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The element specific magnetization and ordering in trilayers consisting of 0.3 - 1.4 monolayer (ML)
thick Fe layers embedded in Pd(001) has been determined using x-ray resonant magnetic scattering.
The proximity to Fe induces a large moment in the Pd which extends ~ 2 nm from the interfaces.
The magnetization as a function of temperature is found to differ significantly for the Fe and Pd
sub-lattices: The Pd signal resembles the results obtained by magneto-optical techniques with an
apparent 3D to 2D transition in spatial dimensionality for Fe thickness below ~ 1 ML. In stark
contrast, the Fe data exhibits a 2D behavior. No ferromagnetic signal is obtained from Fe below
the 2D percolation limit in Fe coverage (~ 0.7 ML), while Pd shows a ferromagnetic response for
all samples. The results are attributed to the temperature dependence of the susceptibility of Pd
and a profound local anisotropy of sub-monolayered Fe.
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I. INTRODUCTION

The Curie temperature, T, is one of the defining pa-
rameters of a ferromagnetic material, marking the transi-
tion from the ordered ferromagnetic to a disordered para-
magnetic state. In general, this ferromagnetic to param-
agnetic transition is characterized by power laws which
describe the critical behavior of, for instance, the magne-
tization, close to T¢. For bulk systems these power laws
are universal and the value of the critical exponents (for
example () are determined by the spin (n) dimension-
ality and spatial (D) dimensions of the magnetic inter-
actions'. The spin dimensionality classes are commonly
referred to as Ising (n = 1), XY (n = 2) and Heisenberg
(n = 3). In bulk materials the transition temperature
is independent of volume and can be viewed as a mea-
sure of the mean exchange interaction which is uniform
throughout the material. However, in thin films the vol-
ume independence no longer holds as is evidenced by the
profound thickness dependence of the ordering temper-
ature. This thickness dependence is a consequence of
the different effective interactions within the outermost
layers as compared to the bulk like states®. The rela-
tive contribution of the interfaces can be altered through
the choice of the layer thickness which allows the Curie
temperature to be selected from anywhere between zero
and the bulk ordering temperature.”>" It is not only the
ordering temperature that changes with layer thickness.
A transition from 3D to 2D-like behavior is observed as
the layer thickness is reduced below a critical value (d.),
which in turn depends both on the choice of material and
its crystalline orientation’~'.

Calculations of the role of boundary effects in a free

standing magnetic film shows that the magnetization of
the outermost layers to be different to that found in the
center of the film”. Furthermore, simulations of the tem-
perature dependence of the intra-layer magnetic profile
shows a strong dependence on the range of the mag-
netic interactions®. As experimental probes determine
the volume averaged magnetization, its temperature de-
pendence only yields an effective exponent, 8°F whose
value will depend on the relative strength of the boundary
and bulk interactions. Boundary effects become signifi-
cant in the ultra-thin region and/or where the magnetic
interactions extend over several nearest neighbors. In the
limit that boundary effects are small and the interaction
range confined to nearest neighbors the exponents re-
semble the relevant universality class (i.e. 5 ~ 3).7 "
However, when the magnetic interactions are not uni-
form the scaling laws become inappropriate for determin-
ing the spatial or spin dimensionality and 3% can take
non-universal values which will depend on both the layer
thickness as well as other local boundary effects”.

To date, studies of the magnetic ordering in thin films
has concentrated on materials where the interaction be-
tween the magnetic layer and the substrate can be ig-
nored. However, in many layered magnetic systems
boundary effects cannot be neglected. A clear example is
where proximity effects induce magnetic moments at in-
terfaces. This is readily achieved in many non-magnetic
transition metals through indirect exchange coupling to
magnetic impurities The extension of non-uniform
magnetization is, therefore, not restricted to within the
ferromagnetic layer but is a more general interfacial phe-
nomenon. In layered heterostructures where the interface
acts as a large 2D defect, the induced magnetization can



be large and often extends several nanometers from the
magnetic layer' with the induced moment contributing
significantly to the total moment through the increase in
the effective magnetic layer thickness. The resulting mag-
netic system is therefore composed of spatially varying
magnetic interactions and likely to display non-universal
scaling properties.

