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Stripe-tetragonal first-order phase transition in ultrathin magnetic films
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We analyze the nature of the phase transition from a smectic stripe phase to a tetragonal phase predicted in
analytic studies by Abanovet al. @Phys. Rev. B51, 1023 ~1995!# and observed in experiments on ultrathin
magnetic films by Vaterlauset al. @Phys. Rev. Lett.84, 2247 ~2000!#. At variance with existent numerical
evidence, we show results of Monte Carlo simulations on a two-dimensional model with competing exchange
and dipolar interactions showing strong evidence that the transition is aweak first-orderone, in agreement with
the theoretical predictions of Abanovet al. Besides the numerical evidence, we give further support to the
first-order nature of the transition analyzing a continuum version of the model and showing that it belongs to
a large family of systems, or universality class, in which a first-order transition driven by fluctuations is
expected on quite general grounds.
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With the advances in the experimental manipulation
materials at atomic length scales a renewed interest
grown in understanding the thermodynamic and mechan
properties of systems such as ultrathin films and quasi-t
dimensional magnetic materials. Part of this interest is ob
ously motivated by the great amount of potential applicatio
they find nowadays in many different technological fiel
~data storage, catalysis, and electronics are only a few
amples!. In this paper we are mainly concerned with t
thermodynamic properties of ultrathin magnetic films, su
as metal films on metal substrates~e.g., Fe on Cu,1 Co on
Au,2 see also Ref. 3 for a recent review on the topic!.

A large variety of magnetic films exhibit a spin reorient
tion transition below some finite temperatureTR . That is, if
the magnetic film is thin enough~a few atomic layers! the
atomic magnetic moments tend to align in a direction p
pendicular to the plane of the film, because the surface
isotropy overcomes the anisotropy of the dipolar inter
tions, which favors in-plane ordering. Under the
circumstances the local magnetic moments can be rega
approximately as Ising variables. Any realistic theoretical
scription of a magnetic thin film must include long-ran
dipolar interactions. The competition between exchange
dipolar interactions in these materials gives rise to sta
modulated stripelike patterns at low temperatures. In th
states the magnetic moments align along a particular
forming ferromagnetic stripes of constant widthh, so that
moments in adjacent stripes are antialigned. Theoretical s
ies concluded that the stripe state in this system is always
most stable one at low enough temperatures, provided
the exchange parameter exceeds some small positive cr
value.4,5 Calculations based on a continuum approximat
by Abanovet al.4 predicted that, before reaching the par
magnetic state at high temperatures, the stripe phase u
goes a transition into a phase characterized by domains
predominantly square corners, which they called atetragonal
liquid. They also concluded that the stripe-tetragonal liq
transition should be either first order or the two phases m
be separated by a third phase characterized by rotati
domain-wall defects, which they called anIsing nematic
phase. Monte Carlo calculations on the square lattice carr
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out by Boothet al.6 confirmed the presence of the tetragon
liquid phase, but they did not find any evidence of the Isi
nematic phase. However, the results of Boothet al. appeared
to be consistent with acontinuoustransition rather than a
first-order one, as could be expected from the theoret
results of Abanovet al. Nevertheless, Boothet al. pointed
out that the possibility of a weak first-order transition cann
be excluded on the base of their Monte Carlo simulatio
Recent imaging studies using scanning electron microsc
with polarization analysis on ultrathin films of fcc Fe o
Cu~100! verified the existence of the tetragonal liqu
phase.7,8 No evidence was found of an intermediate nema
phase of the type predicted by Abanovet al.4 in the transition
from the stripe phase to the tetragonal liquid. The thermo
namic nature of the stripe-tetragonal transition could not
determined by the imaging technique and this question
mains unanswered. In this paper we present both Mo
Carlo ~MC! and analytical calculations that provide eviden
that the stripe-tetragonal liquid transition is indeed a we
fluctuation-induced first-order one.

We consider a system of magnetic dipoles on a squ
lattice in which the magnetic moments are oriented perp
dicular to the plane of the lattice, with both nearest-neigh
ferromagnetic exchange interactions and long-range dip
dipole interactions between moments. The thermodynam
of this system is ruled by the dimensionless Hamiltonian9

H52d(
^ i , j &

s is j1(
( i , j )

s is j

r i j
3

, ~1!

