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We study the influence of gradients in the inherent ordering temperature of coupled layered magnets on the
overall magnetic ordering. The gradients were accomplished by growing Fe�001� layers with thicknesses
ranging from two to three monolayers, all separated by seven monolayers of V�001�. Two types of gradient
superstructures were grown: one with the highest and one with the lowest inherent ordering temperature in the
center of the samples. The superstructure with the thinnest outermost Fe layers exhibits lower ordering tem-
perature, demonstrating the importance of the sequence of the layers. Both these structures order at tempera-
tures significantly lower than a superlattice with a constant thickness of the Fe layers �three monolayers�. The
results highlight the intricate collective aspects of the magnetic ordering in layered magnets, which are not
captured by current models in magnetism research.
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I. INTRODUCTION

The magnetic ordering in multilayered magnetic materials
depends strongly on both the interlayer �J�� �Refs. 1–4� as
well as the intralayer �J� coupling.5,6 Multilayered magnetic
structures offer therefore a unique possibility to explore the
influence of these important parameters, separating their con-
tributions, and thereby providing important tests of theoreti-
cal concepts and models. The ordering of the magnetic layers
can be ferromagnetic �FM� or antiferromagnetic �AFM� in a
multilayer because the sign and the strength of J� depend on
the thickness of the nonmagnetic spacer layer.7,8 Also, the
tuning of J� offers the possibility to adjust the ordering tem-
perature �Tc�, as discussed in Refs. 2, 3, and 9–12. The ex-
ploration of the influence of coupling between two magnetic
layers with different ordering temperatures has previously
been studied by Baberschke and co-workers11,13,14 by using
the x-ray magnetic dircular dichroism �XMCD� technique.
By using two different elements combined with the element
specificity of XMCD, they demonstrated unexpectedly large
shifts in the ordering temperatures of the layers. The tem-
perature dependence of the interlayer exchange coupling and
its effect on the magnetic excitations have also been
studied,4,15 highlighting the intricate relation between the
spin-wave excitations and the effective interlayer coupling.

The inherent ordering temperature of a single layer is de-
termined by the thickness of the magnetic layer,

Tc�l� = Tc����1 − bl−�� , �1�

where Tc��� denotes the ordering temperature of the bulk
material, b is a constant, l is the thickness of the layer, and �
is the shift exponent.16–18 It is therefore possible to eventu-
ally tailor the distribution of the inherent ordering tempera-
ture �Tc,i� of each layer in a multilayer by the choice of the
thickness of the �ith� layer. The influence of the interlayer
coupling can be chosen by the selected thickness of the non-
magnetic spacer layers. This idea is illustrated in Fig. 1, us-

ing Fe�001� and V�001� layers as an example. The influence
of the thickness of the Fe and V layers on Tc is well known.
Tc increases linearly with �200 K per monolayer �ML� of
Fe �Ref. 6� while the change in Tc with the V thickness is
much weaker and nonlinear19 in the thickness range chosen
for the present experiments. Thus, this material combination
appears to be suitable in testing the influence of a distribu-
tion of Tc,i on the overall ordering in coupled magnetic mul-
tilayers.

In the actual design, Fig. 1�b�, the thickness of the thin-
nest Fe layer is two monolayers. The increase in the Fe thick-
ness is equivalent to 0.05 monolayers/layer, reaching three
monolayers of Fe in the 21st layer. The inherent ordering
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FIG. 1. The thickness profiles of the magnetic layers. The inher-
ent ordering temperature of each Fe layer is proportional to its
thickness. �a� illustrates a regular superlattice structure with con-
stant thickness of all the layers while �b� resembles the building
block used for obtaining a distribution in Tc. �c� illustrates the struc-
ture with the lowest inherent Tc in the center of the sample while �d�
has the highest inherent ordering temperature in the center.
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temperature of the layers is therefore changing from the or-
dering temperature of two monolayers to that of three mono-
layers of Fe. In the absence of coupling, the difference in the
ordering temperature of the layers corresponds therefore to
about 200 K.

