
PHYSICAL REVIEW B VOLUME 46, NUMBER 17 1 NOVEMBER 1992-I

Monte Carlo simulations of the Curie temperature of ultrathin ferromagnetic films
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A Hamiltonian is considered that describes overlayers of classical Ising spins coupled to a polarizable
substrate whose spins can take on continuous values. Monte Carlo simulation techniques are then used
to study the temperature dependence of the magnetization for bcc lattices of mesh size 16X16 for a
variety of coverages, coupling strengths, and overlayer morphologies. A primary motivation is to devel-

op insights into the Fe thickness dependence of the Curie temperature measured experimentally for the
Fe/Pd(100) system by Liu and Bader, especially the pronounced variation observed in the submonolayer
Fe regime. We are able to capture the essential physics of the problem using a random-site-vacancy
model, as opposed to a two-dimensional-island model, in accord with the results of recent photoemission
efforts to characterize the morphology of the films.

Recent experimental advances have led to the observa-
tion of magnetic transitions in monolayer-range systems
of magnetic materials adsorbed on metal surfaces. ' These
experiments allow the first generation of studies of two-
dimensional (2D) phase transitions in epitaxial magnetic
overlayers. Systems that have been studied include
Fe/Au(100) (Ref. 2), Fe/Pd(100) (Ref. 3), V/Ag(100)
(Ref. 4), Ni/Ag(100) (Ref. 5), and Gd/W(110) (Ref. 6).
Because of the surface anisotropy in these systems, they
are expected to show Ising-type critical behavior. And,
indeed, 2D Ising exponents have been reported for many
of these systems. For instance, the values (0.13—0.16) of
the effective magnetization exponent extracted from ex-
periments for Fe/Pd(100) are close to and consistent with
the theoretical 2D Ising critical value of P, =—,

' =0.125.
Nevertheless, the magnetic behavior of these thin films
can be complicated by a number of factors related to in-
teractions with their substrates. Depending upon the
specific materials and coverages involved, these factors
may include partial alloying at the interface, unknown
distribution of the adsorbate atoms on the substrate,
strain-layer epitaxy effects, and induced moments in nor-
mally nonferromagnetic substrates.

In addition to the universal properties of the transition,
the behavior of the Curie temperature Tc of ultrathin
magnetic films has also been of long-standing as well
as recent interest theoretically, ' and experimental-
ly. ' ' ' In this work we are concerned with under-
standing qualitative features of the dependence of rnag-
netic transition temperature on coverage for ultrathin
films of Fe grown on Pd(100). The Fe-Pd(100) interface
appears to experience minimal mixing. ' However, the
system is different than the other systems cited above in
that the Fe induces a magnetic moment in the interfacial
Pd atomic layers. ' Using a simple spin model for this
property we suggest a qualitative explanation for the ex-
perimentally observed behavior. In particular, we find
that the measured dependence of Tz on Fe dosage can be
understood most easily in terms of a random distribution
of Fe atoms (or small clusters of atoms) on the Pd surface
interacting with fluctuating Pd moments. This descrip-
tion of the morphology is in contrast to the common ex-

pectation that metallic adlayers, such as Fe, initially form
2D islands on metallic substrates such as Pd. Our results
also provide an explanation of the results of recent photo-
emission efforts to characterize the morphology of the
Fe/Pd system using a xenon physisorption approach, ' as
will be described.

In Fig. 1 the square symbols show the experimentally
observed dependence of Tc on Fe dosage, as determined
by surface magneto-optic Kerr-effect measurements.
The experimental results for Tc-vs-Fe dosage show a
steep decrease below one monolayer (ML). Such a drop
is not expected if the Fe exists as large, 2D islands on the
Pd surface. In that case, Tc should display only modest
finite-size broadening and shifting effects as the coverage
is reduced. ' Indeed, one would expect the transition at
0.4 ML to be little changed in temperature from that at
1.2 ML's, whereas experiment indicates that the transi-
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FIG. 1. Calculated T~-vs-Fe dosage for the random-site-
occupancy model with couplings JF pd=0, 0.5, and 1.0 (for
JF, F, and Jpd pd held fixed at 1). The circles are the results of
the actual Monte Carlo runs, and the curves and hatching are to
guide the eye. The bulk T& value is extrapolated from the ex-
perimental data (square symbols), and the asterisk denotes that
the "bulk" corresponds to an epitaxially stabilized structure and
not to a-Fe.
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tion is suppressed below 100 K by the time that coverage
is reached. For very low coverages ( « 1 ML) Tc can be
strongly altered due to additional considerations, such as
reaching the percolation limit, and the increased relative
importance of step- and kink-defect binding sites in deter-
mining the adlayer morphology. For the sake of sirnplici-

ty, to minimize the influence of these considerations, we
have concentrated our efforts on the high-coverage sub-
monolayer regime.

