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We have used Monte Carlo simulations on simple-cubic Ising lattices with modified surface interac-
tion parameters to model phenomenologically the temperature dependence of magnetic order near fer-
romagnetic and antiferromagnetic surfaces. These results are also discussed in connection with previous
experiments suggesting surface-specific magnetic transition temperatures for semi-infinite systems, with
special emphasis on spin-polarized photoelectron diffraction as a probe of short-range magnetic order.
The calculated spin-spin correlation functions show no evidence of a high-temperature transition in
short-range magnetic order. However, over a plausible range of choices for the surface interaction pa-
rameters, these correlation functions do show distinct surface transitions in long-range magnetic order
that can be well above Ty, for antiferromagnets (both frustrated and nonfrustrated) and well above
Tc,vux for ferromagnets. Thus, prior spin-polarized photoelectron data from antiferromagnetic KMnF;
and MnO may be explainable via such surface magnetic transitions, although further theoretical and ex-
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perimental work are necessary to make this connection quantitative and definitive.

I. INTRODUCTION

The nature of magnetic order near surfaces and inter-
faces is a topic of high current interest, with experimental
observations or theoretical predictions of Curie tempera-
tures which may depend either on the thickness of an epi-
taxial ferromagnetic layer or may vary from the surface
layer inward for a semi-infinite sample of homogeneous
composition.! The temperature dependence of surface
magnetic order is thus a key component of surface
magnetism, particularly for systems of nanometer scale
for which the fraction of surface atoms can become ap-
preciable. Previous theoretical modeling of this tempera-
ture dependence has been carried out primarily for the
surfaces of ferromagnetic systems using Monte Carlo and
cluster variation methods.>> In this paper, we have ap-
plied Monte Carlo modeling to both ferromagnetic and
antiferromagnetic surfaces, for the later case considered
systems without and with frustrated next-nearest-
neighbor interactions; explored a broader range of rela-
tive interaction parameters; and considered the relation-
ship of these results to both prior theoretical calcula-
tions>® and previous experimental data that suggest sur-
face magnetic order behavior different from the
bulk.*~ 6891112 ghecial emphasis is placed on prior ex-
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perimental studies by spin-polarized photoelectron
diffraction.*”%%° We first review the experimental data
which appear to show a surface magnetic transition tem-
perature different from the bulk for semi-infinite samples
and the previous theoretical modeling of these phenome-
na, and then turn to our theoretical simulations of such
effects.

A. Spin-polarized photoelectron diffraction studies on
antiferromagnetic systems

Spin-polarized photoelectron diffraction (SPPD) has
been proposed as a probe to study short-range magnetic
order in both ferromagnetic and antiferromagnetic ma-
terials.*~ 1% In its simplest form, SPPD makes use of
multiplet-split core-level binding energies as internally
referenced sources of spin-polarized electrons, with no
external spin detector then being necessary. But if an
external spin detector is used with a specimen possessing
a net magnetization’ and/or if spin-orbit-split levels are
excited by circularly polarized radiation,!® SPPD can be
related to an external axis of electron spin polarization.
Like the much more developed technique of photoelec-
tron diffraction (PD) without spin resolution,'® SPPD will
be primarily sensitive to the first few spheres of neighbors
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surrounding an emitter.” ' High surface sensitivity is also
implied by the fact that SPPD must be carried out at
electron kinetic energies of only 50—-150 eV, in order to
generate sufficiently strong magnetic scattering for detec-
tion.>'° So magnetic properties in the first few layers
below a surface are investigated preferentially by this
technique. Thus, the change in orientation of magnetic
moments in ferromagnetic or antiferromagnetic materials
can, in principle, be studied by analyzing the spin-
polarized photoelectron diffraction intensities above a
surface as a function of temperature. An experimental
quantity which has been used to detect such changes in
magnetic order is the so-called spin asymmetry S:°>~°

S=100[(Ryr—Ryr)/Ryrl% , (1)

where Ryr represents the (spin-up):(spin-down) intensity
ratio at HT, the highest-temperature data point in the
series (assumed to be in the fully disordered or paramag-
netic limit); and R represents the same ratio for any
lower-temperature data point (below HT). The spin
asymmetry is thus defined to go to zero at the limit of
HT.

The first experimental study of SPPD was reported by
Sinkovic and co-workers.* They studied the antiferro-
magnetic surface of KMnF;(110) through the tempera-
ture dependence of the spin-up and spin-down multiplet
peaks associated with Mn 3s core emission, and found
that the experimental spin asymmetry S, went through
an abrupt transition at a temperature that was about 2.7
times the bulk Néel temperature. They interpreted their
results as an abrupt reduction in short-range magnetic or-
der (SRMO) at this transition temperature, even though
long-range order has completely disappeared well below
this temperature. Subsequently Hermsmeier et al.®® used
SPPD to study another antiferromagnetic surface,
MnO(001), and saw a similar effect in the spin asym-
metries, but in this case with the transition temperature
about 4.5 times the bulk Néel temperature. Figure 1
summarizes some of this experimental data for MnO.
The spin asymmetry S.,,, for this photoelectron emission
direction (along the surface normal) exhibits a small but
reproducible peak with a value of 33% at 120 K [which is
also the bulk Néel temperature (T )] It then de-
creases monotonically to a value of about 21% at about
540 K —probably due to Debye-Waller effects. Over the
narrow range 540—580 K, the spin asymmetry drops rap-
idly from 21% to about 7%, again a fully reproducible
effect.® For temperatures above 580 K, Sexpt again de-
creases more slowly, probably due to simple Debye-
Waller effects.® This SPPD study of MnO again conclud-
ed that a sharp SRMO transition occurred at a tempera-
ture much higher than the bulk Néel temperature. How-
ever, it was not possible in either of these prior SPPD
studies to fully rule out a surface magnetic transition in
long-range order that, through the concomitant abrupt
change in short-range order, would also affect the spin
asymmetry seen in SPPD. Some sensitivity of SPPD to
bulk long-range order is also suggested by the peak near
Ty in Fig. 1.

