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Abstract. Monte Carlo simulations have been performed to investigate the equilibrium phase
behaviour of a transverse Ising model in a thin-film geometry under the action of competing
surface fields. This model is a classical isotropic vector spin model with a ferromagnetic Ising
Hamiltonian and a transverse field applied perpendicular to the tsaegs. For finite values

of the transverse field strengtk, the model displays an interface localization transition with

a spontaneous magnetization of the film below a critical temperdturéHowever, in the limit

Q — o0, No spontaneous magnetization of the film is observed. In the two-phase regime, below
T., a degeneracy exists in the magnetization profiles across the film between states of positive and
negative total magnetization. The interface localization transition temperature lies below the bulk
critical temperature of the film for competing surface fields.

1. Introduction

The transverse Ising model was first introduced by de Gennes [1] in a pioneering study
of the order—disorder phase transition in order—disorder, KDP-type ferroelectrics. It has
subsequently been used to investigate the ferromagnetic—paramagnetic phase transition in
anisotropic magnetic materials as well as in further studies of ferroelectric materials. Recent
developments in the fabrication of thin ferromagnetic and ferroelectric films have revealed
some novel physics and stimulated theoretical studies of the transverse Ising model in a thin-
film geometry [2-8].

The phase behaviour of a thin ferroelectric film described by an Ising model in a transverse
field was recently investigated by Wamrdg al [2] using a mean-field approximation. The
dynamical properties of this model film were subsequently explored within the random-phase
approximation [3]. As in other studies [4-8], attention focused on thin films in which surface
effects were included through a modification of the exchange interaction for spins in the surface
layers. Thus all of the observed properties were appropriate to systems in which the mean spin
orientations within the film were symmetric about the mid-point of the film. Comprehensive
Monte Carlo simulation studies [9—11] of thin ferromagnetic Ising films with symmetric surface
fields have shown that the inclusion of symmetry-breaking surface fields gives rise to wetting
phenomena in the film. Despite the deceptive simplicity of the model, the phase diagram
is extremely complex, with first-order wetting, critical wetting and layering transitions all
being observed for appropriate values of the model parameters. Subsequent studies [12—-14]
of thin Ising ferromagnetic films in the presence of competing surface fields have revealed
further novel phase behaviour arising from the interplay of the surface fields and the confining
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geometry of the thin film. In this paper we explore the modifications to the phase behaviour
of a thin ferromagnetic film arising from the introduction of a bulk transverse external field.

The Ising model of magnetism represents one of the landmark models of theoretical
physics—not only for its application to the description of magnetic materials, but more
generally as a test bed for the study of the statistical mechanics of phase transitions. Thus, the
model has been widely studied by many theorists. However, the model is very idealized in that
it utilizes a discrete set of anisotropic spin states. Ising spins do not rotate through all possible
orientations, but instead are restricted to alignments along a particular axis, conventionally
thez-direction. In general the magnetic spins in a magnetic material are not simply restricted
orientations along a single easy axis, but are able to orient themselves over a large range
of directions, as in easy-plane magnets for example, if not all possible directions, as in
isotropic magnets. For an isotropic system, the magnitude of-tteenponent of the spins is
continuously variable and under these circumstances the study of the collective spin behaviour
is much more complicated than for an anisotropic spin model such as the Ising model.

Prelovsek and Sega [15] have performed a Monte Carlo simulation study to determine
the equilibrium properties of a classical isotropic spin model with a ferromagnetic Ising
Hamiltonian and a transverse field. The transverse fi|dyas applied in the-direction,
perpendicular to the Isingraxis, and it was shown that the temperature of the paramagnetic—
ferromagnetic phase transition varied as a functiof2.oin the absence of the transverse field,
for @ = 0, the system behaviour is consistent with that of an Ising spin system which possesses
a non-zero transition temperature. As the magnitud® & increased up to a critical value
Q., the spins are forced to orient in thedirection and the transition temperature is lowered.
WhenQ = @, the transition temperature is zero and for> ., the system displays no
ferromagnetic ordering.