Our proposed explanation for the T& behavior shown
in Fig. 1 has two main features: (i) The rapid drop in Tc
for coverages under one rnonolayer is due to a random
distribution of Fe atoms (or clusters) rather than to large
2D islands. (ii) The curvature of the Tc-vs-coverage
dependence is due to the induced moments on the interfa-
cial substrate sites, which enhances the Tc value for thin

magnetic overlayers, but has no effect in the 3D limit. In
order to illustrate these two effects, we have simulated a
simple spin model consisting of a dilute Ising model on a
substrate of polarizable spins. The simulations are not
meant to provide a quantitative description of the Fe/Pd
system and other models would certainly be possible.
Indeed, this work provokes the question of the proper
statistical mechanical model of the Pd spins and leaves
this question open to experimental investigation.

We represent the Fe atoms as classical Ising spins. The
Pd-induced moment is represented as a one-dimensional
spin, which can take continuous values. The Hamiltoni-
an contains three terms: a standard Ising Harniltonian
representing the Fe-Fe interaction, a term coupling the
Ising and continuous spins representing the Fe-Pd in-
teraction, and a term coupling the continuous spins to
one another representing the Pd-Pd interaction. If the
Fe-Pd coupling is turned off, the Pd system exhibits no
magnetic ordering at any temperature, while the Fe sys-
tem exhibits standard Ising behavior. The Hamiltonian
1s

&=Jp p g($ $ ) +Jp pdg($0'J )
NN NN

+Jpd-pdX(~i ~j )
NN

where the s; represent the Ising spins, the cr,. represent
the continuous spins, the summations are over nearest
neighbors (NN), and the Fe-Pd interaction couples only
those spins at the interface. The Pd spins are placed in a
square lattice. The Fe spins may occupy sites in the
centers of these squares. The arrangement of atoms con-
tinues in a bcc arrangement. The Fe structure in the
Fe/Pd(100) system is known experimentally to be body-
centered tetragonal however, the neighbor distances
are such that, to our level of approximation, it suSces to
take all of the Fe-Fe interactions to be equal. We have
deposited our Fe spins as follows: We choose a site at
random and place a spin upon that site, if the site is in
the first Fe layer. If the site is in an upper Fe layer, we
check to see whether the four nearest-neighbor sites
below it are occupied. If so, the spin is placed; if not, the
spin is placed instead on the layer below.

We have studied this Hamiltonian using standard
Monte Carlo simulation techniques on 16X 16 lattices us-
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FIG. 2. Calculated magnetization curves for an Fe dosage of
1 ML with Fe-Pd coupling of 0, 0.5, and 1. Heating and cooling
runs are denoted with open and closed symbols, respectively.

ing a variety of coverages, coupling strengths, and depo-
sition techniques. Most of the results reported are for un-
bounded Pd spins, i.e., p= 00. Only relatively short runs
of 500 attempts to flip each spin per temperature were re-
quired to obtain our results.

Our results for Tc vs dosage for such a system in
which the Fe and Pd spins are uncoupled [Jp pd =0] are
shown in Fig. 1. T& is defined for this finite system as the
point at which the magnetization falls below 0.5. Other
definitions would be possible. However, the dependence
of Tc on dosage is not significantly affected by the choice
and we obtain good agreement in the subrnonolayer re-
gion with Tc values determined for a randomly dilute
square lattice by other methods. ' ' The behavior of the
system for (1 ML is now qualitatively as observed ex-
perimentally. However, the increase of Tc with increas-
ing thickness above 1 ML is too sharp in comparison to
experiment.

We suggest that the flattening of the T~-vs-dosage
curve at higher Fe dosages in the simulation can be un-
derstood qualitatively by observing the results of turning
on the Fe-Pd coupling. The most notable effect of this
coupling is to raise the transition temperature (see Fig. 1).
This effect can be understood quite simply if one notes
that the partition function for the model may be exactly
transformed, by integrating over the continuous spins, to
an Ising system with longer-range interactions in the first
layer. Thus, the effect of our idealized Pd is to provide
coupling between more distant Ising spins; this increases
the effective number of nearest neighbors and, thereby,
increases the transition temperature.

Figure 2 shows the magnetization curve for a coverage
of 1 ML with and without the Fe-Pd coupling. The Tc
value is clearly much higher for the coupled system.
However, as the Fe dosage is increased the effect of the
Pd spins diminishes until the system reaches the ap-
propriate bulk Tc value, as can be seen in Fig. 1. Figure
1 displays the results for Tc vs dosage for JF pd =0 0.5,
and 1 (with Jp, p, and Jpd pd held fixed at 1). While no at-
tempt has been made to match the experimental curve
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precisely, one can see that the effect of swiftly dropping
Tc values at submonolayer dosages and the rather Bat Tc
values at higher dosages are nicely explained by our
theoretical picture. It should be noted that the bulk T&
value in this case does not correspond to that of ordinary
bcc a-Fe. This is, in part, because we are dealing with a
strained system that is adjusted to the Pd lattice spacing.

