i
2h, i

! ~4!

plays a role of the order parameter for theZ2 symmetry
breaking transition. The order parameter for theC6 symme-
try breaking transition is the sublattice magnetization

mA5
1

N (
i PA

exp~ iu i !, ~5!

where the sum runs only over the sites in theA sublattice.mB
andmC are defined analogously.

III. TRANSITION TEMPERATURES

We performed Monte Carlo~MC! simulations on finite
N5L3(L/2) lattices with a sublattice updating scheme; o
of the three sublattices is selected randomly and then
spins in the chosen sublattice are flipped according to
Metropolis rule. One Monte Carlo step corresponds to th
sublattice updates. Various observables are measured d
the MC runs, such as the energy, the chirality, and the s
lattice magnetization, from which we can measure the av
aged quantities and their fluctuations. In some cases, h
grams are constructed from particularly long MC runs
obtain the observables as continuous functions of the t
perature.

The transition temperature is determined from the Bin
parameters
1-2
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Bh512
^h4&

3^h2&2
and Bm512

^mA
4&

3^mA
2&2

~6!

for the chirality and the magnetization, respectively. Here
angle bracket denotes a thermal average, which can be
by a time average over the MC runs. The Binder parame
are scale independent at the critical points and approach2

3

~0! in the ordered~disordered! phase asL becomes larger
Hence the order-disorder transition temperatureTI related to
the Z2 symmetry breaking is obtained from the crossi
point in the plot ofBh versusT at different system sizes
From Fig. 2~a!, we estimate that

TI51.03860.0005. ~7!

Bm also displays the crossing behavior@Fig. 2~b!#, from
which we estimate that

TKT51.03560.0005 ~8!

for the C6 symmetry breaking transition.
The Binder parameters show different size dependenc

low temperatures. For the staggered chiralityBh converges
rapidly to 2/3 asL increases. However,Bm appears to con-
verge to values less than 2/3 atT,TKT . It indicates that
there is a quasi-long-range order in spins atT,TKT . We
confirm it from finite-size-scaling~FSS! behaviors of the
magnetization. The sublattice magnetization shows
power-law scaling behavior,̂umAu&;L2x, at T<TKT with
temperature dependent exponentx ~see Fig. 3!.

The two transition temperatures lie very close to ea
other. Nevertheless the accuracy of the data is sufficie
high, so that we can exclude a possibilityTI5TKT . Figure 4
demonstrates this via the correlation functions. We meas
the correlations between the chirality of up triangles and
magnetization of spins in theA sublattice displaced by a
distancer in the vertical direction:

Ch~r !5K 3

N (
i PA

hn i
hn i 1rL , ~9!

FIG. 2. Binder parameters for the staggered chirality in~a! and
the magnetization in~b!. The estimated transition temperatures a
marked by broken lines.
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N (
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cos~u i2u i 1r !L . ~10!

Here,i 1r denotes a site displaced vertically by a distancr
from i, andn i denotes an up triangle whose left corner ii
~see Fig. 1!. In Fig. 4, we plot both correlation functions i
the log-log scale at an intermediate temperatureT51.037.
Clearly one can see an upward curvature in the plot ofCh(r )
for r !Ly/2, which implies that the chirality order has a
ready set in. On the other hand, there is a downward cu
ture in the plot ofCm(r ) for r !Ly/2 indicating that the
magnetic order has not set in yet. Therefore we conclude
TKT,1.037,TI .

IV. UNIVERSALITY CLASS

With TKTÞTI , one expects that both the symmetry brea
ings take place independently. Then, theZ2 symmetry break-
ing transition should be in the Ising universality class. T
C6 symmetry is equivalent to that of theXYmodel perturbed
by the (p56)-fold anisotropy field. The unperturbedXY
model displays a KT transition that separates a disorde
high-temperature phase and a quasi-long-range ordered
temperature phase. A RG study shows that an anisotr
field with p.4 does not change the KT nature of the tran
tion @24#. The same is true for the extreme case of the fer
magnetic six-state clock model@26#. So theC6 symmetry

FIG. 3. Sublattice magnetization̂umAu& near the critical tem-
peratureTKT . At temperaturesT<TKT it shows a power-law be-
havior. The broken line has a slope of20.17.