It is possible to form two types of mirror symmetric pro-
files by using this design as a building block, as illustrated in
Figs. 1�c� and 1�d�. The profile with decreasing Tc,i with
increasing distance from the surface �see Fig. 1�c�� is de-
noted GR− �negative gradient� while the profile with increas-
ing Tc,i is denoted GR+ �positive gradient� �see Fig. 1�d��. If
the sign of the gradient in the inherent ordering temperature
of the layers does not influence the overall ordering, identical
results should be obtained for both these structures. How-
ever, if the sign is relevant, the overall ordering temperature
will not be the same. Thus, these two types of arrangements
appear to be suitable to study the influence of the variation in
the inherent ordering temperature, as well as the sequence,
on the magnetic ordering. We used different techniques to
access the magnetic ordering at all the relevant length scales,
namely, the overall layer resolved as well as the near-surface
magnetization. A superconducting quantum interference de-
vice �SQUID� was used to determine the total moment of the
samples, as well as the changes in the magnetization with
temperature. Neutron reflectivity was used to obtain the
layer-by-layer changes in the magnetization and we used the
magneto-optical Kerr effect �MOKE� to determine the tem-
perature dependence of the near-surface magnetization. This
approach allowed us to study the influence on the magnetic
ordering of the boundaries as well as of the distribution of
the inherent ordering temperature of the layers.

II. SAMPLE DESCRIPTION

In the present experiment we used Fe�001� and V�001�
layers as building blocks. Fe/V superlattices exhibit Frank-
van der Merwe growth mode resulting in high quality super-
lattices which have been used for exploring magnetic1,3,6,20

and structural phase transitions21,22 as well as transport prop-
erties of layered magnets.23,24

The samples were grown in a DCA four source sputtering
chamber on MgO �001� 20�20�1 mm3 substrates from
Crystal GmbH. The thickness of each layer was determined
by timing the opening and the closing of the shutters. The
first V layer was deposited on the MgO substrate and each
superlattice was terminated by an extra V layer. In order to
protect the samples from oxidation, a capping layer of Pd
�50 Å was finally grown on the outermost V layer. The
number of repetitions of the Fe/V bilayers was 41 and the
thickness of the V layers was fixed at 7 ML.25 The interlayer
coupling J� can thereby be regarded as having fixed magni-
tude and sign. The samples are FM ordered, and J� is much
smaller than J.19 One of the samples was a regular superlat-
tice �that is with fixed Fe thickness� based on the bilayer
Fe3 /V7 �the subscripts indicate the number of ML for each
metal�, hereafter called no gradient �NG�, see Fig. 1�a�. The
other two samples were made using the building block illus-
trated in Fig. 1�b�. The GR+ sample has 2 ML of Fe as the
topmost and bottom-most magnetic layers, see Fig. 1�d�, and

the sample GR− has 3 ML of Fe as the topmost and bottom-
most magnetic layers, see Fig. 1�c�.

III. STRUCTURAL CHARACTERIZATION

A structural characterization of the samples was carried
out by x-ray reflectivity and diffraction in a Philips PW3020,
equipped with a graphite monochromator. As seen in Fig. 2,
the reflectivity data show features generally present in
multilayer structures. The peaks denoted by Q1 and Q2 rep-
resent the superlattice peaks with positions determined by:26

��Qm
2 − Qc

2�1/2 = 2�m , �2�

where � is the thickness of the bilayer, Qm is the scattering
vector at the reflection m, and Qc is the critical scattering
vector.27 The peak at Q1 corresponds to the Fourier compo-
nent of the bilayer repetition whereas the peak at Q2 corre-
sponds to the second Fourier component. The bilayer thick-
ness is well defined, as judged from the intensity and the
width of these peaks in the NG sample. On the other hand,
much broader features are observed at corresponding length
scales �Q1 and Q2� in the GR+ and GR− samples, as ex-
pected from a sample with a distribution in the thickness of
the layers. The differences in the shape at the length scale
corresponding to the average Q2 values directly reveal the
sign of the gradient. For example, for the GR− sample, the
hump at higher Q in the Q2 region is the widest. This effect
arises because of an interference effect and is reversed when
changing the sign of the gradient, as seen in Fig. 2 for the
GR+ sample. The low-frequency humps arise from the pres-
ence of the Pd capping layer. The high-frequency fringes, the
so-called Kiessig fringes,28 represent the Fourier transform
of the total thickness of the sample. The presence of these
fringes at high Q is an indication of the well defined total
thickness for the samples.