The magnetization of Pd/Fe/Pd trilayers, in which
the Fe layers are in the monolayer range, are dominated
by the induced magnetization in Pd."”>"* This material
combination is therefore a good representative example
of a system with extreme interface effects and can be
viewed as a model system for addressing the effects of in-
terfacial ferromagnetic proximity on the magnetic order-
ing. Previous studies of the temperature dependence of
the magnetization, determined from measurements using
the Magneto-Optical Kerr Effect (MOKE), are consistent
with a cross-over in the spatial dimensionality (from 2D
to 3D) for Fe thicknesses in the range of 0.5 — 1.0 ML
These results are both unexpected and counterintuitive,
as a single monolayer can be viewed as the archetypal 2D
structure. The dimensionality crossover in Pd/Fe/Pd tri-
layers was rationalized by the presence of magnetic prox-
imity effects, effectively increasing the thickness of the
magnetic layer through the induced moment in the Pd
layers. This interpretation was supported by first prin-
ciple calculations'~, but no direct experimental evidence
was available on either the range of the induced magne-
tization or its effect on the magnetic excitations. Experi-
mental verification of the magnetic profile, as well as the
element specific changes in the magnetization is there-
fore of critical importance in understanding the effect of
Fe thickness on both the induced interface magnetization
profile and the ordering behavior. Here we exploit res-
onant synchrotron reflectivity to determine the element
specific magnetization and explore the underlying causes
of the observed changes in the temperature dependent
magnetization. We will show that the apparent dimen-
sional crossover observed from measurements of 5°% does
not reflect a change in the spatial dimensionality, but is,
instead, the result of the interplay between the tempera-
ture dependent susceptibility of the Pd and the effective
spin dimensionality of the Fe layers. These effects are
generic in materials with non-uniform magnetic interac-
tions and are important for understanding the interface
contribution to the temperature dependence of the mag-
netization in thin, interacting magnetic layers.

II. EXPERIMENTAL DETAILS

Epitaxial Pd(Fe) samples were grown on MgO(001)
substrates using ultra-high vacuum DC magnetron sput-
tering as described in reference’”. A 100 monolayer (ML)
thick Pd(001) layer was deposited onto a 10 ML V(001)
seed layer before the growth of a thin Fe layer (0.3, 0.5,
0.7, 1.1 and 1.4 ML). This deposition was followed by
the growth of a further 10 ML of Pd. The tempera-
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FIG. 1. (Color online). Simultaneously collected structural
reflectivity (top) and asymmetry ratio (bottom) from the
0.5 ML Fe sample recorded at the Pd L3z edge [4-ID-D, APS]
(points). Fits (line) are in excellent agreement with nominal
growth parameters and show an induced Pd magnetic profile
which decays on each side of the Fe interface to a distance of
~ 2 nm (inset).

ture dependence of the magnetization was determined
using MOKE in a longitudinal geometry. All samples
showed a ferromagnetic response with an isotropic in-
plane anisotropy and an ordering temperature which
scaled linearly with the amount of Fe. These measure-
ments reveal effective critical exponents consistent with
an apparent 2D to 3D cross-over in the spatial dimen-
sionality of the magnetic phase transition occurring for
Fe thicknesses between 0.4 and 0.9 ML which is in agree-
ment with previous findings

The element specific measurements of the magnetiza-
tion were obtained using resonant magnetic scattering
(XRMS) which has a high reciprocal space resolution al-
lowing for depth resolved studies through an appropriate
choice of energy and scattering configuration ”. The ex-
periments were performed on beamlines X13A'° at the
National Synchrotron Light Source, XMaS at the Euro-
pean Synchrotron Radiation Facility " and 4-ID-D at the
Advanced Photon Source'®. We measured the scattered
intensity for left (1) and right (I%) circularly polarized
photons for x-ray energies tuned near the L3 edge of Fe
and Pd. Structural information is contained within the
sum (I7+I7), and the magnetic information in the asym-
metry ratio, AR = (I* — I®)/(I¥ + I!). The XRMS sig-
nal measured in the geometry used here is sensitive to the
in-plane ferromagnetic moment that lies in the scattering
plane

III. RESULTS AND DISCUSSION

The specular reflectivity (sum) and AR (asymmetry
ratio) determined at the Pd Lz edge from the 0.5 ML
Fe sample at 10 K are displayed in fig. 1. Similar re-
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FIG. 2. (Color online). Element specific hysteresis loops ob-
tained from the 1.4 ML Fe sample at different values of T'/Tc.
Fe (left) and Pd (right) experimental data (points) are fitted
to a pair of arctan functions (line). Both elements show a
ferro- to paramagnetic transition at Tc.

