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Influence of boundaries on magnetic ordering in Fe/V superlattices
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We study the role of surface boundaries on the magnetic properties of [Fe/ V], superlattice structures, with
n=2-10. Using the magneto-optical Kerr effect and polarized neutron reflectivity measurements, we examine
the evolution of both the total and the layer-resolved magnetizations as a function of temperature. By varying
n, we observe a large shift in the transition temperatures 7, and a substantial change in the total magnetization
critical exponent . In particular, the thicker samples exhibit nonuniversal exponent values. By resolving the
magnetization as a function of position within the superlattice, we show that this behavior arises from contri-
butions of the surfaces. Furthermore, we attribute the large shift in 7. to long-ranged interactions present in the

superlattice.
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I. INTRODUCTION

Surface and interface boundaries play an important role in
magnetic nanoscale structures.'~> Near a surface, the magne-
tization is suppressed relative to the bulk, and ordering takes
place in response to the establishment of the bulk magneti-
zation. If the layer is sufficiently thin, this leads to a notice-
able reduction in the magnetization and a concomitant reduc-
tion in the ordering temperature.*> It is therefore common to
observe a substantial suppression in the ordering tempera-
ture, relative to the bulk value, for systems thinner than a few
tens of nanometers.5~

Close to the transition temperature 7, of a continuous
phase transition the magnetization may be described in terms
of a power law, Mx(1-T/T,)?, where B is a critical
exponent.'” The value of S is indicative of the universality
class to which the system belongs, which in turn is dictated
by the spatial dimensionality of the system and the symmetry
of the order parameter, as well as the range of the interac-
tions present. In the context of magnetism, this implies a
classification according to the lattice and spin dimensionality
of the system.

The theory of critical phenomena can be extended in or-
der to include the presence of surface boundaries.*!!""!? The
revised theory successfully predicts surface exponents that
are drastically different from their bulk counterparts. For ex-
ample, the so-called ordinary transition for the Heisenberg
model, which arises provided couplings are not for some
reason altered at the surface, is predicted to have surface and
bulk magnetization exponents corresponding to B,=0.84 and
B,=0.32."3 This is consistent with Monte Carlo
simulations*®> and experimental work by Arnold and
Pappas,'* who determined the critical exponents of the sur-
face and bulk in Gd to be B,=0.83*0.04 and S,
=0.376 = 0.015, respectively.

When a magnetic film is thin enough, it effectively con-
sists of two merged surface regions. The characteristic sig-
nature of this is a magnetization that, for temperatures ap-
proaching T, varies as a function of layer index. Compelling
experimental evidence of such an effect has, for example,
been measured using Mossbauer spectroscopy in Fe/W(110)
thin films'> and, more recently, in EuTe(111) films using
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resonant soft x-ray diffraction.'® However, the influence sur-
faces have on the overall behavior of thin magnetic struc-
tures, and superlattices in particular, is not well understood.
For instance, the observation of large shifts in the transition
temperature with increasing thickness of the films,%!7 along
with that of abnormally high bulk exponent values,'® is in
contradiction with the established theoretical predictions for
low-dimensional systems.

In this work, we investigate the influence of surface
boundaries on the magnetic behavior of [Fe/V], superlat-
tices. We focus on effects arising from the number of mag-
netic Fe layers and the position of the layers within the su-
perlattices, where we adopt the term layer to denote a sheet
of Fe consisting of three atomic monolayers (ML). We use
the magneto-optical Kerr effect (MOKE) to study the mag-
netization as a function of temperature, which allows us to
obtain the critical temperature 7. and exponent [ for differ-
ent numbers of repetitions, n. Polarized neutron reflectivity
(PNR) is used to measure the evolution of the magnetization
as a function of position, i.e., the spatially resolved magnetic
profile, and of temperature. We argue that in order to account
for our observations in a consistent manner, a nearest-
neighbor theory must be abandoned in favor of one in which
long-range interactions are explicitly included.