The reflectivity results were fitted using the GENX �Ref.
29� code. Interdiffusion and roughness reduce the intensity
of the peaks at Q1 and Q2.26 These values, together with the
average thickness of the Fe magnetic layers and the V thick-
ness, were determined by the fitting, cf. Table I. A represen-
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FIG. 2. �Color online� X-ray reflectivities obtained from the
samples. The topmost curve is a representative fit for one of the
samples �GR−, red�. The superlattices peaks are well displayed at
Q1 and Q2. The intensities are shifted for clarity.
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tative fitting of the results from the GR− sample is illustrated
in Fig. 2 �red curve�.

Information about the crystal structure and the out-of-
plane coherence can be determined by x-ray analysis in the
high Q region. Representative diffraction results are shown
in Fig. 3. Q0 corresponds to the main Bragg peak, represent-
ing the average distance between the atomic planes, includ-
ing both the Fe and the V layers. The position of the Q0
peaks of both the gradient samples is the same while the
peak position of the NG sample is different. This is easily
understood since the gradient samples have on average of 0.5
ML less Fe, resulting in slightly larger average lattice param-
eter.

The two side peaks of Q0, namely, Q−1 and Q+1, are the
superlattice satellites. These peaks arise from the construc-
tive interference between the periodic superlattice structures
and the periodic lattice structure. The position of a peak with
respect to Q0 gives information about the bilayer thickness,
and it can be compared with the positions Q1 and Q2 in the
x-ray reflectivity results.

As shown in Fig. 3, the width of the Q0 peak is not sig-
nificantly affected by the presence of a thickness gradient
because Fe and V have similar lattice parameters �2.87 and
3.03 Å� while the Q−1 satellite is significantly broadened.
The broadening is absent in the Q+1 peak, which can be
understood when considering the relation between the posi-
tion of the peaks and the superlattice structure:

QJ =
4� sin �

�
= 4�� n

2�dhjk�
+

n

2�
	 . �3�

Here, n is the order of the satellite, � is the average bilayer
thickness, and �dhjk� is the lattice parameter for the reflection
with Miller indices �hjk�. In the specific case of the gradient
samples �GR+ and GR−�, the variation in � is large. It is
easy to show that �Q /Q is larger when Q	Q0 as compared
to Q
Q0, using Eq. �3� to provide a plausible explanation
for the decrease in width with increasing Q.

The out-of-plane coherency was estimated using the full
width at half maximum �FWHM�, denoted in the following
as ��, of the Q0 peak:30

 = 0.9
2�

Q0��
. �4�

This approach typically yields a lower limit for the out-
of-plane crystal coherence. An out-of-plane coherence length
of �500 Å is found for the sample NG whereas the coher-
ence length of the GR+ and GR− samples are somewhat
smaller, �330 Å and �400 Å, respectively. Smaller coher-
ence length is expected for the gradient samples due to the
presence of a gradient in the layer thickness.

IV. MAGNETIC CHARACTERIZATION

A. SQUID measurements

The magnetic moment of the samples was determined us-
ing a SQUID. These measurements reveal the total magneti-
zation of the samples. The temperature dependence of the
magnetization was determined in an applied field of 6 mT.
The results of these measurements are shown in Fig. 4. The
measured magnetization is determined by two contributions:
first, the contribution from the Fe atoms ��Fe� and second,
the contribution from the interface region of V ��V�. The
magnetic contribution arising from the V interfaces reduces
the obtained magnetization, as the interface regions of V are
antiferromagnetically aligned to the Fe layers.1,20,31–35 The
resulting average magnetic moment per Fe atom ��Fe

eq� for the
NG sample at 10 K is �Fe

eq �0.7�B, as compared to the bulk
value �Fe�2.2�B. This is in agreement with other estab-
lished results.19,36,37

TABLE I. Thicknesses of the Fe and V layers with the average
roughnesses �r and interdiffusions �i as determined from the fitting.
The Fe thickness refers to the weighted average of all the Fe layers
in each sample. The uncertainties for each quantity are reported in
the subscripts and superscripts.