Prior theoretical analyses of SPPD have not dealt
specifically with the statistical mechanics of spins near
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FIG. 1. Mn 3s experimental spin asymmetries S, with Mo
ME excitation are plotted as a function of temperature at a po-
lar angle 6=90° (normal emission) and an azimuthal orientation
of ¢=0° ([010] azimuth). The temperature range covered is
from =50° below Ty pyx to =620° above it (from Ref. 8).

surfaces, beyond considering what configuration averages
would be sensed by the experiment. Sinkovic and Fadley’
considered only zero-temperature SPPD to simulate the
spin-polarized photoelectron diffraction intensities from a
small cluster. Friedman and co-workers’ subsequently
extended this theory to finite temperature, showing ex-
plicitly how the spin-polarized photoelectron diffraction
intensity depends on averages of spin-spin correlation
functions. They showed that the average of intensities at
finite temperature is well approximated by the intensity
calculated for a single configuration with all spins parallel
(or antiparallel) to the emitter, but with effective scatter-
ing phase shifts involving averages over spin-spin correla-
tion functions. They also showed that spin-spin correla-
tion functions of the usual form and with the bulk transi-
tion temperature could not explain the steplike feature at
the high temperature, even though the spin-spin correla-
tion functions themselves showed abrupt changes near
the bulk transition temperature. Finally, it has been
shown that the overall change in S, across the high-
temperature transition (e.g., 14% in MnO) is semiquanti-
tatively predicted by spin-dependent diffraction calcula-
tions based only on results for zero temperature and a
high-temperature paramagnetic limit.%°

B. Other experiments on ferromagnetic systems

Two ferromagnetic surfaces for which the Curie tem-
perature seems to be higher than the bulk Curie tempera-
ture have also been studied, using other experimental
techniques.'!? Rau and Eichner!!® first found evidence



12 470

for ferromagnetic order at Gd surfaces above the bulk
Curie temperature, using deuteron electron capture spec-
troscopy. Weller er al.''® have used spin-polarized
low-energy-electron diffraction and the magneto-optic
Kerr effect to study epitaxial Gd(0001) films on W(110)
and subsequently concluded that the surface transition
temperature lies 22 K above the bulk Curie temperature
of 293 K. This result has been confirmed by Tang
et al.''® using spin-resolved electron spectroscopy, with
a surface Curie temperature 6012 K above the bulk. In
addition, Rau and Jin'? have also previously studied the
surface of Tb(0001) using electron capture, and have
found a surface transition temperature that is 30 K above
the bulk Curie temperature of 220 K.

C. Prior theoretical modeling
of surface magnetic phase transition

Prior statistical mechanical simulations that predict
surface transitions at significantly higher temperatures
than the bulk have been performed mainly on simple-
cubic ferromagnetic lattices with nearest-neighbor in-
teractions only.>3 Binder and Hohenberg first studied the
surface behavior of a semi-infinite simple-cubic Ising fer-
romagnet with nearest-neighbor interactions which could
be modified in the surface layers with respect to those in
the bulk. They did this both in mean-field theory and by
means of high-temperature-series expansions,?® and
found that, for sufficiently enhanced surface coupling, the
surface ordered at a higher temperature than the bulk,
and behaved like a two-dimensional (2D) Ising model
above the bulk order temperature. The ranges over
which the 2D behavior was seen were for the surface ex-
change integral J,>1.25 times the bulk exchange in-
tegral J, in mean-field theory; and J; >1.6J, from high-
temperature-series expansions. Binder and Landau later
studied a simple-cubic Ising ferromagnet with a nearest-
neighbor ferromagnetic exchange interaction J, in the
bulk and a nearest-neighbor antiferromagnetic exchange
interaction J; between surface spins, using Monte Carlo
simulations.”® They investigated the ordering for a
variety of values of J;/J, <0 and for various tempera-
tures and found that for J, < —2.01J,, the surface transi-
tion occurred at a higher temperature than the bulk tran-
sition. By studying the magnetization profile of the sys-
tem, they also found that the magnetization under the
surface layer was hardly affected by the antiferromagnet-
ic ordering in the surface, and that the surface layer
would be a very good approximation to a two-
dimensional Ising antiferromagnet. Recently, Laudau
and Binder®? reported more precise results of extensive
Monte Carlo simulations of phase transitions and critical
behavior at the surface of a simple-cubic Ising ferromag-
netic model with nearest-neighbor exchange interactions
only. By studying profiles of the magnetization and inter-
nal energy as a function of the distance from the surface,
they extracted surface and bulk properties as a function
of temperature and surface exchange interaction J,.
They found that the surface transition temperature T¢c o,
exceeded the bulk critical temperature T'c,, when J; /J,
was greater than 1.52. Schweika, Binder, and Landau®®
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studied surface-induced ordering in Ising models for frus-
trated face-centered-cubic alloys with antiferromagnetic
nearest-neighbor coupling [J(NN) <0] and ferromagnet-
ic next-nearest-neighbor interactions [J(NNN)>0]. Us-
ing Monte Carlo simulations with J(NNN)/J(NN)
= —0.05, they showed that the surface ordered at a high
temperature than did the bulk. And they also noticed
that if larger values of JINNN) were used, the transition
temperatures of the bulk increased faster than that of the
free surface until eventually surface-induced ordering was
either suppressed or was indistinguishable from the or-
dering of the bulk. Using the cluster variation method,
Sanchez and Moran-Lopez’® have also shown that a sur-
face transition takes place at a higher temperature than
the bulk when J;/J, is greater than 1.47 for (100) sur-
faces of simple-cubic lattices in the cubic approximation
and greater than 2.25 and 1.778 for (100) surfaces and
(111) surfaces of face-centered-cubic structures in the
tetrahedron approximation, respectively.