II. EXPERIMENTAL
A. Sample growth

Three different sets of Fe/V superlattices, which we refer
to as sets A, B, and C, were grown according to the recipe
outlined by Isberg et al.'® Set A consists of a series of super-
lattices with the structure [Fe(3)/V(9)],, where n is the num-
ber of repetitions and the number within brackets denotes the
number of monolayers, whereas the superlattices in set B
have the structure [Fe(3)/V(10)],. The samples were grown
in a random order to detect any influence of drifting growth
rate on the critical temperature of the superlattices. A sche-
matic illustration of these superlattice structures is displayed
in Fig. 1.

We have also manufactured a somewhat more compli-
cated system, with the structure substrate/V(9)/[SL,/SL,];s.
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FIG. 1. (Color online) Schematic illustration of a [Fe(3)/V(9)],
superlattice with n=3, in which the repetition distance A and the
interlayer coupling Ji"k are defined.

Here, SL, denotes the sequence [Fe(3)/V(9)],/Fe(3), and
SL, denotes V(12)/Fe(1)/V(10)/Fe(1)/V(12). System C
therefore consists of a repeated sequence of two superlat-
tices, and we term this structure a super-superlattice. The
iron in SL, is present solely for the benefit of the growth
process and minimizes the thickness variation between the
magnetic superlattices. SL, provides a magnetic decoupling
between the SL; superlattices since 1 ML of iron embedded
in vanadium is not ferromagnetic at any temperature.”’ All
the samples we prepared were grown on MgO(001) sub-
strates and covered by a Pd capping layer (=35 A) to avoid
oxidation. X-ray reflectivity was used to determine the
sample quality.

As part of our study, we performed MOKE measurements
in order to investigate the change in the transition tempera-
ture T,(n) and the critical exponent 3, as a function of n, for
the samples in sets A and B. System C was prepared in order
to allow us to examine the spatially resolved magnetic profile
of a magnetic system as a function of temperature, which we
achieved through PNR measurements.

B. MOKE measurements

The magnetization of all the samples was investigated as
a function of temperature using a MOKE setup, described in
Ref. 20. The samples were mounted on an optical cryostat
which, depending on temperature range of interest, is cooled
with liquid nitrogen or helium. The cryostat is shielded by
three layers of u metal to reduce stray fields. A 5 Hz alter-
nating magnetic field generated by a pair of Helmholtz coils
was applied, and hysteresis loops were continuously re-
corded while varying the temperature with a cooling rate of
0.2 K/min to ensure thermal equilibrium. Measurements re-
corded during 30 s were averaged to give one final hysteresis
loop. From this series of hysteresis loops, we extracted the
remanent magnetization as a function of temperature.

C. Neutron reflectivity

The super-superlattice (system C) was studied using po-
larized neutron reflectivity performed at the ADAM reflecto-
meter at the Institute Laue-Langevin in Grenoble, France.?!
Supermirrors and Mezei-type coils, which flip the neutron
spin by 7 rad, were used in the incident beam for polariza-
tion. The polarization efficiency was determined to be above
0.95. The measurements were carried out in an angle disper-
sive mode at a wavelength of 441 A and a resolution
AN/N=0.006. The incident beam collimation was fixed at
0.03°. The sample was measured inside a He cryostat, and
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for obtaining a magnetic field perpendicular to the scattering
plane, an electromagnet (-0.7<H,=<0.7 T) with a lami-
nated iron yoke was used. The moment of the neutron is then
parallel to the external field, which is defined as the y direc-
tion.

In a scattering experiment, the scattering potential is
given by a periodic function, which may be described as a
Fourier series,

fx) = ? + > [u; cos(ix) +v; sin(ix)], (1)
i=1
where the coefficients are given by

1 2
u;= —f S(x)cos(ix)dx, i=0,1,2,..., (2)
T

0

2
v;= lj fo)sin(ix)dx, i=1,2,.... (3)
m™Jo

This expression holds in the absence of multiple scattering,
which is reasonable in the case of neutron experiments on
thin films, in which even single scattering events are rare.