Sample
Fe
�Å�

V
�Å�

�r

�Å�
�i

�Å�

NG 4.49−0.50
+0.01 10.51−0.04

+0.03 2.3−1.43
+1.48 2.4−0.49

+0.01

GR+ 3.67−0.39
+0.01 11.47−0.40

+0.02 1.3−1.3
+1.1 2.4−0.82

+0.84

GR− 3.50−0.01
+0.2 11.52−0.04

+0.07 1.7−0.30
+0.40 2.9−0.18

+0.69
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FIG. 3. X-ray diffraction spectra of the samples. The main peak
Q0 is related to the average lattice constant. The peaks Q−1 and Q+1

are the markers of the superlattice structure.
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FIG. 4. Magnetization as a function of temperature for all the
samples. The NG measurements are incomplete because of the lim-
ited temperature range of the SQUID.
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The magnetic moment of the gradient samples is about
one half of the NG sample. This is well in line with the
expected results as the moment scales linearly with the thick-
ness of the Fe layers in this thickness range.6 The low-
temperature magnetization of the gradient samples should be
identical since the average Fe thickness of these should be
the same.

As seen in Fig. 4, the magnetization is strongly affected
by the presence and by the sign of the gradient. Furthermore,
the gradient samples exhibit completely different asymptotic
behavior as compared to what is observed for the NG
sample. To obtain better understanding of these observations,
we need to discuss the depth distribution of the changes in
samples magnetization.

B. Spin-polarized neutron reflectivity

Neutrons are widely used to investigate magnetic
structures38 and dynamics in thin films,39 as well as magnetic
ordering in superlattices26,40,41 and superstructures.42 Here
we use spin-polarized neutron reflectometry �PNR� for ob-
taining the magnetic profile within the samples. The PNR
measurements, taken at the ADAM �Ref. 43� reflectometer at
ILL �Grenoble, France�, were performed at different tem-
peratures for investigating the changes in the magnetic pro-
file with temperature.

The magnetic ground state was determined at 12 K. A
guide field of about 6 mT was applied during all of the mea-
surements. A 3He pencil detector was used and no spin-flip
analysis was performed. The incident wavelength of the po-
larized neutron beam was �0=4.4 Å. The scattering plane is
horizontal and the sample is mounted vertically. A magnetic
field, generated by an electromagnet, is applied parallel to
the plane of the samples.

In neutron reflectometry, the interaction of neutrons with
matter is generally described by the Fermi pseudopotential
V� �Ref. 44�:

V��r� =
2��2

m
�bn � bm���r� , �5�

where m denotes the mass of the neutron, bn the nuclear
scattering length, and bm the magnetic scattering length. The
nuclear scattering length bn depends on the isotopes of the
sample and the energy of the incoming neutrons. The aver-
age bn for V is negative whereas the average bn for Fe is
positive.45 The superscripts V� indicate that the scattering
potential is different for neutrons aligned parallel �+� or an-
tiparallel �−� to the internal field of the sample. The magnetic
scattering length bm is, consequently, proportional to the
magnetization.

The calculation of the neutron reflectivity nN0 is almost
identical to the calculation of the Fresnel reflectivity for
photons.44 In a first approximation,

nN0 = 1 −
1

2�
��2�bn � bm� , �6�

where � is the number of nuclei per unit volume, and � is the
wavelength of the incident neutrons.