Our random-site-occupancy model provides a descrip-
tion of the film morphology that differs from the common
one involving 2D islands. It is of interest to note that
there is additional experimental evidence that is con-
sistent with our model. Recently, photoemission of phy-
sisorbed Xe on Fer'Pd(100) has been used as a novel
probe of the film morphology. ' This experiment rnoni-
tors the way that a monolayer of Xe physisorbed onto the
film references its emission spectrum with respect to that
of the underlying substrate. The spectra of interest
derive from the Xe 5p&/23/2 emission. If a 2D-island
structure werg present for submonolayer Fe coverages,
the Xe 5p-spectrum would be expected to consist of two
superimposed contributions, one from the Xe that is
bound to Pd islands and one from Xe bound to Fe is-
lands. Experimentally no spectral doubling was observed
for any of the films studied, which included films grown
at different temperatures, and for a variety of Fe
dosages. ' The Xe spectrum broadened and, in the thick-
est films, shifted by an amount consistent with expecta-
tions based on the work functions of the two metals but
never doubled. This is interpreted as evidence that the
films do not assume an island structure. For the
random-site-occupancy model we do not expect the Xe
spectrum to decompose into a few superimposed spectral
components. Rather, a continuous spectral broadening is
expected because the large Xe atom will average over
mixed Fe-Pd sites, rather than distinct Fe or Pd regions.
Thus, the Xe probe experiments are consistent with our
model.

In our simulations presented above the o, are continu-
ous and unbounded. The treatment of the Pd spins as
continuous seems reasonable in light of electronic struc-
ture calculations, ' which suggest a smooth variation of
the zero-temperature Pd moment with distance from the
Fe atoms. In these simulations the 0.; tend to take on the
value of the neighboring Ising spins for T & Tc. Thus,
the effect of thermal fluctuations on these artificial Pd
spins is primarily to disorder rather than to dissolve
them, and they do participate in the phase transition by
enhancing the effective coupling between the Ising spins.

In an independent set of runs we have tested the sensi-
tivity of the model to putting finite bounds on the cr, . In
the absence of coupling to the Ising overlayer, one would
expect that the effect of finite bounds would be to bring
about an entropic preference for a zero average moment
chosen to permit the largest fluctuations. Thus, as the
bounds are made more stringent, there will be a competi-
tion between the energetic preference for following the
neighboring Ising spins and the entropic tendency for the
moment to dissolve. In the simulations we found that
when the o.; are bounded close to p = 1 they do dissolve
from an induced moment of magnitude 1 at low tempera-
tures to a low value near Tc. If the Pd moments dissolve
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significantly at T «Tc, then they may be expected to
have much less impact on the value of Tc.

This expectation is confirmed by our simulations in
which the o.; are bounded by p=1. The Tc-vs-coverage
curve for this case is shown in Fig. 3 for JF, pd=0. 5.
Also, shown for comparison are the corresponding curves
for unbounded Pd spins and for the case of no coupling
between Fe and Pd. Note that for @=1 the Fe-Pd cou-
pling has essentially no effect on the value of T&. The
qualitative agreement of our simulations for p= ac with
the experimental results suggests that the Pd spins do re-
tain a substantial moment near Tc. Finally, we note that
for the model in which the Pd spin is restricted to
discrete values, we would expect the T&-vs-coverage be-
havior to be qualitatively similar to that of the p=(x)
case. This is because entropic suppression of the moment
would be substantially lessened. Separate determination
of the Fe and Pd magnetic behavior has not yet been ex-
perimentally feasible to resolve the question of whether
significant induced Pd moments remain near Tc.

In summary, Monte Carlo calculations were performed
for an Ising model that involves classic spins adsorbed on
a substrate that takes on continuous spin values. The
motivation was to provide insights into the T& behavior
of the system Fe grown on Pd(100), especially to under-
stand the strong variations observed experimentally for
submonolayer Fe coverages. Qualitative and even semi-
quantitative agreement was obtained with experiment for
a random-site-occupancy model that was used to describe
the morphology of the films. This same model is found to
be consistent with the results of recent experimental
efforts to characterize the morphology of the films, which
were based on the photoemission spectra of Xe phy-
sisorbed on the Fe/Pd(100) films.

ACKNOWLEDGMENTS

We thank Jianan Li, J. L. Hock, and R. B. McQuistan
for sharing their unpublished results with us. This work
was supported by the U.S. Department of Energy,
BES—Materials Sciences under Contract No. W-31-109-
ENG-38. One of us (D.W.H. ) was supported by the Ar-
gonne Division of Education Programs under the Science
and Engineering Research Semester Program.

0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Fe Thickness (ML)

FIG. 3. Calculated T&-vs-coverage plot for JF, pd =0.5,

p = 00 (square symbols) JF pd =0.5, p = 1 (circles), and

JF pd
=0 (triangles). Note that when the Pd spins are strongly

bounded that they effectively decouple from the Fe spins.
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