flectivity data were recorded for all samples at the Pd
edge. Simultaneous fitting of the sum and the AR data
(fig. 1), using the GenX code”"** yields both the struc-
tural and magnetic profiles, with the later shown in the
inset of fig. 1. The magnetic profile is plotted in terms
of the magnetic scattering length, F;, X rg, where F},, is
the magnetic scattering factor, a complex number whose
magnitude is proportional to the Pd moment per atom
ugd, and 7o the classical electron radius. As F,, is a fit-
ting parameter in our approach, we can only determine
relative changes in Pd magnetization rather than the ab-
solute value of the Pd moment”’. Similar spectra were
obtained for all the samples at 10 K and a more detailed
description of these, and the results obtained at the Fe L3
edge will be given in ref.”*. The fitted layer parameters
were in excellent agreement with the nominal structure
and the best-ft magnetic profile of the induced Pd mo-
ment is shown in the inset of fig. 1. At this temperature,
the induced Pd moment is found to extend about 2 nm
from each side of the interface, in line with our previous
theoretical analysis ~. The sharp dip in the center of the
profile corresponds to the position of the Fe layer, which,
due to the element specific nature of the resonant scat-
tering, does not contribute to the Pd signal. The small
asymmetry in the magnetization profile, of the order of
a few A, is close to the spatial resolution of the reflectiv-
ity probe dictated by the maximum momentum transfer,
(max- Hence, this asymmetry could be artificial resulting
from the limitations of the fitting algorithm. Alterna-
tively, it may be due to different topological roughness
on either side of the Fe. However, as the fitted widths
of the Pd/Fe and Fe/Pd interfaces are both of the order
of 2 A, the latter explanation is less likely. Any effects
due to structural imperfections associated with the Fe
deposition on the magnetic profile are effectively aver-

FIG. 3. (Color online). Normalized magnetization of the Fe
(squares) and Pd (circles) sub-lattices for the 1.4 ML Fe sam-
ple as a function of T//Tc. The best fit to an effective critical
exponent is shown by solid lines with the low temperature
behavior parameterized by a polynomial (broken line). Inset:
Ratio of the two fitted curves shows a linear dependence with
normalized temperature over the range 0.2 < T'/T¢ < 0.8.

aged spatially by the induced magnetization within the
Pd layer. The field dependence of the asymmetry ratio
was extracted at a scattering position where the AR was
large. This approach yielded element specific hysteresis
loops exemplified in fig. 2 for the 1.4 ML sample. For this
sample, the data recorded at both the Pd and Fe edges
exhibit a clear, square ferromagnetic response below T¢.
Above T¢, the loops show the classic Langevin param-
agnetic shape and the expected collapse of the coercivity
to zero.

The hysteresis loops were corrected for the coercive
field of the electromagnet and fitted to a pair of arc-
tan functions to facilitate the data reduction. Due to
the low coercivity at elevated temperatures, the fitted
signal in a field of 0.2 mT was chosen as representa-
tive for the spontaneous magnetization. The normal-
ized (M(T)/M(T =0)) temperature dependence of the
spontaneous magnetization is displayed in fig. 3 for the
1.4 ML Fe sample. The larger coercive field observed at
the lowest temperature at the Pd edge is an artifact due
to the room-temperature correction terms underestimat-

Nominal Fe Thickness (ML) Ordering Temperature (K)

0.3 62
0.5 96
0.7 126
1.1 148
14 257

TABLE 1. Ordering temperature (+1 K) determined from
the temperature dependence of the remanent magnetization
recorded at the Pd L3 edge.
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FIG. 4. (Color online). Power-law scaling behavior of the two
magnetic sub-lattices as a function of reduced temperature
plotted on base 10 logarithmic axes (left) with data offset for
clarity. Effective scaling exponents as a function of nominal
Fe thickness (right). The Pd exponents (circles) closely follow
the exponents determined using MOKE (broken line). The Fe
exponents (squares) could only be measured for samples with
an Fe thickness >1 ML.

ing the reversal of the electromagnet when it was cold,
which is exacerbated in the experimental configuration
used at the Pd edge. From this hysteresis data it is possi-
ble to extract the element specific ordering temperatures,
which were, within experimental uncertainties, the same
at both edges. The value of T was determined as the
point on inflection in the normalized temperature depen-
dence that also resulted in the maximum range of linear
scaling (fig. 4). The values of T¢ determined using the
Pd data as a function of the Fe layer thickness are shown
in table I. The ordering temperature varies linearly with
the amount of Fe in agreement with our previous studies.
However, the 1.1 ML sample has an ordering temperature
that implies an Fe thickness closer to 0.8 ML.