The influence of anisotropy on the behaviour of the Heisenberg spin system in a thin-
film geometry has been studied for different types of anisotropy [16, 17]. In a recent paper
[16], the phase behaviour of the Heisenberg spin system subject to a single-site perpendicular
anisotropy in a thin film with competing surface fields was studied. In the absence of the
single-site perpendicular anisotropy, the model behaviour was that of a classical Heisenberg
spin system. But for large values of the single-site perpendicular anisotropy, the behaviour of
the system became equivalent to that of an Ising model. Similarly, the inclusion of an exchange
anisotropy in the Hamiltonian could also transform the phase behaviour of the Heisenberg thin
film from that typically associated with a classical Heisenberg spin system to that identified
with an Ising spin system as the strength of the exchange anisotropy was altered [17]. In this
paper, we investigate the effect of the addition of a transverse field to the phase behaviour of
thin ferromagnetic film. This is of particular interest as the phase behaviour of the thin film is
an interplay of the confinement effects arising from the film geometry and their competition
with applied bulk and surface fields. The detailed specification of the model and the simulation
method are given in the following section. The dependence of the equilibrium phase behaviour
of the model film with competing surface fields on both the transverse field and the temperature
are discussed in sections 3 and 4. The observed phase behaviour for films with competing
surface fields is contrasted with that for cooperative symmetric surface fields in section 5. The
paper concludes with a summary of the key findings.

2. Model

We consider a simple cubic lattice of sizex L x D, in units of the lattice spacing. In the
Monte Carlo simulation we apply periodic boundary conditions inxth@nd y-directions.
Free boundary conditions are applied in theirection which is of finite thicknes® and the
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system is described by the Hamiltonian
H=-Q) Sf—J)Y §si— > Hy-Si— Y Hp-S (1)
i )

(i,j i e surface 1 i € surfaceD

where S andS; are thex- andz-components of the unit vectd; representing the spin at
lattice sitel. The notation(i, j) indicates that the sum is restricted to nearest-neighbour pairs of
spins, each pair being counted only once. The coupling conéteimaracterizes the exchange
interaction between nearest-neighbour spins.andO0 for ferromagnetisms2 is the strength

of the transverse field which is applied only to theomponent of the spindf; and Hp, are
surface fields which are applied to layars- 1 andn = D of the film. The system is subject

to surface fields which have same magnitude but are applied in opposite directions, i.e.

Hj = hzé;1 2)
Hp = —hzd;p 3)
giving a Hamiltonian
H=—QZS;‘—JZS§s;—h< dooss— Y Sf). 4)
i (i, ) i esurface 1 i € surfaceD

A film thicknessD = 12 and surface field strength= —0.55 were used throughout
to aid comparison with the corresponding Ising and Heisenberg films investigated elsewhere
[12-14, 16, 17]. As noted for the thin Ising film [13], the results do not depend significantly
on the value of: and the choice ob = 12 corresponds to a crossover regime, between wall-
and bulk-dominated behaviour of the film. In thinner films it is difficult to distinguish between

1.0 1.0

4

<M >

Figure 1. The x- and z-components of the mean magnetization per spif,) and (M), as
functions of the transverse fiefd at a temperature df* = 1.0 with an initial spin configuration
of §7 = +1foralli.
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‘interface’ and ‘bulk’ phases in the film, since all layers of the film ‘feel’ the effect of the
competing surface fields rather strongly, while for much thicker films the surfaces of the film
only interact close to the bulk critical point.

Results are reported for lattices of size= 32. A number of additional simulations were
performed forL. = 64 andL = 128, but no significant differences were found from the results
presented here for non-critical valuestofind7T. The Metropolis algorithm [18] was used in
the Monte Carlo simulations with trial configurations generated from Barker—Watts [19] spin
rotations. The magnitude of the maximum spin rotation was adjusted to ensure approximately
50% of trial configurations were rejected in the bulk equilibrium state.

The x- andz-components of the magnetization of the film

1 D
M= 23 M; (5)
n=1
1 &
M.==3 M; 6)
n=1

together with ther- andz-components of the magnetization for thih layer of the film
X 1 X
Mi=25)0S; U]

M= 3 @

were determined for different values &f and temperaturd. The fluctuations in the-
component magnetization were used to calculate the layer susceptiilitich is given
by

Xn = L2((M2) — (M) / ks T 9)

<M>

£(10* MCS/spin)

Figure 2. The time evolution of the-component of the mean magnetization per spif,), for
different values of the transverse field in the rang€ @ < 3.0 at a temperaturgé* = 1.0. All of
the simulations used an initial spin stateSpf= +1 for alli. Time is measured in units of Monte
Carlo steps per spin. The curves through the points are only guides to the eye.
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wherekp is Boltzmann’s constant. Simulations were performed for up foM6nte Carlo
steps per spin (MCS/spin). Equilibrium averages were typically taken oxef® MCS/spin
with initial transients ignored. For systems in the Ising lidt= 0, much shorter runs could
be performed, while retaining the same accuracy in the measured properties.