As reviewed above, prior theoretical work deals pri-
marily with the surface behavior of simple-cubic fer-
romagnetic Ising lattices with nearest-neighbor exchange
interactions only, without considering the case of simple-
cubic frustrated antiferromagnetic Ising lattices. In this
paper, we will study the surface and near-surface
behavior of both simple-cubic ferromagnets and antifer-
romagnets (both frustrated and nonfrustrated), in order
to better understand the spin statistics behind such high-
temperature transitions. Since SPPD, as well as electron
capture by deuterons!!®»!2 and other surface-sensitive
electron spectroscopies,'!®»11¢) are sensitive to spin-spin
correlation functions on and near the surface, we will
here also explore intralayer, interlayer, and overall spin-
spin correlation functions on and near the surface in a
simple Ising model with both nearest-neighbor (NN) and
next-nearest-neighbor (NNN) interactions. We will also
investigate the effects of varying degrees of enhancement
of surface interactions on both surface and near-surface
behavior, and the effects of varying relative strengths of
next-nearest-neighbor interactions on the general
behavior of near-surface spin-spin correlation functions.

In Sec. II, we give a brief description of the theoretical
model and simulation method used. In Sec. III, our de-
tailed results and analyses are presented. Here, we first
study the ferromagnetic and antiferromagnetic Ising lat-
tices with only a NN interaction, and then investigate
frustrated antiferromagnetic Ising lattices with both NN
and NNN interactions. Finally, in Sec. IV, we draw our
conclusions and also make a few further remarks on the
degree of applicability of such modeling, and promising
directions for future work.

II. METHODS

A. Ising model with NN and NNN interactions

It is expected that magnetic order and critical behavior
on a surface or near a surface will be different from that
of the bulk for purely geometric reasons, namely the ab-
sence of the neighboring atoms above the surface, and the
resultant lowering of the surface coordination number.
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However, changes may also occur due to modified ex-
change interactions, and these changes may in turn be
enhanced by surface relaxations or reconstructions of
atomic positions (although we will not explicitly consider
such geometry changes here). For example, Scholl
et al.'® have shown that the surface exchange integral J,
can be changed dramatically with respect to the bulk ex-
change integral J, in different surface environments.
They found that, by depositing a submonolayer of Fe on
a clean Ni-Fe surface, J; can be increased to as much as
three times J,.!* A final surface effect is the reduction of
the bandwidth and associated enhancement of local mo-
ments. This could be an important effect in itinerant
models of surface magnetism.

We here adopt a three-dimensional simple-cubic Ising
model in order to be able to account phenomenologically
for changes in surface interaction parameters, as illustrat-
ed in Fig. 2. The Hamiltonian for this model is

H= _Js(NN )ENN,surfSiSj —J,(NN )ENN,bulkSiSj
——JS(NNN )ENNN,surfSiSj
_Jb(NNN)ENNN,bulkSiSj ’ (2)

where S; ;=x1; J,(NN) and J(NNN) are the nearest-
neighbor and next-nearest-neighbor exchange integrals,
respectively, in the surface layer; and J,(NN) and
J,(NNN) are the corresponding quantities in the “bulk”
layers below the surface. The interlayer coupling between
surface and bulk is assumed to be controlled by J, (NN)
and J,(NNN), although the interlayer interactions could
in general vary near the surface as well. The NNN ex-
change interactions are included only when studying the
frustrated antiferromagnetic systems.

Surface

2nd Layer

3rd Layer

FIG. 2. Schematic illustration of the simple-cubic lattice con-
sidered here, with representative surface and bulk exchange in-
teractions indicated.
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B. Monte Carlo simulation