whered stands for the ratio between the exchangeJ0.0 and
the dipolarJd.0 interaction parameters, i.e.,d5J0 /Jd . The
first sum runs over all pairs of nearest-neighbor spins and
second one over all distinct pairs of spins of the lattice;r i j is
the distance, measured in crystal units, between sitesi and j.
The energy is measured in units ofJd . The overall~known!
features of the equilibrium phase diagram of this system
be found in Refs. 3, 5, 6, and 10, while several dynami
properties at low temperatures can be found in Refs. 11–
The threshold for the appearance of the stripe phase in
model isdc50.425.5,9
©2004 The American Physical Society09-1
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We performed extensive MC simulations of the mod
defined by Eq.~1! on a square lattice withN5L2 sites, for
system sizes ranging fromL516 to 32 using the Metropolis
algorithm. Periodic boundary conditions were implemen
using the Ewald summation technique. Although we o
tained results for different values ofd ranging from 1 to 3,
most of the numerical work was focused ond52 ~corre-
sponding to a low-temperature stripe phase of widthh52),
for which the first-order nature of the transition is mo
clearly defined. To estimate both equilibration and deco
lation times we analyzed the behavior of the two-times c
relation function for different system sizes and temperatu
After an equilibration period of up to 105 Monte Carlo steps
~MCS!, every data point was calculated over a large sin
run for periods ranging from 23106 MCS for the smallest
size up to 43107 MCS for the largest one (L532). To lo-
cate the transition and characterize its order we calcula
the energy per spin histograms for different temperatu
from which we obtained both the specific heatCL
5(1/NT2)(^H2&2^H&2) and the fourth-order Binde
cumulant15 VL512^H4&/3^H2&2. The typical behavior of
the energy histograms is shown in Fig. 1 ford52 and L
532. The double-peak structure is characteristic of a fi

FIG. 1. Energy per spin histograms ford52, L532 and differ-
ent temperatures around the critical oneTc'0.79. The images be
low the histogram illustrate some typical equilibrium spin config
rations corresponding to the maxima and the minimum at
critical temperature.
09240
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order phase transition.15,16 We observed that the measur
ment time~in MCS! needed to sample the energy distributi
effectively increases exponentially with the linear syste
size L. This is because the system spends large period
time in each one of the two phases, with a mean lifetime
every phase that increases withL, consistently with the
expected16 increase in the energy-free barrier between pha
DF(L);Ld21. A careful inspection of the typical equilib
rium spin configurations associated with every phase~i.e.,
those with energies around the maxima of the energy dis
bution! shows indeed that the high-temperature phase
sents a tetragonal structure similar to that found by Bo
et al.6 ~see Fig. 1!, while the low-temperature phase is th
h52 stripe one~also notice the coexistence of domains
both phases at energies corresponding to the minimum o
histogram!. Moreover, a MC calculation of the structure fa
tor S(k)5^u( is ie

ik•r iu2& at temperatures above, but near t
critical one, shows a very similar shape to that observed
MacIsaacet al.5 at higher values ofd: four sharp peaks sym
metrically placed on the two principal axes of the Brillou
zone, which characterize the tetragonal structure.3 As the
temperature increases the peaks become smeared into a
with the shape of a four-peaked crown that gradually dis
pears. This indicates a continuous loss of the fourfold sy
metry as the system becomes paramagnetic. For large va
of d (d>3) this transition is also reflected in the presence
a secondary peak at high temperatures in the specific h
which does not depend on the system size,6 indicating that
the transition does not have an associated singularity in
thermodynamic potentials. As already observed by Bo
et al.,6 this secondary peak becomes less pronounced ad
decreases; we observed that for values ofd<2.5 it becomes
indistinguishable. However, the presence of the transition
mains clearly detectable in the behavior of the structure f
tor.

The temperature variation of the specific heat and
Binder cumulant ford52 and various system sizes is show
in Fig. 2. We see that the locations of the maximum of t
specific heat and the minimum of the Binder cumulant sh
in a size-dependent fashion at pseudocritical temperat
Tc

(1)(L) andTc
(2)(L), respectively. Both quantities are plotte

vs L22 in Fig. 3, showing the expected finite-size scali

-
e

FIG. 2. MC calculations ford52 and different system sizesL. ~a! Specific heatCL vs T; ~b! Binder cumulantVL vs T.
9-2
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behavior for a temperature-driven first-order pha
transition15,16 Tc