It is also clear from fig. 3 that the magnetization orig-
inating from the Fe and Pd sites are profoundly dif-
ferent: The magnetization of the Pd decreases much
more rapidly at low temperatures, while the contribution
from Fe appears to be sustained for longer and dimin-
ishes more quickly in the vicinity of T¢. These changes
can be captured by fitting the results using the relation
M(H = 0.2 mT,T) < —tP where t = T/Tc —1. When
using a field, albeit small, the signal in the immediate
vicinity of the transition temperature is affected’. The
fits to the magnetization were therefore performed over
the temperature range 0.5 T to 0.98 T, capturing the
changes in the magnetization of different elemental sites
and allowing a direct comparison to the established ef-
fective exponents.

As seen in fig. 4, clear power-law behavior was observed
for both the Fe and Pd magnetic sub-lattices. The tem-
perature dependence of the magnetization of Fe and Pd is
remarkably different, as can be seen from both the plot-

S
o)
IS
14
e
s
Q
S
S
>
(%]
<
680 700 720 740 760
Energy (eV)

FIG. 5. (Color online). Energy dependence of the asymmetry
ratio (A.R.) determined by reversing the helicity in applied
fields of +£8 mT across the Fe L3 and Ly edges for the 0.5
(points) and 0.7 ML (line) samples at 30 K. Inset: Field de-
pendence of AR as a function of temperature for the 0.7 ML
sample.

ted temperature dependence (fig. 3) and the obtained
effective exponents (fig. 4). The element specific expo-
nents of Pd closely track those derived from the previous
MOKE analysis', especially if the anomalous 1.1 ML
sample is replotted with its correct thickness of 0.8 ML,
and are consistent with an apparent cross-over of the spa-
tial dimensionality of the induced Pd moment occurring
for Fe thicknesses in the range 0.4 to 0.9 ML. However,
as seen in fig. 4, Bg for the Fe sub-lattices differ sig-
nificantly, reflecting the large differences seen in fig. 3.
As the origin of magnetism in these samples arises from
the Fe d-layers, the observation of different temperature
dependences from the two elements runs counter to our
simple understanding of strongly interacting sub-lattices.
To understand these differences, we need to address the
interaction between the Fe and Pd layers and the conse-
quences these interactions have on the observed magne-
tization. The Pd contribution to the magnetization can
be obtained using the simple phenomenological model

Mpq x xpda(T)Mre, (1)

where xpq (T) is the temperature dependent susceptibil-
ity of Pd and Mg, is the magnetization of Fe. xpq(T) is
therefore proportional to the ratio of the measured M (T)
of Pd and Fe and is shown in the inset of fig. 3. As the
electronic structure of elemental Pd is close to the fer-
romagnetic instability with a Stoner criteria of S ~9.4

one would expect that the extent of any induced polar-
ization would be large™", in line with our experimental
observations. xpq (T) shows a linear dependence with
temperature, over the range 0.2 < T/T¢ < 0.8, in agree-
ment with bulk measurements ‘. The temperature de-
pendence of the induced Pd moment can therefore be es-

timated using Mpq < —xpa (T) tef . For the thickest Fe



layer, the combination of a linear x(7") and a 2D-XY be-
havior of the Fe results in a magnetization which can eas-
ily be mistaken as belonging to one of the 3D classes. A
similar effect is observed for the nominal 1.1 ML sample.
The measured changes in the magnetization of Pd can
be reproduced by combining the same xpq(T) with the
measured temperature dependence of the Fe sub-lattice.
The decrease in the effective exponent with decreasing
amount of Fe are consistent with an increasing anisotropy
within the Fe layer~® which becomes more pronounced for
Fe thickness in the sub-monolayer range. Similar obser-
vations have been made for MLs of Fe on Au

The Pd data, as well as the MOKE results'“, clearly
show that all samples possess a long-range ferromagnetic
order, with a well behaved order-disorder transition at
Tc. However, a transition temperature was not observed
at the Fe edge for all samples. For Fe thicknesses of 0.5
and 0.7 ML the Fe signals no longer resemble that ex-
pected from a simple in-plane ferromagnet. The 0.7 ML
sample shows a clear resonance at the Fe L, and Lg
edges in both the XRMS and magnetic circular dichro-
ism (XMCD) spectra when measured in +8 mT fields
(fig. 5). However, as shown in the inset of fig. 5 there
is no remanent magnetic signal at any temperature with
the hysteresis loops showing a paramagnetic like response
with zero coercivity. Furthermore, when the thickness of
the Fe layer is 0.5 ML and below, a further change in
the Fe behavior was observed: Whilst a clear absorption
spectrum (XAS) peak was seen at the Fe Ly 3 edges no
magnetic response was found in the asymmetry ratio or
XMCD up to the maximum applied fields that could be
obtained (£10 mT).