A standard single-flip Monte Carlo method'*!® was
used. Since SPPD and other probes of surface magnetic
order are primarily sensitive to short-range spin-spin
correlations,”’ 12 the long-range effects in correlation
length are not of primary interest here. Also, surface
perturbations on underlying layers were found to be
negligibly small after about the third layer, for the
choices of parameter used here. Thus, most of the simu-
lations were performed on a 10-layer lattice of spins with
40X 40 spins in each layer instead of thicker, and much
more time consuming, lattices. However, a few calcula-
tions were done on a 40X40X40 lattice to be sure that
the results reported here were not significantly influenced
by finite-size effects. Periodic boundary conditions were
imposed in the directions parallel to the surfaces, and free
boundary conditions were used in the directions normal
to the top surface and the bottom surface, which are
equivalent to each other. Spin-spin correlation functions
were calculated intralayer, interlayer, and over all spins
in the lattice for the first five layers near the surface. The
number of iterations per site used in our simulations was
3X10%. A few calculations were done with 1.5X10°
iterations per site on both ferromagnetic and antiferro-
magnetic systems to be certain that the systems studied
here were adequately equilibrated. Our correlation func-
tion results were checked against high-temperature series
expansions and exact results for a two-dimensional limit,
and excellent agreement was found. Also, we checked
the critical behaviors of a two-dimensional 40X 40 square
lattice and the 40X40X40 simple-cubic lattice
with nearest-neighbor exchange interactions under
periodic boundary conditions in all directions, and found
that the critical temperatures 7 are very close to
2.269J,(NN)/kp (Refs. 16 and 17) and 4.51J,(NN)/
kg,!"!® which correspond to the well-known T values
for two-dimensional and three-dimensional homogeneous
cases, respectively. And kjp corresponds to Boltzmann
constant in the paper.

III. RESULTS

A. Ferromagnetic and antiferromagnetic Ising lattices
with NN interactions

In this section we present results for spin-spin correla-
tion functions in the first five layers near a ferromagnetic
surface with different relative surface:bulk interactions.
The calculations were carried out on a simple-cubic Ising
ferromagnetic system with nearest-neighbor interactions
only.

In Fig. 3, we show the intralayer [Fig. 3(a)] and inter-
layer [Fig. 3(b)] spin-spin correlation functions between
nearest neighbors calculated for the first five layers near
the surface with J(NN)=J,(NN)=1.0 (in units of k5 T).
Since J;(NN) is equal to J,(NN), the only surface effect is
reduced coordination number. Both of these figures show
that the intralayer and interlayer spin-spin correlation
functions fall off abruptly near the same bulk Curie tem-
perature  Tc il =~4.5J,(NN)/kp], and decrease
smoothly at higher temperatures. Although these corre-
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lation functions behave very much the same for all layers,
the transition does occur at a slightly lower temperature
in the surface layer, and then in the second layer, with
the third-to-fifth layers being essentially identical and ful-
ly bulklike in their behavior. These small differences are
expected from the lower surface coordination number
and the resulting weaker surface order.

In Fig. 4, we now compare the spin-spin correlation
functions for different relative strengths of surface:bulk
J,(NN)/J,(NN)=1.00, 1.90, 2.75, 4.35, and 6.0. The
corresponding spin-spin correlation functions were also
calculated for a bulk system based upon a 40X40X 10
lattice with J,(NN)=1.0 (denoted as “bulk” in the
figure). The intralayer spin-spin correlation functions in
the surface layer are shown in Fig. 4(a) and the interlayer
spin-spin correlation functions between the surface and
the second layer are shown in Fig. 4(b). Intralayer spin-
spin correlation functions in the second layer appear in
Fig. 4(c). The vertical dashed line indicates the bulk Cu-
rie temperature (T¢ p,). From Fig. 4(a), the surface

J(NN)/JH(NN) = 1.0
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FIG. 3. Temperature dependence of near-surface intralayer
and interlayer spin-spin correlation functions between nearest
neighbors (NN) for a ferromagnetic system with
J(NN)/J,(NN)=1.0. (a) Intralayer spin-spin correlation func-
tions from the surface to the fifth layer. (b) Interlayer spin-spin
correlation functions between different pairs of adjacent layers
near the surface.
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critical temperature (T ) corresponding to the abrupt
steplike falloff of the intralayer spin-spin correlation
functions is found to increase rapidly with an increase in
the surface exchange interaction J(NN). When
J,(NN)/J,(NN)=2.75, Tc ol =6.3J,(NN)/kp] is
about 1.4 times T yyu[=~4.5J,(NN)/kg]; and when
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FIG. 4. Temperature dependence of intralayer and interlayer
spin-spin correlation functions between nearest neighbors (NN)
for different relative strengths of surface exchange:
J,(NN)/J,(NN)=1.0, 1.90, 2.75, 4.35, and 6.0, and for a refer-
ence bulk case. (a) Intralayer spin-spin correlation functions for
the surface layer and for the bulk case; (b) as (a), but interlayer
spin-spin correlation functions between the surface and the
second layer; (c) as (a), but in the second layer.
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J,(NN) is increased to 6.0, T¢ g =~13.4J,(NN)/kp] in-
creases to about three times T . However, Fig. 4(b)
shows that the spin-spin correlations between the surface
and the second layer are affected very little by these
changes in surface exchange interactions. Finally, the in-
tralayer spin-spin correlation curves for the second layer
in Fig. 4(c) are much closer to each other for these five
different values of J (NN)/J,(NN), and do not differ
very much from the curve for the bulk case: thus, chang-
ing J,(NN) does not significantly affect the spin arrange-
ments in the second layer.

The two-dimensional critical temperature T¢ ,p, for a
simple square ferromagnetic lattice is equal to
2.269-J,(NN)/kg, where J,(NN) here corresponds to the
exchange integral in the two-dimensional case.'®!7 This
relationship leads directly to T¢ ,p=6.24J,(NN)/kp for
J,(NN)/J,(NN)=2.75, and 13.61J,(NN)/kp for
J,(NN)/J,(NN)=6.0. Our calculated values of T¢ ¢
for both of these cases [about 6.3J,(NN)/kg for
J,(NN)/J,(NN)=2.75 and 13.4J,(NN)/kp for
J,(NN)/J,(NN)=6.0] are very close to these T ,p
values.