(1)(L);Tc1AL2d and Tc
(2)(L);Tc1BL2d

with B.A, where Tc is the transition temperature of th
infinite system. Note that the internal energies of both pha
~corresponding approximately to the energies of the max
of the energy distribution! are located very close to eac
other. This property is also reflected in the rather shall
shape of the minimum of the Binder cumulant, evidenc
the weak nature of the transition. We observed that th
effects become more pronounced asd increases, with the
internal energies of both phases approaching continuous
each other. For values ofd.2.6 the double-peak structure o
the energy histogram~together with the minimum of the
Binder cumulant! seems to disappear, or at least it becom
undetectable for small system sizes, as can be appreciat
Fig. 4 for d52.6. We see that the internal energies of bo
phases~roughly corresponding to the energies of the maxi
of the histogram! near the transition approach each other ad
increases. This fact explains the seemingly continuous na
of the transition observed by Boothet al., whose calculations
were performed ford>3.6 Clearly, considerably larger sys
tems must be simulated in order to get reliable data for lar
d. A similar effect is observed asd decreases approachin
dc , where the double-peak structure of the histogram a
seems to disappear totally. Hence, the numerical data s
an optimal value ofd aroundd52, where the first-order
transition becomes strongest, that is, with the largest la

FIG. 3. Pseudocritical temperaturesTc
(1) ~maximum of the spe-

cific heat! andTc
(2) ~minimum of the Binder cumulant! vs L22.
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heat. Since strong finite-size effects are always expecte
systems with long-range interactions, numerical simulatio
in considerably larger systems are also required in this c
to get a more clear picture about this phenomenon. Howe
it is worth mentioning that some numerical simulations f
larger system sizes (L548 and L564) showed that the
double-peak structure of the energy histogram persists
becomes more pronounced asL increases. We now turn ou
attention to an analytic approximation which gives us so
insight in the expected outcome of such simulations for
other regions of the phase diagram.

It was recognized long ago17,18 that systems in which the
spectrum of fluctuations has a minimum at a nonzero w
vector can undergo a first-order transition driven by fluctu
tions, in contrast to the second-order transition predicted
mean field for this kind of systems. Since the original wo
by Brazovskii, the proposed scenario was shown to desc
correctly the phase transitions present in a large variety
systems such as cholesteric liquid crystals, the nemati
smectic-C transition, pion condensates in neutron stars, on
of Rayleigh-Bénard convection, and microphase separat
in diblock copolymers.18,19More recently the Brazovskii sce
nario has been successfully applied to the analysis of
phase transition between the disordered and modul
phases in three-dimensional systems with attractive sh
range interactions and repulsive long-range Coulo
interactions.20,21 In spite of its success and ubiquity in co
rectly describing the physics behind a phase transition
systems with competing interactions, the Brazovskii scena
was almost not considered in relation with ultrathin films a
dipolar systems.22 Indeed we have verified that a continuu
version of Hamiltonian~1! presents a fluctuation induce
first-order phase transition for any value ofd. The starting
point is a Landau-Ginzburg functional which in Fouri
space has the form

H5
V

2E dkW

~2p!2
A~k!f~kW !f~2kW !1

uV

4 E dkW1

~2p!2

dkW2

~2p!2

3
dkW3

~2p!2
f~kW1!f~kW2!f~kW3!f~2kW12kW22kW3!, ~2!

where the spectrum of fluctuations is given byA(k)5r 0
1k21J(k)/d andr 0 is proportional to the reduced temper
ture near the critical point of the mean-field approxim
FIG. 4. Energy per spin histograms ford52.6, L532 and different temperatures around the critical one.
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tion. In our case the Fourier transform of the dipolar intera
J(k)51F2($21/2%,$1/2,1%,2k2/4)2k, where 1F2($a%,
$b1 ,b2%,z) is a generalized hypergeometric series.23 The
spectrum of fluctuations presents a minimum at a nonz
kmin5k0. This means that, ford>2, the spectrum is mini-
mized in a spherical shell in Fourier space. When fluct
tions of the order parameter are considered self-consiste
the degeneracy of the minimizing vector will make the d
ordered phase metastable for any finite temperature and d
the transition to first order. More explicitly, within a Hartre
approximation the correlation function of the fluctuations
the disordered phase is given by

C21~kW !5A~k!13uE dqW

~2p!2
C~qW !. ~3!

Then, the renormalized massr 5r 013u*@dqW /(2p)2#C(qW )
is given by

r 5r 013uE dqW

~2p!2

1

r 1q21J~q!/d
. ~4!

The point of absolute instability of the disordered soluti
occurs atr 52k0

22J(k0)/d. It is easy to check that this
point is only reached forr 0→2` ~i.e., for T→0), implying
that the disordered phase never loses stability. At a fi
temperature a modulated phase with a finite amplitude gi
by m25@r m1k0

21J(k0)/d#/3u appears, where the renorma
ized mass in the modulated phaser m is given self-
consistently by

2r m5r 013uE dqW

~2p!2

1

r m1q21J~q!/d
12S k0

21
J~k0!

d D .

~5!

In a regionr 0<r 0* (d) a real solution to the above equatio
exists. If a pointr 0

c,r 0* exists where the free energies of th
modulated and disordered solutions cross each other, th
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6
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