Typically, one measures the Fourier transform of the scat-
tering potential, with each Bragg peak corresponding to one
component of the Fourier series. It is, however, impossible to
distinguish between the cosine and sine components since
only their amplitudes are measured and the phase informa-
tion is lost. One way around this problem is to manufacture a
sample that can be described only by a cosine series, i.e., a
periodic step function

L,
o]

0, elsewhere.

m3=x=5mu/3

(4)

In a PNR experiment, the scattering potential is related to
both the magnetic and chemical variations of the sample. The
magnetic contribution to the scattering is reflected by the
spin asymmetry,

Im-r
§=—r,
'+

)

where [ is the integrated intensity of the spin-up and spin-
down reflectivities. To a first approximation, S is propor-
tional to the product of projection of the magnetization along
the y axis, M v and the contrast in nuclear scattering length,
b: S AbM,,, where Ab=bg,—by.?*7>* It therefore reflects the
magnetic contribution to the scattering. The spin asymmetry
of each Bragg peak, S;, reproduces the magnitude of the
corresponding Fourier component of the magnetic profile.

II1. RESULTS
A. Critical temperature—n dependence

The energy scale which determines the critical tempera-
ture of a single ferromagnetic layer is dictated by the intra-
layer coupling constant J.!” Superlattices are characterized
by two additional degrees of freedom, which are the number
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of layer repetitions, n, and the interlayer exchange coupling
(IEC) between different layers, J'. The IEC occurs through
an indirect exchange mechanism that is closely related to the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction and is
therefore oscillatory in nature.! In the case of Fe/V superlat-
tices, the IEC between the Fe layers has been mapped out
with a high degree of consistency>?® and is known to
change sign at around 11 ML of spacer distance.'®?° For the
case of our sets A and B, which correspond to spacer dis-
tances of 10 and 9 ML, respectively, the ratio J'/J is there-
fore rather small, on the order of 1073.18

In bulk magnetic systems, a small J'/J ratio is known to
restrict two-dimensional fluctuations to an effective length
scale corresponding to Lo~ \J/J'.3132 This ensures two-
dimensional thermodynamic behavior, even in a system for
which n— oo, up until very close to T,, whereupon a cross-
over to three-dimensional behavior occurs. In the two-
dimensional limit, a thin film of 3 ML Fe, embedded in V, is
known to belong to the two-dimensional XY (2dXY) univer-
sality class.>® The critical temperature of a 2dXY system of
effective size L. is given by3!

To(Leg) = Txr + (6)

c[In(Lg) >

where Tygp is the Kosterlitz-Thouless temperature
(=0.898J/kg) 33 and c is a constant [=2.1 (Ref. 34)].

In a superlattice, the outermost layers are characterized by
having only one neighboring layer, whereas the central layers
have two. This implies an effective interlayer coupling that is
half as big at the surface, compared to the interior of the
sample. Using Eq. (6) we can calculate the difference in
critical temperature between the two limiting cases of n=2
and n=%, where J,_,=2J, _,. The ratio J/J' dictates the pos-
sible shift in 7. A value of L.z=J/J'=10° gives an increase
of 8%, while a relatively small value of J/J'=70 still results
in a modest increase of 23%.

Figure 2 displays the critical temperatures as a function of
n, measured for the samples in sets A and B using the MOKE
technique. The [Fe(3)/V(9)], samples display lower T, val-
ues than the [Fe(3)/V(10)], samples, a fact that is seemingly
in contradiction with the nominal values of their Fe layer
thicknesses (dg.). However, we note that the growth rate is
recalibrated before each series is manufactured; conse-
quently, we expect dg, to differ slightly between different
series since even the slightest changes in dp, are known to
have a large impact on T, in thin superlattices.'” Neverthe-
less, the fast shutter speed in the preparation chamber en-
sures a constant dg, within the same series.