As a more detailed look at the approach to this limit-
ing behavior, Fig. 5 shows T¢ o,/ T pux from our calcu-
lations and T ,p/T¢pyx from prior analytical treat-
ments as a function of J,(NN)/J,(NN).!¢"!8 We find
that, when J,(NN)/J,(NN) is greater than about 3.0,
Tcsut/Tcpux  increases  almost  linearly  with
J,(NN)/J,(NN), and is essentially identical to
Tcp/Tcpux- Thus, for J(NN)/J,(NN) greater than
3.0, the exchange interactions between the surface and
the second layer are expected to have negligible effects on
the spin arrangements in the surface layer, and, as a re-
sult, the behavior at the surface should be rather close to
that of a purely two-dimensional Ising ferromagnetic lat-
tice.

We next consider in more detail the case of a strongly
enhanced surface interaction with J(NN)/J,(NN)=6.0,
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and show the intralayer spin-spin correlation functions in
each layer [Fig. 6(a)], the interlayer spin-spin correlation
functions between pairs of adjacent layers [Fig. 6(b)], and
the overall spin-spin correlation function [Fig. 6(c)]. In
Fig. 6(c), each layer has been averaged with equal weight,
although photoemission and other electron capture or
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FIG. 6. Temperature dependence of intralayer and adjacent
interlayer spin-spin correlation functions between nearest neigh-
bors for a ferromagnetic system with J,(NN)/J,(NN)=6.0. (a)
Intralayer spin-spin correlation functions from the surface to
the fifth layer; (b) interlayer spin-spin correlation functions be-
tween different neighboring layers near the surface; (c) the
overall spin-spin correlation function for the first five layers
near the surface, averaged with equal weight per layer.
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emission experiments tend to weigh the near-surface lay-
ers much more strongly.

The spin-spin correlation curve corresponding to the
surface layer in Fig. 6(a) has a significantly higher transi-
tion temperature of T¢ ¢/ T¢ pu =~ 3.0, as compared to
the curves for the other layers, which have almost the
same transition temperature as the bulk. All of the inter-
layer spin-spin correlation curves [Fig. 6(b)] show similar
features and drop off suddenly at about the bulk Curie
temperature  Tc yuu [ =4.5J,(NN)/kg]. The overall
spin-spin correlation curve in Fig. 6(c) has a steplike
falloff at about Ty, then decreases smoothly with in-
creasing temperature until at ¢ q,.r, Where another step-
like falloff appears. For temperature above T g the
spin-spin correlation function decreases slowly to zero.
Overall, there are thus only two distinct transitions in
these spin-spin correlation curves: one very close to the
bulk critical temperature T¢ y,, and the other at a much
higher temperature T s due to surface-enhanced in-
teractions. There is no evidence of any intermediate step-
like features or significant broadening due to intermediate
transition temperatures for subsurface layers.

By flipping spins on one sublattice, one can easily see
that the Hamiltonians of ferromagnetic and antiferro-
magnetic systems are equivalent to each other in the
simple-cubic Ising model with NN interactions only.
Thus, the above results for a ferromagnetic Ising lattice
would be the same as those for an antiferromagnetic Ising
lattice, except that the spin-spin correlation functions be-
tween neighbors would have opposite sign, and T¢ yu
and T'¢ 4, would be replaced by Ty, (bulk Néel tem-
perature) and Ty ¢ (surface Néel temperature), respec-
tively.

Considering these results as also representative of an
antiferromagnetic surface without frustration, we note
that the curve in Fig. 6(c) is at least qualitatively similar
to the experimental SPPD data for MnO in Fig. 1: in
both cases, there are two distinct transitions, one at
around Ty, and the other at what can now be termed
Ty e Which can be much higher than Ty, if
J,(NN)/J,(NN) is large enough. However, our calculat-
ed spin-spin correlation functions show no evidence of a
high-temperature transition that is limited to short-range
magnetic order (SRMO), and in fact none is expected
within this model. Thus, it is possible that the high-
temperature transitions seen in SPPD are surface-specific
transitions, with the high surface sensitivity of the experi-
ment leading to a greater emphasis of the surface transi-
tion.

B. Frustrated antiferromagnetic Ising lattices
with NN and NNN interactions

We now consider a more realistic model of the near-
surface behavior in an antiferromagnetic lattice such as
KMnF; and MnO, in which spin frustration is included
via next-nearest-neighbor interactions, as already intro-
duced in Eq. (2). In estimating the relative strengths of
the NN and NNN interactions, we make use of prior ex-
perimental data for some similar systems. For example,
studies of the spin-wave dispersion curves of antiferro-
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magnetic KMnF; (Refs. 19 and 20) and RbMnF; (Refs.
20 and 21) at 4.2 K by means of neutron inelastic scatter-
ing indicates that the next-nearest-neighbor exchange in-
teraction J(NNN) is much smaller than the nearest-
neighbor exchange interaction J(NN). For KMnF;,
J(NN)/kg=—3.8+£0.04 K and J(NNN)/kz=0.11
+0.02 K; for RbMnF;, J(NN)/kp=—3.44+0.3 K and
J(NNN)/kp=0.010.2 K. Thus, to begin this discussion,
the exchange interaction between next-nearest neighbors
J(NNN) has been arbitrarily, but plausibly, set to 0.1
times the corresponding value for nearest neighbors:
J(NNN)=0.1-J(NN); and the signs of both have been re-
versed, as compared with the ferromagnetic case of the
last section. Later in this paper we investigate various
J(NNN)/J(NN) values for completeness.