3. The role of the transverse field

In figure 1 thex- andz-components of the mean magnetization per sfifi,) and(M.), are
presented as functions &f for a reduced temperature 8f = k3T /J = 1.0. As might be
anticipated, larger values of the transverse fielgnd to align the spins in thedirection and
the figure shows thgiV, ) increases linearly witk2. As a consequencél,) decreases with
increasing2. However, the dependence({@f,) on<2 is non-linear and shows the characteristic
form associated with an Ising ferromagné¥,) plays the role of the order parameter for the
ferromagnetic—paramagnetic phase transition, being zero d@holmit with a finite non-zero
value belowe,.. Figure 1 shows a critical transverse fiedel,(7* = 1.0) >~ 2.9.

The temporal evolution in simulations @¥) from an initially ordered state withi’ = +1
is shown infigure 2 for different values ©fat a reduced temperature®f = 1.0. ForQ < .,
the system rapidly equilibrates and equilibrium states of non-zero magnetization of the film
persist. This behaviour is consistent with that of Ising-like spin systems [17]. However, the
result forQ2 = 3.0 shows that, fof2 > €., the continuous rotation of the spins results in large
magnetization fluctuations and slow equilibration to a state of zero net film magnetization.
No spontaneous magnetization of the film is observedor . even thought is less

A
R
-0.6 %‘i i 2 O=1
2 2
08 S
’ Q=035
10 ! | I | | i | I | I

Figure 3. Thez-component of the magnetization across the filfj, versus layer number, for

D = 12 with competing surface fieldd;/J = —Hp/J = —0.55 at a temperaturé* = 1.0
for different values of the transverse figll ForQ = 0, 1.0, 2.0, 2.5, 2.8, 3.0 an initial spin
configuration ofS7 = +1 for alli was used, while an initial spin configuration §f = —1 for all

i was used fo2 = 0.5, 1.5, 2.3, 2.6, 2.9.
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thanT,.(D), the interface localization temperature for the corresponding Ising system where
T*(D = 12) = 40[12].

Further information on the nature of the phase transition occurring in the film in the
presence of competing surface fields is contained in the magnetization profiles across the film,
M}, as plotted for different2 at a temperatur@™ = 1.0 in figure 3. An initial spin state
of §; = +1 for alli was used fo2 = 0, 1.0, 2.0, 2.5, 2.8, 3.0, while an initial spin state
of S = —1 for all i was used fo2 = 0.5, 1.5, 2.3, 2.6, 2.9. The competing surface fields
constrain the spins in the surface layers to align in the negative magnetization direction near
one surface and positive magnetization direction near the other surface. In the bulk of the
film, the mean spin orientation of the layers varies smoothly from one surface to the other. For
Q > Q, the interface between regions of negative and positive magnetization is located at
the centre of the film. The equilibrium magnetization profile across the film is antisymmetric
and is obtained from any initial spin configuration. However,fk ., the symmetry of
the magnetization profile is broken. The interface between regions of negative and positive
magnetization sharpens and moves from the centre toward the surface of the film. The direction
of the interface displacement depends on the initial spin configuration and a degeneracy exists
between states of positive and negative total magnetization. Well elofor Q < 2.0 in
figure 3, the interface between regions of negative and positive magnetization disappears and
all of the spins contribute in the same sense to a large value of the film magnetization.

Figure 4 shows the profile across the film of the susceptibjljtat a temperaturé* = 1.0
for @ = 2.4, 2.6, 2.8, 3.0 from an initial configuration §f = +1. Note that the peaks in the
susceptibility profiles for eacf are located in the same layer as the interface between regions
of negative and positive magnetization in the magnetization praflgs This indicates the

120

100

80

40
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Figure 4. Layer susceptibilityy, versus layer number for D = 12 at a temperaturé* = 1.0
from an initial spin state of; = +1 for alli. The curves drawn are only guides to the eye.
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existence of large fluctuations in the spin orientations within the interfacial region.

4. Temperature dependence of the phase behaviour

The temperature dependence of the magnetization profile across the film is shown in figure 5
for @ = 2.0. Here, for clarity, results are only shown for spin systems with an initial state of
Sf = +1for alli. At the highest temperaturE* = 1.4, the figure shows that the interface
between regions of negative and positive magnetization is located at the centre of the film and
the mean film magnetizatiofd{.) is zero due to the symmetry 8f% about the middle of the

film. However, forT* < 1.4, the interface is shifted toward the surface, and the film has a
finite value of(M,) at those temperatures. This behaviour can be regarded as a remnant of the
Ising model behaviour seen by Binder and co-workers [12—-14]. The large shift in the interface
location betweem* = 1.1 and7T* = 1.2 indicates that phase transition occurs between these
temperatures.