The shift we observe in T,(n) of series A is of nearly 200
K, corresponding to an increase of roughly 400%. Using n
=2 as reference, the shift is about 125%. Clearly, this shift is
grossly underestimated by Eq. (6). We argue that this dis-
crepancy can be bridged by considering long-range interac-
tions. This can be demonstrated within a mean-field approxi-
mation, in which we assume that the critical temperature is
proportional to the average IEC within the superlattice, T,
«(J'), and that the coupling between two layers i and k
decays algebraically with distance as J}, |r;—r;|~%, where &
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FIG. 2. The critical temperature of [Fe(3)/V(9)], (filled
squares) and [Fe(3)/V(10)], (open triangles) superlattices versus
the number of repetitions, n. The dashed horizontal line indicates
the highest critical temperature obtained using Eq. (6) with J/J'
=70, which is based on nearest-neighbor considerations. The con-
tinuous, dashed-dotted, and dotted lines correspond to values of «
=1, 2, and 3 in expression (7), which heuristically assumes long-
range interactions. See main text for details.

is a parameter reflecting the range of the interaction. The
average coupling within the sample is therefore the sum of
all the couplings between layers, normalized to n, {(J')
:fLEJl-’k. Assuming that a single magnetic layer has an order-
ing temperature T,(n=1), the shift in T, with n is

n

a 1
T(n)=T(n=1)+ 2—2 —
n ik |ri—”k|

)
where a is some constant and the factor of 1/2 excludes
double counting. This expression captures the overall
changes in T,(n), and it has the merit of providing a qualita-
tive explanation for the large increase in the ordering tem-
perature as a function of n, as illustrated in Fig. 2. Equation
(7) is similar to derivations of the strength of interlayer cou-
pling in multilayers, which decays as ds"2 for transition met-
als, where d, is the spacer thickness.> In the calculations
only trilayer structures were considered and one can expect
deviations from the relation above when summing over sev-
eral magnetic layers. We can therefore not draw any conclu-
sions from the value of a.

Furthermore, we observe oscillations in 7, when the
sample thickness increases. This observation was reproduced
by measurements on an additional set of samples similar to
series A. J' is known to be an oscillatory function of spacer
thickness (d,),® cap layer thickness (d,),”’ and magnetic
layer thickness.*® Concomitant alternations in critical tem-
perature are found primarily when d; is varied,* but also as
a function of d,,.*° Further investigation of these oscillations,
which we believe are related to quantum confinement effects
that result in a modification of the density of states,*! is
deferred for future work.

B. Critical behavior—n dependence

We estimated the critical exponent 8 for each sample in
sets A and B, by analyzing the magnetization data we ob-
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FIG. 3. Magnetization data of [Fe(3)/V(10)], (open triangles)
and [Fe(3)/V(9)], (filled squares) superlattices plotted in a log-log
scale. The first data markers are enlarged for clarity. The solid lines
correspond to linear fits performed within the interval 0.01=-¢
=0.1, indicated by the dashed vertical lines.

tained from MOKE using the method described by Elmers et
al.*? This involves fitting the experimental data to the power
law Mo (1-T/T_)? and convoluting it with a Gaussian dis-
tribution of critical temperatures, in order to capture the
rounded tail of the magnetization curve. To verify our fits,
we also used the obtained T, values to plot log;o(M) versus
logo(—1)=log,o(1-T/T,), as shown in Fig. 3.

For the n=2 sample, we measure an exponent of 0.19
==0.26 consistent with the 2dXY model, and in agree-
ment with previous reports in the literature.’® For larger val-
ues of n, we find a concomitant increase to values of 0.32
=pB=0.41 resembling a range expected for a three-
dimensional Heisenberg system. Although it is tempting to
associate this with a crossover from two- to three-
dimensional critical behavior, the low value of the ratio J'/J
excludes this possibility. Instead, we trace the change in the
effective exponent to the nonhomogenous changes in the
layer specific magnetization. This is described in the next
section.

C. Layer specific magnetization

The layer specific magnetization was obtained by using a
specially designed sample, illustrated in Fig. 4. At low tem-
perature, we initially assume that all the Fe layers in the
super-superlattice sample have the same magnetization. In
order to determine the temperature dependence of this ini-
tially squarelike magnetization profile, we monitor the spin
asymmetry of the Bragg peaks arising from the super-
superlattice structure. In practice, the number of accessible
Fourier components is limited since the Fourier sum can only
include the number of Bragg peaks in the reflectivity curve,
which in our experiment is restricted to six. This corresponds
to eight Fourier components since u3 and ug of f(x) are both
equal to zero, as is readily apparent by examining Eq. (2).
The evolution of the magnetic profile versus temperature is
therefore given by
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FIG. 4. (Color online) A schematic illustration of the magnetic
periodicity of the super-superlattice sample. The dotted line repre-
sents the overall magnetic profile and the bars show the magnetiza-
tion in the Fe layers of SL;.