In Fig. 7, the spin-spin correlation functions for
different surface exchange strengths J (NN)/J,(NN)
=1.00, 1.90, 2.75, 4.35, and 6.00 are compared with the
corresponding functions calculated for a frustrated bulk
system with J,(NN)=—1.0 and J,(NNN)=0.1J,(NN).
The intralayer spin-spin correlation functions in the sur-
face layer are shown in Fig. 7(a) and the interlayer spin-
spin correlation functions between the surface and the
second layer are shown in Fig. 7(b). Figure 7(c) shows
the spin-spin correlation functions in the second layer.
This figure is thus the antiferromagnetic analogue of Fig.
4, and both the intralayer and interlayer spin-spin corre-
lation functions are very similar to those in Fig. 4, except
for a trivial change in sign. For these choices of parame-
ters, as in the case of ferromagnetic systems, there is no
indication of transition temperatures significantly
different from Ty p, in the second to fifth layers. Again
in parallel with the ferromagnetic case, the temperature
Ty oo for the steplike falloff of the surface intralayer
spin-spin correlation functions increases rapidly with an
increase in exchange interactions [Fig. 7(a)]. When
Jo(NN)/J,(NN)=2.75, Ty gt/ Ty puic is about 1.8, but
when J (NN)/J,(NN) is increased to 6.0, Ty sure/ Ty buik
is increased to about 3.9. The interlayer spin-spin corre-
lations between the surface and the second layer and the
intralayer spin-spin correlations in the second layer [Figs.
7(b) and 7(c)] are affected very little by the change in sur-
face exchange interactions. This again indicates that the
surface layer can exhibit magnetic behavior very different
from that of the bulk, and rather close to the correspond-
ing two-dimensional case.

In Fig. 8, we show Ty /Ty pux as a function of
J,(NN)/J,(NN) (plotted circles). For comparison, the
corresponding curve of T¢ s/ T pu from the ferromag-
netic case in the prior section (Fig. 5) is also shown (plot-
ted squares). We find that Ty o /Typu like
T surt/ Tc,pu for nonfrustrated systems, increases al-
most linearly with J.(NN)/J,(NN) when J (NN)/J,(NN)
is greater than about 3.0. As in ferromagnetic systems,
this indicates that the magnetic behavior at the surface is
close to that of the purely two-dimensional case. Howev-
er, Ty ot/ Tnpux increases more rapidly than
Tc st/ Tepux With J(NN)/J,(NN). This is because
frustration lowers the critical temperature in the bulk
more than it does in the surface layer, in this case. That
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is, there is a higher degree of frustration in the bulk than
in the surface for a fixed JINNN)/J(NN), since the ratio
of NNN to NN coordination numbers [ N(INNN)/N(NN)]
is higher in the bulk: Ny  (NNN)/Ny  (NN)=12/6 and
N oure(NNN)/N, (NN)=8/5.

In Fig. 9, we show for this antiferromagnetic case the
intralayer spin-spin correlation functions between nearest
neighbors [Fig. 9(a)] and next-nearest neighbors [Fig.
9(b)] for J,(NN)/J,(NN)=6.0 and again J(NNN)
=0.1-J(NN). Figure 9(c) shows the overall value of
spin-spin correlation functions between nearest neighbors
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FIG. 7. As for Fig. 4, but for a frustrated antiferromagnetic

system, with the next-nearest-neighbor interaction added as
JINNN)=0.1-J(NN).
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J,(NN)/J,(NN) for a frustrated antiferromagnetic system with
J(INNN)=0.1-J(NN). For comparison, the corresponding fer-
romagnetic curve from Fig. 5 is also presented here.

averaged for the first five layers near the surface, with
each layer again equally weighted [this is similar to Fig.
6(c) for the ferromagnetic case, but with next-nearest
neighbors now included]. The spin-spin correlation func-
tions show similar features for both the NN and NNN
cases. The intralayer spin-spin correlation curves at the
surfaces have a significantly higher transition tempera-
ture compared with the curves for the other layers, with
the latter having almost the same transition temperature
as the bulk for both the NN and NNN cases. The overall
spin-spin correlation curve in Fig. 9(c) has a steplike
feature at about Ty ., then increases smoothly with in-
creasing temperature until about Ty o where another
steplike feature appears. At temperatures higher than
Ty surt> the spin-spin correlation function increases slowly
to zero. Thus, in frustrated antiferromagnetic systems,
the overall spin-spin correlation function still shows the
same trends as the SPPD experimental data in Fig. 1, and
these results give no indication of a higher-temperature
transition that is unique to SRMO. This further suggests
that the high-temperature transitions observed in both
KMnF; and MnO could be due to surface-specific phe-
nomena.

We have also studied the behavior of spin-spin correla-
tion functions on and near the surfaces of antiferromag-
netic systems for various JINNN)/J(NN) values ranging
from —0.25 to 0.35 and with J,(NN)/J,(NN)=3.0 and
6.0, respectively. In general, we find that frustration does
not have major effects on the general behavior of the
spin-spin correlation functions. For example, the mag-
netic behavior at the surface is rather unique and affected
very little by the other layers, like the results we have
shown before for the JINNN)/J(NN)=0 and 0.1 cases.
The various spin-spin correlation functions exhibit dis-
tinct steplike features at only two temperatures, one of
which is due to the bulk transition and the other to the
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surface transition.