1. Reflectivity in the absence of thickness gradient

The evolution of the magnetic profile for the NG sample
was determined at four temperatures: 12, 280, 320, and 340
K. The measured intensity is labeled by R�, where the su-
perscript “+” represents measurements with neutron polar-
ization along the applied field whereas the superscript “−”
represents measurements with neutron polarization antiparal-
lel to the applied field. The deduced spin asymmetry, S, is
defined as

S =
R+ − R−

R+ + R− . �7�

At 340 K, the neutron reflectivity did not show any spin
asymmetry. This is in contrast with the SQUID measure-
ments which contain a ferromagnetic contribution at this
temperature. In order to estimate the changes in the magnetic
moment of the Fe layers, the reflectivity results were fitted
by using the GENX code. The Kiessig fringes represent the
relevant length scales, and the first fringe can be viewed as
the first Fourier’s component of the changes in the magneti-
zation with depth. Thus, it carries predominantly information
about the magnetization of the outermost layers in the
sample. The higher order components can be viewed as ad-
ditional terms describing the eventual gradient in the magne-
tization. We used three different models to fit the reflectivity
results from the NG sample. In the first model �1�, all the Fe
layers are assumed to carry the same magnetic moment. In
the second model �2�, the topmost and bottom-most layers
are assumed to have zero magnetization. In the third model
�3�, the two topmost and bottom-most layers are assumed to
carry zero magnetization. The magnetization of the remain-
der of the Fe layers in models �2� and �3� is assumed to be
the same, and is determined by the fitting process. These
models are assumed to be representative for possible changes
in magnetization and the quality of the fit ��2 analysis� is
used as a qualifier for their validity. The structural param-
eters from the x-ray reflectivity data, see Table I, were used
as fixed parameters in the fitting. The results are illustrated in
Fig. 5, along with the experimental data for T=12, 280, and
320 K.

At 12 K, the results are best described with a constant
magnetization throughout the sample, leading to the conclu-
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FIG. 5. �Color online� Neutron data and fits for the sample NG.
The dots represent the raw data whereas the lines represent the fits.
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sion that all the Fe layers carry the same magnetic moment.
However, at elevated temperatures, a clear signature of a
layer dependent magnetization becomes apparent. For ex-
ample, at 280 K, the best fit is obtained using model �2� and
at the highest temperature where spin splitting is still present
�320 K�, model �3� yields the best value of �2. This is related
to the fact that the magnetization of the layers at the edges
becomes smaller with respect to the inner ones while tem-
perature increases, as discussed in Ref. 19. All magnetization
parameters obtained from the fitting were consistent with the
SQUID results, Table II.

2. Neutron reflectivity from gradient samples

Figure 6 shows the reflectivity results for all of the
samples at 12 K. As seen in the figure, there is a big differ-
ence in the obtained spin asymmetry, which is largest for the
NG sample. The second largest spin asymmetry is obtained
in the GR− sample, consistent with the intended changes in
the magnetization with depth, see Fig. 1. Finally, the GR+
sample exhibits almost negligible spin asymmetry at small Q
values, as expected. Thus a qualitative agreement between
the reflectivity results and the magnetic profile is established.

Two models were used for fitting the data. In the first
model the Fe moment was assumed to change linearly with
distance from the center of the sample, and in the second
model the change in magnetization was assumed to be para-
bolic with the distance from the center of the sample. Both
models were used to fit all the data, using the same initial
values. In both cases, the best fit was found for a linear
variation with thickness of the Fe magnetic moment. In Fig.
7 the raw data set and the fits for both GR+ and GR− are
presented. These results are consistent with previous theoret-

ical and experimental results.34 The magnetizations deter-
mined by the neutron reflectivity were consistent with the
SQUID results, that is, by summing up the fitted moments
for Fe, we obtain an average moment consistent with the one
determined by the SQUID measurements.

C. MOKE measurements

1. Magnetization

The presence of a gradient in the magnetization called for
a selective measurement of the magnetization in the near-
surface region of the samples. Therefore, we performed
MOKE measurements in an ac-MOKE setup, as described in
Ref. 6. The 630 nm laser light used in the magneto-optical
setup has an estimated penetration depth of �200 Å. Taking
the unit cell to be �V�7�/Fe�3��, corresponding to ten mono-
layers of 1.5 Å, the MOKE response becomes weaker by a
factor of 1 /e in about nine to ten unit cells, taking into ac-
count the angle of the incident light. Thus, the signal from
MOKE measurements will yield significantly larger contri-
bution from the near-surface region as compared to the inte-
rior of the sample. The 50 Å Pd protective layer acts as an
attenuator, reducing the magnetic response in the MOKE
measurements.