FIG. 4. Correlation functions of the staggered chirality,Ch , and
the magnetization,Cm , at temperatureT51.037.
1-3
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breaking phase transition atT5TKT is expected to belong to
the KT universality class.

The interplay of the Ising-type and the KT-type orderi
has long been studied in the context of the fully frustratedXY
models on a square or a triangular lattice. Frequently, it
been claimed@3–8# that the Ising-like transition and the KT
type transition occur at the same temperature. On the o
hand, more recent studies have reported the transition
occur at two different temperatures@11–17,19,20,22#. Sur-
prisingly, some of recent high-precision Monte Carlo sim
lation studies suggested that theZ2 symmetry breaking tran
sition does not belong to the Ising universality class in sp
of the double transition@13,16,22#. They estimated thatn
.0.8 for the correlation length exponent anda/n.0.46 with
the specific exponenta, which are incompatible with the
Ising values ofn51 anda50. The critical exponents ar
consistent with the values observed along the single tra
tion line of the coupledXY Ising model@5,9,10#. Olsson@19#
argued that the measured non-Ising critical exponents
artifacts of unusual finite-size effects originated from no
critical spin-wave fluctuations. However, apparently there
no general agreement yet on this subject@20#.

In our model, we observe the phase transitions occur
at two different temperatures. However, the controversy e
isting in the FFXY model tells us that it does not guarant
necessarily that the individual transitions will belong to t
KT universality class and the Ising universality class, resp
tively. Therefore we perform a thorough FSS analysis to
derstand the nature of the phase transition. We believe
the antiferromagnetic six-state clock model can be used
resolve the existing controversy for the FFXY model. It has
the proper symmetry properties as discussed previously. A
from a practical point of view, larger system sizes are av
able since it is a discrete model, with which one can red
the finite-size effects.

A. Z2 symmetry breaking

We investigate the nature of theZ2 symmetry breaking
transition by exploring the FSS property of the specific he
which is defined by

c5N@^e2&2^e&2#, ~11!

with e the energy per site. For a finite system@N5L(L/2)#
the specific heat has a peakc* ;La/n near the critical tem-
perature, diverging with system sizeL→`. Since the spe-
cific heat does not diverge at a KT-type transition, the div
gence is due to theZ2 symmetry breaking phase transitio
The Ising universality class hasa50, and the specific hea
shows a logarithmic divergence,c* ; ln L.

The specific heat is measured accurately using the s
dard MC method combined with asingle histogram method
@27#. First, we measure the specific heat from the stand
MC simulations at discrete temperature grid, which leads
a temperatureT0 at which the specific heat is approximate
maximum. Then the histogramV0($S%), frequency of a spin
state$S%, is constructed from MC runs at the temperatureT0
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over a time intervalDt. It enables us to obtain the averag
value of any observableQ as a continuous function of tem
peratureT nearT0;

^Q&5

(
$S‰

Q~$S%! V0~$S%!e2(T212T0
21)E($S%)

(
$S‰

V0~$S%!e2(T212T0
21)E($S%)

. ~12!

It is important to takeDt as large as possible to have goo
statistics. At 192396 lattice, for example, we takeDt55
3107, which is;2000 times the relaxation time of energ
energy autocorrelation. The maximum system size we
simulate is 3843192. In that case we takeDt5108, which is
;1200 times the relaxation time of energy-energy autoc
relation. Figure 5 shows the specific heat obtained from
dependent MC runs and from the histogram method. Th
agreement near the peak is excellent, although they beg
deviate slightly away from the peak. With this technique w
can estimatec* very accurately. A statistical error forc* is
estimated in the following way; we construct ten subhis
grams and as many values ofc* from each of them. The
error bar is taken as the half distance between the maxim
and minimum values among them.