In Fig. 10, we summarize this behavior by showing
Ty utr Tpuie 304 Ty guee/ Ty pue @8 a function of
JINNN)/J(NN) for the two cases J,(NN)/J,(NN)=3.0
and 6.0. Figure 10(a) shows that Ty .+ decreases mono-

JS(NN)/Jp(NN) = 6.0; J; ,(NNN) = 0.1 J; p(NN)
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FIG. 9. (a) and (b) Temperature dependence of intralayer

spin-spin correlation functions from the surface to the fifth layer
for a frustrated antiferromagnetic system with J (NN)/
Jy(NN)=6.0 and J(NNN)=0.1-J(NN). (a) Between nearest
neighbors; (b) between next-nearest neighbors; (c) the overall
spin-spin correlation function for the first five layers near the
surface averaged with equal weight per layer.
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tonically as JINNN)/J(NN) increases from —0.25 to
0.35, as expected due to the concomitant increase in frus-
tration. However, Ty, behaves differently as a func-
tion of JINNN)/J(NN): it decreases monotonically as
JINNN)/J(NN) increases from —0.25 to 0.25, and
reaches its minimum [about 1.1J,(NN)/kp] at
JINNN)/J(NN)=0.25. Then, it increases monotonically
to about 1.7J,(NN)/ky as JINNN)/J(NN) increases from
0.25 to 0.35. This phenomenon is caused by the switch-
ing of the bulk antiferromagnetic spin configurations of
simple-cubic frustrated antiferromagnetic lattices at
JINNN)/J(NN)=0.25.

For example, in Fig. 11 we show two possible ground-
state spin configurations on simple-cubic antiferromag-
netic lattices with NN and NNN interactions. The Ham-
iltonian in the bulk is, for this model

H= "'Jb(NN )ENN,bulkSiSj —Jb(NNN )ENNN,bulkSiSj .
(3)

For the spin configuration in Fig. 11(a), the ground-state
energy is
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FIG. 10. (a) Surface critical temperature Ty s and bulk crit-
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(a)].
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FIG. 11. Two possible antiferromagnetic spin configurations
on simple-cubic antiferromagnetic lattices with NN and NNN
interactions.

U, =J,(NN){6—12J,(NNN)/J,(NN)} (3a)

and for the spin configuration in Fig. 11(b) the ground-
state energy is

U, =J,(NN){2+4J,(NNN)/J,(NN)} . (3b)

Comparing the two ground-state energies and noting that
J,(NN) is negative for antiferromagnetic lattices, we find
that U, <U, when J,(NNN)/J,(NN)<0.25, U,=U,
when J,(NNN)/J,(NN)=0.25, and U,>U, when
J,(NNN)/J,(NN)>0.25. Thus, when J,(NNN)/J,(NN)
<0.25, the lattices studied here prefer the antiferromag-
netic spin configuration shown in Fig. 11(a). This spin
configuration will switch to the one shown in Fig. 11(b)
when J,(NNN)/J,(NN)>0.25, because in this case the
spin configuration in Fig. 11(b) has lower internal energy
than in Fig. 11(a). From Egs. (3a) and (3b), we can also
see that U, increases as J,(NNN)/J,(NN) increases,
while U, decreases as J,(NNN)/J,(NN) increases. The

Oue  4[J,(NN)/J,(NN)][1-+J(NNN)/J(NN)]+ {1+4[J(NNN)/J(NN)]}
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internal energy reaches its maximum at J,(NNN)/
Jp(NN)=0.25, where U,=U,. Since the Néel tempera-
ture is related to the net statistically averaged interac-
tions of neighboring spins on a given spin, it is expected
that the bulk Néel temperature decreases when
J,(NNN)/J,(NN) increases from —0.25 to 0.25, reaches
a minimum at J,(NNN)/J,(NN)=0.25, then increases
with increasing J,(NNN)/J,(NN) from 0.25 to 0.35, as
shown in Fig. 10(a). The antiferromagnetic spin
configuration switching phenomenon has also been ob-
served by Landau and Binder,?? and by Selke and Fish-
er” for simple square antiferromagnetic lattices at
JINNN)/J(NN)=0.5. These two spin configurations
differ in their ordering wave vector k. The magnetic
structure factor of the spin configuration in Fig. 11(a)
would exhibit a peak at k=(,,7), while in Fig. 11(b) it
would have a peak at k= (m,,0).

In Fig. 10(b), we also show Ty .4/ Ty puy as a function
of JINNN)/J(NN): This quantity increases monotonically
as JINNN)/J(NN) increases from —0.25 to 0.25 and
reaches a sharp maximum [about 3.6 for
J,(NN)/J,(NN)=3.0, and 7.3 for J,(NN)/J,(NN)=6.0]
when JINNN)/J(NN) is about 0.25. Then, Ty e/ Ty puic
decreases to about 1.9 for J(NN)/J,(NN)=3.0 and 3.8
for J,(NN)/J,(NN)=6.0, as JINNN)/J(NN) increases
from 0.25 to 0.35. Also, over the full range of
JINNN)/J(NN) values, Ty /Ty pu at J(NN)/
J,(NN)=6.0 is about twice that at J (NN)/J,(NN)=3.0,
indicating that the surface magnetic order depends pri-
marily on J,(NN), and further showing that the surface
order behaves almost independently of the bulk.