The magnetization was measured along the Fe �100� axis
�the easy axis for Fe�. To facilitate the comparison of the
results obtained from the different samples, we introduce the
reduced temperature t, defined as t=

�T−Tc�
Tc

, where Tc is the
ordering temperature. Representative hysteresis curves re-
corded at �0.45t �equivalent to 80 K for the GR+ case� are
shown in Fig. 8. As apparent in the figure, a field of 6 mT is
not sufficient to saturate the GR+ and GR− samples. There
are thus slight differences in the field dependence of the
magnetization of these samples but the overall properties ap-
pear to be similar at this reduced temperature.

The MOKE-hysteresis curves were continuously recorded
while slowly increasing the temperature from 80 to 360 K.
The M�T� in the absence of field is deduced by the remanent
magnetization of the hysteresis loops at all temperatures. In
Fig. 9 the M�T� curves for the samples are shown. The mag-
netization curve for the NG sample is close to what is ex-

TABLE II. Fitted values for the Fe magnetic moments.

Temperature
�K�

Magnetic moment
��B�

12 0.7�0.5

280 0.5�0.5

320 0.15�0.2
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FIG. 6. �Color online� Reflectivity measurements at 12 K for the
series of samples. The measurements are shifted in intensity for
clarity.
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FIG. 7. �Color online� Reflectivity measurements at 12 K for the
samples GR+ and GR−. The measurements are shifted in intensity
for clarity.

INFLUENCE OF THE DISTRIBUTION OF THE INHERENT… PHYSICAL REVIEW B 79, 144426 �2009�

144426-5



pected for this class of materials, whereas both the GR+ and
the GR− results are strongly deviating from what is expected
from a uniform sample. To put this observation into a more
quantitative perspective, we briefly outline the generally uti-
lized description of the change in magnetization with tem-
perature. Close to the ordering temperature the magnetiza-
tion is classically described by the following equation:

M 
 �− t��, H = 0, t → 0−. �8�

The exponent � takes on values depending on the spin �d�
and the spatial �D� dimensionality of the system.46,47 The
M�T� for the NG sample is easily fitted to Eq. �8� as was
proposed by Elmers et al.48 including a small distribution in
M�T�. A single Fe layer with the same thickness as discussed
here shows a two-dimensional �2D�-XY behavior3 while in
the actual NG superlattice, the interlayer exchange coupling
is relatively strong and an exponent corresponding to a three-
dimensional �3D� system would therefore be expected. In the
presence of spin waves, which destroy the order,49–51 the
strength of the interlayer exchange coupling as a function of
temperature T is given by:

J� = J0��1 −
T

Tc
	3/2

, �9�

as theoretically found by Almeida et al.52 and experimentally
confirmed.4,53 This effect is more pronounced when both the

thickness of the spacer and the interlayer exchange coupling
are small. This can be the reason why the resulting fitting
yielded �=0.48 which is much larger than the expected 3D
critical exponent of ��0.34 �Ref. 54� or the 2D ��0.23.46

In this perspective it is meaningless to determine the ex-
ponents for the GR+ and GR− samples, as evident from the
discussion above. However, we can still use the results for
obtaining some insight in the apparent changes in the mag-
netization in the samples with temperature. First, if one at-
tempts to fit the GR+ result with Eq. �8�, the deduced expo-
nent would be close to 1. Second, in order to fit the M�T� for
the GR sample, one cannot use a single power-law function.
The second derivative of the magnetization changes sign
when approaching the ordering temperature. In such cases,
the change in J� as in Eq. �9� is a small effect as compared
with the change in J in the framework of spin-wave domi-
nated systems. Third, comparing Figs. 4 and 9 for the GR+
sample, the lower limit for the difference between the overall
and the near-surface ordering temperature can be estimated.
The MOKE results give an ordering temperature of about
190 K while SQUID yields an ordering temperature of
�210 K. Thus the MOKE results are both qualitatively and
quantitatively different from the magnetization results ob-
tained by SQUID. But, the presence of an applied field in
SQUID measurements, a field which alters the magnetic re-
sponse, should be taken into account, for example, by
stretching the tail above Tc �compare the magnetization of
GR− sample in Fig. 4 with Fig. 9�. These results are consis-
tent with the presence of a critical region, which is wander-
ing from the surface to the interior of the GR+ sample, im-
plying a variation in Tc.