The result is shown in Fig. 6. Interestingly, there is
crossover from a power-law scaling behaviorc* ;L0.5 @solid

FIG. 5. Specific heat obtained from independent MC runs~sym-
bols! and the histogram method~solid lines!. T0 denotes the tem-
perature at which the histogram is obtained.

FIG. 6. Peak values of the specific heat versusL in log-log scale
~a! and semilog scale~b!. In ~a! the solid line has a slope 0.5.
1-4
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line in Fig. 6~a!# at L<Lc to a logarithmic scaling behavio
c* ; ln L @solid line in Fig. 6~b!# at L>Lc with Lc.96. It
indicates that the specific heat has an asymptotical loga
mic scaling behavior that is consistent with the Ising univ
sality class.

We also study the scaling of the chirality correlatio
length. We measured the correlation length usingjh

5A( r r
2Ch(r )/( rCh(r ) with the correlation function de

fined in Eq. ~9!. It is plotted in Fig. 7. We find a strong
dependence ofjh on the system size. In addition to the sat
ration of jh to O(L) near and below the critical point, th
dependence of the correlation length onL in the regimejh
!L is visible through a varying slope~cf., Fig. 7!. As a
consequence, a fitting to a formjh5a(T2TI)

2n at small
system size will lead to a lower value ofn than its
asymptotic value. The fitted values ofn at each lattice size
are plotted in the inset of Fig. 7. It increases as the sys
size increases and approaches the Ising valuen.1.0 in the
infinite size limit.

From the analysis of the specific heat and the chira
correlation length, we conclude that theZ2 symmetry break-
ing transition indeed belongs to the Ising universality cla
Note that theeffectivespecific heat exponenta/n.0.5 and
the correlation length exponentn.0.8 appearing at smal
length scale are comparable with the results of previous
works claiming the non-Ising nature in the frustratedXY
models@5,6,9,10,13,16,21,22#. Our results are fully consis
tent with Olsson’s argument claiming that the non-Ising e
ponents reported by others are explained by a failure
finite-size scaling at small length scale due to the screen
length associated with the nearby KT transition@19#. The
strong finite-size effect is overcome in this work since
could study large systems. We expect that one could obs
the same crossover to the asymptotic Ising-type scaling
havior in larger scale simulations in the frustratedXY sys-
tems.

B. C6 symmetry breaking

The KT transition is characterized by the essential sin
larity of the correlation length and the susceptibility a
proaching the critical temperature. We measure the corr
tion lengthjm as

FIG. 7. Chirality correlation length. The values of the expone
n obtained from the fit at each lattice size are shown in the m
panel and plotted in the inset.
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jm5A(
r

r 2Cm~r !

(
r

Cm~r !

~13!

from the magnetic correlation functionCm in Eq. ~10!. One
can also estimate the correlation length by fittingCm(r ) to a
form with e2r /jm. We tried with various function forms bu
found that Eq.~13! yields the most stable estimate again
statistical errors. The magnetic susceptibility is measu
from the fluctuation of the magnetization,xm5N^mA

2&. Fig-
ure 8 shows the plot ofjm andxm versusT2TKT in log-log
scale. Upward curvature in both plots indicates a diverge
stronger than algebraic. We fit those quantities with the
scaling form, jm5aeb(T2TKT)2y

and xm5a8eb8(T2TKT)2y

with y5 1
2 fixed, whose results are drawn with solid lines

Fig. 8. It shows that the KT scaling behaviors are emerg
only afterL>96. If y is also taken as a fitting parameter, o
obtainsy,0.5 whose value depends on the fitting range
increases on approaching the critical temperature.

In the XY phase (T,TKT) the spins have the quasi-long
range order; the magnetization scales algebraically
^umAu&;L2x with temperature dependent exponentx ~see
Fig. 3!. The RG theory predicts thatx51/8 at the KT tran-
sition point @24#. Our numerical data show thatx.0.17 at
T5TKT . We think that the discrepancy is originated from
sensitive dependence ofx on T. In summary, in spite of a
quantitative disagreement, theC6 symmetry breaking phas
transition is in qualitative agreement with the KT univers
ity class; we observe the essential singularity in the corre
tion length and the susceptibility and quasi-long-range or
in the low-temperature phase.