Fx.T) = uy(7)

8
+ > u; cos(ix)S™™(T), (®)
i=1

where x is the position and u; are the Fourier coefficients of
the initial scattering potential defined in Eq. (4). S; is the spin
asymmetry of the Bragg peak Q, and ;™ is the spin asym-
metry normalized to the temperature where the magnetiza-
tion profile is assumed to be squarelike. Although uy(7) is
not measurable, this does not pose a problem since it is not
related to the shape of the profile and only represents an
offset. The magnetization is zero outside the magnetic super-
lattice, so we can adjust the offset to ensure that F(x,T) is
also zero in this region, therefore avoiding any artifacts aris-
ing from u.

1. Simulations

In order to verify the validity of our approach, we have
simulated reflectivity spectra, using the Parratt formalism,*?
of the super-superlattice for different magnetic scattering
length densities in the Fe(3) layers, corresponding to differ-
ent magnetizations varying with temperature. In turn, we
used these spectra to reconstruct the magnetic profiles. The
result of this calculation clearly demonstrates that, despite
the limited number of available Fourier components, it is
possible to resolve the magnetization profile using the
method we have outlined.

Furthermore, Q; corresponds to the repetition distance A
of SL; and thus the spin asymmetry of this peak is closely
related to the average magnetization of the superlattice. This
was confirmed by the simulations, where the spin asymmetry
of Q; was found to scale with the average magnetization.

In real samples, it is known that the vanadium in proxim-
ity to the iron layers experiences an induced polarization that
is oriented antiparallel to that of the iron.***> Furthermore,
this effect is enhanced in the case of rough interfaces.*® We
have therefore performed a second simulation, in which we
take this effect into account by adding two magnetic vana-
dium layers, each 3 ML thick, around each iron layer. Since
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FIG. 5. (Color online) Left: magnetization profile of the Fe lay-
ers in the model sample. Right: profile reconstructed from calcu-
lated spectra which includes V polarization.

the magnetization of the vanadium layer, My, is caused by
the interaction between Fe and V atoms, we assume that its
magnitude is proportional to the magnetization of the iron,
Mpg.. In addition, in order to capture imperfections in the
Fe/V interfaces, we used the highest reported values for the
induced polarization, My = 0.3Mp..** Our model does not,
however, take into account the fact that there is a larger My,
at the Fe/V interface, as opposed to the V/Fe interface.*® The
results of this second simulation are shown on the right-hand
side of Fig. 5. Although the correspondence between the spin
asymmetry of O, and the average magnetization is less clear
compared to the previous simulation, we find that the overall
shape of the profile remains preserved.

2. PNR data

A representative polarized neutron reflectivity scan is dis-
played in Fig. 6, in which the black solid line and the red
dashed line are the spin-up and spin-down measurements,
respectively. The evolution with temperature of the spin
asymmetry at each one of the peaks was determined from a
series of similar scans. The result of this analysis is shown in
Fig. 7. The first, second, and seventh Fourier components
display widely differing behaviors as a function of tempera-
ture, a clear indication that the magnetization behaves differ-

10°F 1

Intensity (arb. units)

FIG. 6. (Color online) Polarized neutron reflectivity of the
super-superlattice sample at 12 K. The black solid line and the red
dashed line indicate the spin-up and spin-down reflectivities, re-
spectively. The peaks are denoted by Q;, after the corresponding
Fourier component.
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FIG. 7. The temperature dependence of the spin asymmetries of
the six observed Bragg peaks. The data points, at and above 150 K,
were used to calculate the magnetic profile.

ently within the individual layers of the superlattice.

The temperature evolution of the first Bragg peak Q,,
shown in Fig. 7, corresponds to the first Fourier component
and is closely related to the magnetization at the center of the
profile. Below 150 K, the spin asymmetry decreases, imply-
ing a suppression of the magnetization component M, in the
central layers associated with a rotation of the magnetization.
This phenomenon, while interesting in itself, complicates our
analysis since it invalidates the assumption of a squarelike
magnetization profile at low temperature. Therefore, we only
reconstruct the data above 150 K and defer to the low-
temperature data analysis to future work.