Figure 5. Thez-component of the magnetization across the filfj, versus layer number, for
D =12 withQ = 2.0 at different temperatures with competing surface fiélggsJ = —Hp/J =
—0.55 from an initial spin state o7 = +1 for all .

To locate the critical temperatufg (2, D) we have determinedM,) as a function of
temperature. Fof > T, the film shows no spontaneous magnetization Whh) = 0, while
for T < T, a spontaneous magnetization of the film wjth,|) > O is observed. Figure 6
shows that the critical temperatufg 2, D) increases aQ decreases. Note that for the system
in the Ising limit2 = 0, we find that7 (2 = 0, D = 12) >~ 1.5. This is not equivalent to
the value obtained from the corresponding Ising spin system wifig® = 12) = 4.0 [12].
The discrepancy is a result of the Ising spin system using a discrete set of spin states with
S¥ = %1, while the present model makes use of a continuously orientable spinSjite 1.
Thus the system with the continuously orientable spin yields a lower vallietbén the Ising
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spin system. Fof2 = 3.0, Monte Carlo simulations of the transverse Ising model in the bulk
by Preloek and Sega [15] found a critical temperaturg'6{Q2 = 3) ~ 1.25. By way of
comparison, our results for the same system in a thin-film geometry with competing surface
fields give a critical temperature &f (2 = 3, D = 12) >~ 1.0. Thus the interface localization
temperature is lower than the critical temperature of the bulk system. This is a result of the
competing surface fields which provide a local constraint on the orientations of the spins in the
two surface layers. At higher temperatures this gives rise to an antisymmetric magnetization
profile across the film with a net zero magnetization of the film. When the temperature drops
below the bulk critical temperature the system will tend to order and produce a net non-zero
magnetization. But the symmetry-breaking transition is resisted by the competing surface
fields that act to maintain an antisymmetric magnetization profile across the film and zero
net magnetization. Only upon reductions to temperatures significantly below the bulk critical
temperature is the symmetry broken by the interface localization transition.

5. Symmetric surface fields

In the preceding section we demonstrated that the presence of competing surface fields in a
thin film could substantially modify the ferromagnetic—paramagnetic phase transition and
generated an interface localization transition at temperatures significantly below the bulk
critical temperature. Studies of wetting [9—-11] in thin Ising films have shown that the addition

of symmetric surface fields can relocate the ferromagnetic transition of the film to temperatures
higher than the bulk critical temperature. In this section we shall compare the magnitudes of
the temperature shift of the phase transition for competing and symmetric surface fields.

<MZ>

04

0.2

0.0
06 07 08 09 10 1.1 12 13 14 15 16 17

*

T

Figure 6. The temperature dependence of theomponent of the mean magnetization per spin,
(M), for different values of the transverse figldfrom an initial spin state o7 = +1 for all i
with competing surface fieldd1/J = —Hp/J = —0.55.
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The system introduced is simply modified to include symmetric surface fields by reversing
the sign of the surface fielfl ,. This gives a revised Hamiltonian

H:—QZS;‘—JZSij—h( dYoosi+ > s,%). (10)
i (i, ) i e surface 1 i € surfaceD
Once morek = 0.55 is used for the magnitude of the surface fields which are applied in layers
n = 1 andn = D of the film. Figure 7 shows the-component of the film magnetization,
(M), as a function of temperature for two different values of the transverse field strength.
For @ = 3.0, the result can be compared directly with that for the corresponding competing
surface field system given in figure 6. The critical temperature for the case of the film with
symmetric surface fields can be estimated tdpé2 = 3, D = 12) >~ 1.3. This is close
to, but above, the bulk critical temperatufé(2 = 3) ~ 1.25 [15]. It is notable in figure 7
that(M.) shows a long high-temperature tail corresponding to a small net film magnetization
above the critical temperature. This indicates that even at high temperatures the surface spins
are constrained by the surface fields to contribute in the same sefide)tand so produce a
small finite value of the film magnetization.

The transverse field dependencg #f,) and (M, ) for symmetric surface fields is shown
in figure 8 at a temperatuf®* = 1.0. The corresponding result for the system with competing
surface fields was given earlier in figure 1. A simple comparison of the two figures shows that
the critical transverse fiel@. is larger for symmetric surface fields.