The lack of magnetic signal from Fe could have two
origins: Either the interactions between Fe atoms are fa-
voring a non-collinear ordering, or the susceptibility of
possible Fe regions is too low to be affected by the ap-
plied field. The paramagnetic like response seen in the
0.7 ML sample favors a non-collinear explanation. One
possible non-collinear spin arrangement is a reorienta-
tion of the Fe moment to an out-of-plane easy axis which
would not give rise to an XMCD or XRMS signal. Such
perpendicular anisotropy (PMA) has been observed in
ultra thin, uncapped Pd/Fe bilayers’ but is normally
associated with thicker Fe films grown at low tempera-
ture’ . For Pd capped Fe films deposited at 300 K no
PMA has been observed and the easy axis remains con-
fined in the plane ””>°". We thus conclude that PMA is
an unlikely source of the non-collinear arrangement and
an alternative explanation is required.

When the Fe thickness is below a monolayer the Fe mo-
ment is dictated by the local atomic arrangement which
could favor an in-plane non-collinear arrangement. Be-
low the percolation limit (~ 0.7 ML), the anisotropy of
the Fe atoms can be dictated by edge anisotropies, with
arbitrary easy axis directions. This anisotropy introduces
competing interactions between the randomly placed Fe
neighbors™ (or platelets of Fe) resulting in the Fe atoms
behaving as n = 1 spins. Thus, the results are con-

sistent with the Fe atoms having a moment, albeit not
exhibiting long range ferromagnetic order. This interpre-
tation requires non-collinear alignment between some of
the Fe and Pd atoms, which may be antiferromagnetic
(AF) as has been observed in dilute alloys and should,
in principle, be verifiable. If the alignment is caused by
AF coupling between the elements, eqn. 1 would remain
valid and the ordering temperature would scale with the
amount of Fe, which is in line with both current and pre-
vious findings “. The randomly orientated Fe is therefore
argued to induce a local moment in the continuous Pd
layer, which retains its ferromagnetic order through di-
rect Pd-Pd interactions. In such a case, the resulting
temperature dependence of the magnetization of Pd re-
flects the source magnetization of the Fe which has a
strong crystalline anisotropy (n=1) but an unclear spa-
tial dimension. Whilst it is tempting to interpret a value
of g ~ 0.23 as showing 2D — XY behavior due to its
proximity to the n = 2, D = 2 critical value of 3, it is
important to recall that g # § in this system with
strong boundary effects. Thus, although the magnetic
excitations existing within the Pd layer are certainly two
dimensional, i.e. D = 2, it is not appropriate to ascribe
any particular value of n to the Pd.

IV. CONCLUSIONS

The apparent change in spatial dimensionality of the
magnetic transition seen in Pd/Fe/Pd trilayers is con-
cluded to be caused by a combination of the temperature
dependence of the susceptibility of the Pd layers and the
coverage dependence of the local magnetic anisotropy of
the ultra-thin Fe layers. Due to the large moment car-
ried by the Pd sub-lattice, non-element specific magnetic
measurements result in an effective exponent which ap-
pears to be 3D above ~ 1 ML Fe. Therefore the effective
exponents reflect the interplay between the temperature
dependence of the Fe-source magnetization and the tem-
perature dependence of the Pd-susceptibility, xpa(T). As
the Fe thickness decreases the relative importance of the
local magnetic anisotropy increases and the spin dimen-
sionality of the Fe is effectively reduced. This gives rise to
disordered magnetization within the source layer which
has an effective spin dimensionality of one (Ising like).

These results are unexpected, exposing our rudimen-
tary understanding of the nature of proximity induced
magnetization in heterostructures. Boundaries will al-
ways give rise to changes in the effective coupling re-
sulting in inhomogeneous magnetization at finite tem-
peratures. Their effects can arise from direct interac-
tions with adjacent materials (as demonstrated herein),
be associated with a cut-off in the range of the mag-
netic interactions® or be a complex mixture of the two.
To fully capture these effects, which underpin much of
current spintronics research, calls for both static and dy-
namic calculations of the magnetic moments and their
interactions to be performed. Currently, there are no



analytical solutions available for describing the changes
in the induced magnetization with temperature in tech-
nologically relevant thin film heterostructures; with re-
sults from computational models at fixed temperature
only in their infancy’’. Finally, we have shown that if
the spatially integrated induced moment in a material
contributes significantly to the total magnetization of a
sample, measurements of M (7T") may yield exponents for
the overall magnetic phase transition that can be mis-
interpreted. These effects are generic and important for
understanding the magnetization in layers which are typ-
ically found in many spintronic devices.
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