The reconstructed magnetization profiles are illustrated in
Fig. 8. This clearly displays a developing spatial gradient of
the magnetization as the temperature increases. These obser-
vations are in agreement with the presence of magnetic sur-
faces with missing neighbors since the coupling in their vi-
cinity is reduced, leading to a concomitant reduction in the
magnetization. The apparent polarization of the Fe(1) layers
is an artifact due to wiggles caused by the limited amount of
Fourier components. This effect can also be seen in Fig. 5.

IV. DISCUSSION

The experimental facts arising from our measurements on
Fe/V superlattices are the following: (i) the transition tem-
perature increases from 50 to 245 K (approximately 400%)
as n is increased from 1 to 10; (ii) within the same range of
n, the critical exponent B changes from two-dimensional
value of 0.19=8=0.26 to 0.32=8=0.41; and (iii) the
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FIG. 8. (Color online) Magnetic profile of a [Fe(3)/V(9)]s su-
perlattice calculated from PNR measurements of the super-
superlattice. The corresponding atomic structure is illustrated along
the x axis. The apparent magnetization in the Fe(l) layers is an
artifact caused by the limited amount of Fourier components.
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magnetization of the outermost layers decreases faster, as
compared to the middle layer, over a wide temperature range.

Our experimental observations are in disagreement with
established theory of nearest-neighbor spin models. The ar-
guments in Sec. III lead to the conclusion that, in a system in
which J'/J is small, the shift in the transition temperature
should not exceed a modest increase of 8%. Furthermore,
they do not predict any kind of dimensional crossover in
with increasing n since the low J'/J ratio ought to ensure
two-dimensional thermodynamic behavior in the limit n
— 00,3132 Finally, if the Fe/V superlattice system is only de-
fined by the thickness n and the ratio J'/J, one would not
expect to observe the significant surface effects in the mag-
netic profiles displayed in Fig. 8.

We propose a simple model including long-range interac-
tions, which accounts for these observations in a natural
manner. Long-range forces imply an enhancement of surface
effects since a greater number of layers below the surface
will experience a reduced coupling, compared to short-range
forces. Thus, although the phenomenology of the phase tran-
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sition in the vicinity of the surface, characterized by a mag-
netization in the outer layers decaying faster than in the
middle layers of the sample, remains unchanged, its en-
hancement has important implications for the observed B
values of the entire sample. This follows from the fact that
Besr 1s effectively determined by an averaged sum of the S,
values associated with each individual layer £, ,Beff=i B

Thus, an Fe/V superlattice may be viewed as an ensemble
of layers, consisting of two merged surface regions. Each
layer displays different effective exponents, as the PNR data
in Fig. 8 make clear. This also gives rise to the increase in
Besr values that we observe for superlattices with n>2 and
provides a plausible explanation for the abnormally high ex-
ponent values reported by Marcellini et al.'® Finally, a model
including long-range interactions also accounts for the large
change we observe in T, (Fig. 2).

V. CONCLUSIONS

We have investigated the magnetic behavior of [Fe/V],
superlattices using a combination of MOKE and PNR tech-
niques. We have addressed the seemingly contradictory pres-
ence of weak interlayer exchange coupling in a system that
displays a drastic change in the measured critical exponent
Besr and transition temperature 7, with increasing number of
magnetic layer repetitions, n. Our PNR measurements on a
specially fabricated super-superlattice reveal significant sur-
face effects, which are manifested by a magnetization profile
that changes as a function of layer index. We argue that the
simplest model which is consistent with these experimental
facts must account for the presence of long-range interac-
tions. The plausibility of our argument is strengthened in
light of the known importance of long-ranged mechanisms
such as dipolar and RKKY interactions in superlattices."2 It
is desirable to put our qualitative findings on a more quanti-
tative footing, perhaps by considering more realistic models
in which the oscillatory and anisotropic nature of long-range
interactions is taken explicitly into account.
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