2. ac-MOKE magnetic susceptibility

The presence of a critical region can easily be determined
by the same approach, using low ac field MOKE measure-
ments. The ac susceptibility versus temperature, �ac�t�, in a
field of �0.2 mT and a frequency of 215 Hz is shown in
Fig. 10 for both the gradient samples. As seen in the figure,
the samples exhibit completely different behavior. While the
GR+ sample exhibits a reasonable but wide maximum, the
GR results cannot be described in terms of a single peak.

In the specific case of the GR sample, the ordering can be
viewed as dominated by the presence of a magnetic link that
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bridges two second-nearest neighbors �in this case the top-
most half with the bottom-most half�,55 at the center of the
sample, see Fig. 1�c�. The central part of the sample has an
inherent ordering temperature Tc,i which is well below the
Tc,i of the outermost layers. Thus, in analogy with the melt-
ing process of a solid, the magnetization of the GR− sample
can be viewed as “melting” from the inside. The layers that
undergo a melting represent the critical region of the sample:
the outermost magnetic layers which are probed in the sus-
ceptibility measurements are ferromagnetically coupled up to
higher temperature with respect to the inner ones. This
should give rise to broad response in the magnetic suscepti-
bility, as observed here. Theoretical models have been devel-
oped in order to solve problems of weakly magnetically
coupled trilayers with different critical temperature for each
magnetic layer.56,57 If the ordering temperature Tc of the
magnetic layers were well spaced, then one should see two
peaks in the magnetic susceptibility. In the present experi-
ments, the Tc of the magnetic layers are close to each others.
Thus, one can consider a continuum of peaks in the suscep-
tibility measurements. Such continuum may be represented
by wide temperature response as it happens in the case of the
sample GR−.

By using similar argument, the magnetization of the near-
surface region of the GR+ sample “melts” first, leaving the
inner part of the sample in a ferromagnetic state. This critical
region wanders into the sample, leaving the near-surface re-
gion in a paramagnetic state. As the susceptibility measure-
ments probe the outermost layers, the transition in the center
of the sample is not seen in the measurements of the GR+
sample. The considerations on the continuum peaks in the
susceptibility measurements cannot be taken into account in
such a case because the main contribution to the MOKE
signal is coming by the weakly magnetic top layer.

V. CONCLUSIONS

The influence of a distribution of inherent ordering tem-
peratures gives large and unexpected changes in the magne-

tization of coupled XY-layered magnets. When the outermost
layers in the finite stack have the lowest inherent ordering
temperature, the sample can be viewed as to melt from the
outside in. This corresponds to regular surface melting with a
wandering critical region. Unlike regular surface melting, the
position of the critical region depends on the temperature.
When the lowest inherent ordering temperature is in the cen-
ter of the sample, the sample can be viewed to melt from the
inside which yields significantly higher overall ordering tem-
perature. The observed changes in the spontaneous magneti-
zation with temperature is, in first approximation, close to
linear. This difference cannot be reproduced by simplistic
modeling of the magnetization.

The layer resolved magnetization of the superlattice with
constant thickness of the magnetic layers revealed faster de-
crease in the magnetization of the outermost layers. This
surface effect is a plausible reason for the abnormally high
exponent observed in the MOKE measurements, in which
the near-surface magnetization is predominantly probed. This
calls for a strong precaution in the interpretation of the ob-
tained exponents in magnetization measurements, indicating
a possible origin of the large exponent observed in layered
magnetic materials in the behavior of the near-surface mag-
netic properties different from the bulk one. This is clearly
seen in the abnormally high ��0.48, as compared to the
expected �0.34. On the other hand, one must take also into
account the change in J� both as function of temperature and
as function of the distance from the magnetic layer. If this is
taken into account, the resulting � becomes comprehensible.

These results give an insight in a possible origin of large
exponents observed in layered magnetic materials. Further-
more the results highlight the need of exploring the influence
on magnetic ordering of both the distribution in the inherent
ordering temperature and the finite extension.
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