V. EXPERIMENTAL REALIZATION: CF 3Br ON
GRAPHITE

In this section we describe a possible experimental re
ization of the theoretical model we investigated above. I
recent work we reported results on x-ray powder diffracti
study on a monolayer of halomethane CF3Br adsorbed on
exfoliated graphite@23#. CF3Br is a prolate molecule and ha
a dipole moment of about 0.5 D. The coverager and the

t
in

FIG. 8. Correlation length and the susceptibility of the magn
tization. The solid lines are the fits to the KT form ofjm

52.54e0.193(T2TKT)21/2
andxm54.20e0.333(T2TKT)21/2

.

1-5
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J. D. NOH, H. RIEGER, M. ENDERLE, AND K. KNORR PHYSICAL REVIEW E66, 026111 ~2002!
temperatureT phase diagram is rather complex@28,29#. In
Ref. @23# we concentrated on a coverage that is a repres
tative of the extended monolayer regime in which the mo
layer lattice is commensurate with the graphite lattice. T
yields a 232 triangular lattice arrangement of the CF3Br
molecules below a temperature of 105 K@30#, which is the
melting temperature of the commensurate layer. The in
molecular distance isa54.92 Å. Note that the lateral size o
the graphite crystallites is only around 180 Å, which confin
any spatial correlation length to this value.

An isolated CF3Br would prefer to lie flat on the sub
strate, but the 232 mesh is too tight to accommodate th
molecules in this orientation. Therefore the individual CF3Br
molecules stand on the substrate, presumably with the3
tripod down, with a maximum tilt angle of the molecular ax
up to 30° with respect to the substrate normal due to st
repulsion. A tilt leads to a nonzero in-plane component of
dipole moment. We regard this component as planar ps
dospinSi5(cosui ,sinui) with the azimuthal angleu i of the
molecule. In this sense the 232 state is disordered with
zero time average of everySi , and is stabilized at highe
temperatures by a libration and/or a precession of the
lecular axis about the substrate normal.

As the temperature is decreased additional features
velop in the diffraction pattern that finally, below 40 K, ca
be identified @23# as Bragg peaks~with a finite width of
around (180 Å)21 due to the lateral size of the crystallite!
indicating an orientational order in the dipole moments id
tical to the one depicted in Fig. 1. The temperature dep
dence of the correlation lengthj determined from the intrin-
sic width of this peak can be fitted, with the KT expressi

j5A exp@B~T/TKT21!21/2#, ~14!

to the data forT.40 K ~see Fig. 3 of Ref.@23#!. The fit
parameters areA5962 Å, B51.560.4, and TKT530
63 K. Note that the value of A is reasonably close to t
lattice parameter of the 2D mesh. Thusj is expected to di-
verge at a KT critical temperatureTKT of about 30 K, but the
growth of the correlated regions is interrupted whenj
reaches the size of the graphite crystallites. This happen
about 40 K.

We think that the model~2! is a good description of the
orientational ordering process described in this physical s
tem. Clearly the pseudospin correlations are bound t
plane, thus the system is 2D with respect to the relev
degrees of freedom at the phase transition. Moreover
mentioned before, below 105 K the CF3Br molecules are
arranged in a triangular lattice. The pseudospin represen
the CF3Br dipole moment is presumably not a strictly isotr
pic planar rotator but experiences a crystal field from
graphite substrate, which breaks the continuous azimu
symmetry into the sixfold symmetry of the monolayer. Th
is reflected by the six-state clock variables of model~2!. The
ordered structure of the CF3Br dipoles is antiferroelectric
which is taken into account by the antiferromagnetic co
plings between the pseudospins in Eq.~2!. Finally, the char-
acter of the relevant orientation dependent interactions
CF3Br is not known, but a comparison of monolayers
02611
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several polar methane derivatives@29# shows that fully halo-
genated molecules including CF3Br with small dipole mo-
ments around 0.5 D have structures different from partia
halogenated molecules, such as CH3Cl, with strong dipole
moments around 1.7 D. This suggests that for CF3Br the
short-range anisotropic part of the intermolecular van
Waals force and hardcore repulsion are more important t
the medium-range dipole-dipole interaction. Thus the int
actions can be assumed to be short ranged. Thus one ex
that model~2! and the physical system discussed here are
the same universality class.