The symmetric surface fields locally constrain the surface spins to align in the positive
magnetization direction at both surfaces. The magnetization profiles across thé/film,
for several temperatures are shown in figure 9 for= 2.0 andQ = 3.0. At higher
temperatures, the spins in the middle of the film are disordered and the layer magnetization

1.0

Figure 7. The temperature dependence of theomponent of the mean magnetization per spin,
(M), for two different values of the transverse figkfrom an initial spin state of; = +1 for all
i with symmetric surface field&1/J = Hp/J = 0.55.
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1.0 1.0

<M >

Q

Figure 8. The x- and z-components of the mean magnetization per spif,) and (M), as
functions of the transverse fiefd from an initial spin state of; = +1 for alli at a temperature of
T* = 1.0 with symmetric surface fieldd,/J = Hp/J = 0.55.

is zero. But the symmetric surface-induced ordering ensures that the film shows a small
spontaneous magnetization. As the temperature falls toward the bulk critical temperature, the
surface-induced order propagates into the bulk of the film and gives rise to a ferromagnetic
film. However, it should be noted that the transition temperature of the film with cooperative
symmetric surface fields is much closer to the bulk critical temperature than the interface
localization temperature is in the corresponding competing surface field case.

6. Conclusions

In this paper, we have studied the phase behaviour of thin ferromagnetic films subject to
competing surface fields within the framework of the transverse Ising model. The transverse
field 2 in the Hamiltonian is shown to be an important factor in controlling the phase behaviour
of the film. The model displays a spontaneous magnetization below a critical field strength
Q., but no spontaneous magnetization of the film is observed a@pvén the limit 2 = 0,
Ising-like behaviour was recovered. Note however that since the model involves a continuously
orientable spin and not a discrete set of spin orientations, the numerical values obtained in the
zero-field limit differ from those obtained in Ising model simulations. The critical temperature
characterizing the ferromagnetic—paramagnetic phase transition of the film strongly depends
on the magnitude of2 and the nature of the surface fields. Competing surface fields give
rise to an interface localization transition in the film whose critical temperature is below the
bulk critical temperature of the model, but cooperative symmetric surface fields lead to a
phase transition in the film whose transition temperature is above the bulk critical temperature.
However, the magnitude of the shift in the transition temperature away from the bulk critical
temperature is greater for competing surface fields.
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Figure 9. Thez-component of the magnetization across the filfj, versus layer number, for
D = 12, at different temperatures from an initial spin stateSof= +1 for all i with symmetric
surface fields41/J = Hp/J = 0.55: (a) forQ2 = 2.0 and (b) for2 = 3.0.

References

(1]
(2]
(3]
4
(5]
(6]
[7]
(8]
El
(10]
(11]
(12]

de Genns P G 19635o0lid State Commui. 132

Wang C L, Smih SR P and flley D R 1994J. Phys.: Condens. Matt€&9633
Wang C L and Smi S R P1996J. Phys.: Condens. Matt&3075

Wang C L, Zhorg W L and Zhag P L 1992J. Phys.: Condens. Matt&4743
Sy H K 1993J. Phys.: Condens. Matt&r1213

Qu B D, Zhorg W L and Zhag P L 1995Phys. RevB 52 766

Wang Y G, Zhomg W L and Zhag P L 1996Phys. RevB 5311 439

Zhong J L, Yamg C Z and Li J L 1991). Phys.: Condens. Matt&1301
Binder K and Landa D P 1985J. Appl. Phys57 3306

Binder K and Landa D P 1988Phys. Re\B 371745

Binder K, Landa D P and Wansleben S 198%ys. RevB 406971

Binder K, Landa D P and FerrenbgrA M 1995Phys. ReVE 512823



5056 Hyunbum Jang athM J Grimson

[13] Binder K, Landa D P and FerrenbgrA M 1995Phys. Rev. Let74298

[14] Binder K, Evans R, LandaD P and FerrenbgrA M 1996 Phys. Re\E 535023

[15] Prelosek P and Sega | 1978 Phys. C: Solid State Phys1 2103

[16] Jang H and GrimsoM J 1997Phys. RewvB 5512 556

[17] Jang H and GrimsoM J 1998J. Phys.: Condens. Mattéi0 9641

[18] Metropolis N, Rosenbluth A W, Rosenbluth M N, Telle H and Teller E 1953. Chem. Phy21 1087
[19] Barke J A and Watts R O 196@hem. Phys. Let8 144