Finally, consider the behavior of the Curie-Weiss con-
stant at the surface (Og,,) with respect to its behavior in
the bulk (O, ), for the antiferromagnetic lattices studied
above. Based on mean-field theory, the Curie-Weiss con-
stant should represent a sum over all NN and NNN in-
teractions.”* Also, prior SPPD results have suggested
that there might be a connection between ©,,;, and the
high-temperature transition observed experimentally.”°
We have therefore calculated O, /Oy, as a function of
J;(NN)/J,(NN) and JINNN)/J(NN). From the expres-
sions below,

’ (4a)
Ohuik 6{1+2[J(NNN)/J(NN)]} a
Ot 1 [J(NN) 2[J,(NN)/J,(NN)]—1 )
Opux 3 | J,(NN) 6{1+2[J(NNN)/J(NN)]} ’

and these results are shown for some representative
choices of parameters in Figs. 12(a) and 12(b), respective-
ly. In Fig. 12(a), O,s/Opux shows the expected linear in-
crease with an increase in J (NN)/J,(NN). For the
case of JINNN)/JINN)=0.1, O, /O, is about 1.9
when J (NN)/J,(NN)=2.75 and about 3.9 when

J,(NN)/J,(NN)=6.0. These values are close to the cor-
responding Ty ¢/ T pux Vvalues from Fig. 8 [about
1.8 for J,(NN)/J,(NN)=2.75 and about 3.9 for
J,(NN)/J,(NN)=6.0]. However, in Fig. 12(b), we show
that Og,.¢/Oy decreases monotonically with an increase
in JINNN)/J(NN). This is expected due to the fact that,
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as JINNN)/J(NN) increases, the sum over NN and NNN
interactions increases faster in the bulk than in the sur-
face layer—because the ratio of coordination numbers of
NNN to NN is higher in the bulk than in the surface
[i.e., Oy increases faster than O, as JINNN)/J(NN)
increases]. This is different from the behavior of
Ty surt/ T, puic @s a function of JINNN)/J(NN) shown in
Fig. 10, and such a difference is understandable because
the Néel temperature Ty is related to the net statistically
averaged interactions of neighboring spins on a given
spin, while the Curie-Weiss constant © is just the simple
sum of all the neighboring interactions.

IV. CONCLUSIONS

We have studied spin-spin correlation functions near
both ferromagnetic and antiferromagnetic (frustrated and
unfrustrated) surfaces, as derived from Monte Carlo
simulations on simple-cubic Ising lattices. The relative
strengths of surface exchange interactions were modified
in an attempt to model prior experiments in which mag-
netic transition temperatures higher than those of the
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bulk have been observed, with particular emphasis on
spin-polarized photoelectron diffraction studies of anti-
ferromagnets.

For sufficient enhancement of the surface interactions,
the overall spin-spin correlation function near the surface
showed behavior that is qualitatively similar to what has
been observed in experiment. Two distinct steplike
features occurred for this function: one is around the
bulk critical temperature Ty, (or for ferromagnet
Tc bux)> and the other is around the surface critical tem-
perature Ty o,¢ (or for ferromagnets T ). If the
surface-to-bulk ratio of nearest-neighbor exchange in-
teractions J (NN)/J,(NN) is high enough, Ty s (or
T sure) can be well above Ty i (OF T pyp), as observed
experimentally. For J.(NN)/J,(NN) greater than about
3.0, the magnetic behavior at the surface is found to be
essentially two-dimensional and very little affected by the
other layers. The abrupt steplike falloff of spin-spin
correlation functions well above the bulk transition tem-
perature Ty uyy (or Curie temperature Tc p,) is due to
the enhanced exchange interactions in the surface layer,
and gives rise to a surface-specific transition. All the oth-
er spin-spin correlation functions (except that in the sur-
face layer) exhibit similar behavior, and an abrupt falloff
around the bulk transition temperature Ty i,y (Or
T, pun)-

The addition of frustration through antiferromagnetic
next-nearest-neighbor interaction also does not have ma-
jor effects on the general behavior of the spin-spin corre-
lation functions. Thus, this model does not predict a dis-
tinct high-temperature transition in short-range magnetic
order (SRMO), although this has been proposed as one
possible explanation for the prior SPPD results.* %%
On the basis of these results and the fact that the experi-
mental spin asymmetry in SPPD is directly linked to
spin-spin correlation functions, we conclude that the fal-
loff of the spin asymmetry well above the bulk critical
temperature could be due to a surface-specific magnetic
order transition. However, it will require more experi-
mental data and a more quantitative knowledge of the ac-
tual bulk and surface coupling parameters for real sys-
tems to make this a definitive conclusion. The results
presented here should also be useful in assessing the phe-
nomenology of other surface-specific magnetic transi-
tions.

Finally, we note that, for real materials, a more ap-
propriate model would be the Heisenberg Hamiltonian,
unless some form of surface relaxation induces a high
magnetic anisotropy. Pure Heisenberg systems cannot
have a separate finite-temperature surface transition, ow-
ing to the Mermin-Wagner theorem.?” However, the
correlation length of the two-dimensional Heisenberg
model increases very rapidly as T is lowered. Thus it
may be that surface spin order at moderate distances will
appear at rather higher temperatures than the bulk tem-
perature (T¢ i for ferromagnets and Ty, for antifer-
romagnets), in a manner that is qualitatively similar to
what we have observed here. The much greater compu-
tational complexity of the Heisenberg model has prevent-
ed our exploring it here, but this would certainly be of in-
terest for future work.
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