In Fig. 9~a! comparison of the magnetic correlation leng
from the experiment@23# and the simulation~from Fig. 8! is
shown. Since the factorB in the KT form ~14! of the corre-
lation length is a nonuniversal number, the reduced temp
ture (T/TKT21) has to be rescaled by an appropriate fac
in order to achieve an acceptable data collapse. The resc
factor turns out to be quite large, namely 18, which is n
unusual for microscopically different systems in the KT un
versality class~see, e.g., Ref.@31#!. Note that the finite linear
size of the crystallites plays a similar role as the finite latt
sizes in the simulations and sets the saturation value for
correlation length~divided by the lattice constant for the tr
angular lattice of the CF3Br molecules, which is a
54.92 Å). The nice collapse of the experiment and simu
tion data supports our claim that the two physical syste
are in the same universality class and that the orientatio
ordering of CF3Br molecules on graphite is in the KT un
versality class.

VI. SUMMARY

To summarize we have studied the phase transitions in
antiferromagnetic six-state clock model on a triangular l
tice, which is fully frustrated. As a result the ground sta
have aC6 ~six-state clock! symmetry and aZ2 ~Ising! sym-
metry. Through extensive Monte Carlo simulations we fou
that the model undergoes a Kosterlitz-Thouless transition
TKT and an Ising transition atTI . The two transitions corre-

FIG. 9. Comparison of the magnetic correlation length~scaled
by the lattice constant! from the experimental data~from Fig. 3 of
Ref. @23#! and the Monte Carlo simulations~from Fig. 8!. The re-
duced temperatures (T/TKT21) for the simulation data are rescale
by a factor of 18 in order to achieve an acceptable data collapse
linear lattice sizesL between 96 and 192.
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spond to theC6 and theZ2 symmetry breaking transition
respectively. High-precision Monte Carlo data indicate t
the two transitions take place at different temperatures,TKT
,TI @Eqs.~7! and ~8!#. This has been checked explicitly b
analyzing the behavior of the spin and the chirality corre
tion function at temperatures betweenTKT and TI ~Fig. 4!.
Furthermore, we have shown that theZ2 symmetry breaking
transition belongs to the Ising universality class. For sm
system sizes, the scaling property of the specific heat and
correlation length deviates apparently from the Ising univ
sality class. However, simulation results for larger syst
sizes indicate that the model belongs asymptotically to
Ising universality class~Figs. 6 and 7!. As for the transition
at TKT , we have found that the magnetization correlati
length and the susceptibility diverges atT5TKT according to
the KT scaling form~Fig. 8!. We have also found that th
spins have a quasi-long-range order belowTKT ~Fig. 3!.
Combining these, we conclude that the transition atTKT be-
longs to the KT universality class.

Our model is a variant of the fully frustratedXY models
where the KT-type ordering and the Ising-type ordering
terplay interestingly. Our numerical results support a s
a

ev
F.

le

ev
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nario that there are two separate phase transitions withTKT

ÞTI ; one atTKT in the KT universality class and the other
TI in the Ising universality class. Our results are very w
consistent with those in Ref.@19#.

We have proposed that our theoretical model describes
orientational ordering transition of CF3Br molecules on
graphite since the model has the same symmetry as the
perimental system. We argue that the orientational orde
transition belongs to the KT universality class@23# by com-
paring the magnetic correlation length obtained from the
periment@23# with the correlation length obtained numer
cally in the six-state clock model. With a suitable rescali
of parameters, we have shown that the correlation length
both systems have the same scaling behavior~Fig. 9!. It
gives more evidence that the orientational ordering transi
is indeed the KT transition.
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