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The role of the capping material in stabilizing a thin ferromagnetic layer at the interface between a
FeRh film and cap in the nominally antiferromagnetic phase at room temperature was studied by
x-ray magnetic circular dichroism in photoemission electron microscopy and polarized neutron
reflectivity. These techniques were used to determine the presence or absence of interfacial
ferromagnetism (FM) in films capped with different oxides and metals. Chemically stable oxide caps
do not generate any interfacial FM while the effect of metallic caps depends on the element, showing
that interfacial FM is due to metallic interdiffusion and the formation of a ternary alloy with a
modified antiferromagnetic to ferromagnetic transition temperature. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4862961]

INTRODUCTION

Equiatomic FeRh was discovered in 1939 by Fallot
et al. to undergo an unusual magnetic phase transition' later
identified as a first order antiferromagnetic (AF) to ferromag-
netic (FM) transition.>> The existence of this transition just
above room temperature (RT)—near 350 K—makes FeRh a
unique model system, which is still of significant interest in
the physics and materials science community.*~ It has been
proposed as a candidate material for heat-assisted magnetic
recording (HAMR), where it would be coupled to ferromag-
netic layers,'®'? as well as for magnetocaloric cooling. In
most of the thin-film studies, both fundamental and applied,
FeRh is capped with a thin film layer to protect against oxi-
dation, commonly a noble metal (Au, Pt) or a light self-
passivating metal such as Al. This is especially important for
magnetic and structural studies based on surface-sensitive
probes. However, a series of recent studies have shown that
substrate and capping materials can induce interfacial effects
where the magnetic properties of the FeRh film are modified
near the interface with the capping layer as well as the
substrate.'>~'® Specifically, a thin FM layer can be stabilized
at temperatures where the stable phase in the bulk is AF,
which we will refer to in this work as interfacial FM. These
interfacial effects are directly relevant to the successful inte-
gration of FeRh in HAMR technology.

Interfacial ferromagnetism at RT has been previously
observed by total electron yield x-ray magnetic circular
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dichroism (XMCD) in FeRh thin films capped with MgO
and Au by Ding er al.'® and by magnetic depth profile mod-
eling of polarized neutron reflectometry (PNR) results in
FeRh capped with MgO by Fan et al.'* Both studies con-
firmed the presence of interfacial FM near the top interface,
but with a highly reduced magnetic signal compared to that
of a fully FM film at 400 K. The interfacial FM was attrib-
uted to a combination of the effect of strain and Fe defi-
ciency causing a mixed state of FeRh CsCl (FM) and
Rh-rich fcc (PM) phases with reduced moment and a low-
ered AF-FM transition temperature 7, compared to the single
FeRh CsCl phase. For the film capped with MgO, an
extremely weak interfacial moment of 0.02 ug/atom (com-
pared to 1.56 pg/atom for FM film at 400 K) is estimated.

Our group recently reported on interfacial FM observed
at RT with XMCD-photoemission electron microscopy
(PEEM) on FeRh films capped with Al; these films are nomi-
nally AF at RT according to magnetometry characteriza-
tion.'”” The interface with the FeRh native oxide of an
uncapped film was by contrast found in our previous work to
be non-magnetic.

Finally, Loving er al.'® used diffusion from an Au cap-
ping layer to tune 7|, of FeRh thin films, showing that a struc-
ture with a magnetization gradient as a function of depth can
be created. In particular, they found interfacial FM in films
where the FeRh and Au had been deposited at high tempera-
ture, thereby allowing interdiffusion between the two.

These previous works point to effects coming from a
combination of strain, Fe deficiency, and chemical diffusion
from the cap but the variety of systems studied and experi-
mental techniques used renders the interpretation difficult. A

© 2014 AIP Publishing LLC
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systematic study of the effect of different materials is
required to elucidate the role of chemical diffusion and is the
focus of this paper.

As background, T has been shown to be sensitive to
small changes in at. % Rh composition as indicated in the
reported phase diagrams for the Fe-Rh system'”'® con-
structed from data on bulk samples. The effect of the compo-
sition on T, (here defined as the average of Tarpv and
Trm-ar) has been reported in thin films as well.'?0 In partic-
ular, we have observed a significant reduction of 10K per
1 at. % Rh composition change (C. Baldasseroni, C. Bordel,
F. Hellman 2013) (from 397K at 48.5 at. % Rh to 367K at
51.5 at. % Rh). For lower Rh concentration, we found that
alloys with composition <47.5 at. % Rh are FM from 300K
to 10K, in good agreement with the existing phase diagrams
indicating that the AF phase exists only over a small composi-
tion range near equiatomic. Deviations from equiatomic com-
position of a few at. % can thus significantly lower T, or even
stabilize the FM phase over the entire temperature range.

Doping with small amounts (1 to 10 at. %) of ternary
metallic elements also affects this sensitive system.”' >
Some elements such as Ni, Pd and Al, lower T, while others
such as Ir and Pt raise it. An overview of the effects due to
doping with different metals can be found in the recent work
of Barua ef al.*®

An increased T, (near S00K for 5 to 10 at.% Pt)
improves the suitability of FeRh for magnetic recording."'~
In addition, the likely high anisotropy FM media that FeRh
would be coupled to is FePt, and therefore understanding the
effect of Pt diffusion on interfacial FeRh is crucial.***7®
This doping effect is expected if Pt or another metallic cap-
ping element diffuses into the FeRh film, thereby modifying
the transition temperature T of the interfacial layer.

In this work, we use a surface sensitive magnetic spec-
tromicroscopy technique to directly probe the magnetic
structure in the region near the interface with different cap-
ping layers and polarized neutron reflectivity to characterize
the magnetic profile of the different samples as a function of
depth to understand the origin of the interfacial effects. In an
effort to focus on the chemical effects such as species segre-
gation and diffusion at the interface, we systematically stud-
ied 5 different capping materials. Due to the differences in
cap material, growth modes, and small variations in cap
thicknesses, a constant strain state is not guaranteed between
the different samples. Nevertheless, attempts were made at
minimizing differences in strain state by keeping the thick-
ness of the cap small (1.8 to 2.5nm) compared to the thick-
ness of the FeRh layer of ~100nm and depositing all caps at
RT to eliminate differential thermal expansion between the
two layers. All films were grown at the same temperature
and on the same type of substrate.

The 5 different caps studied were: Al, Pt and Ag, FeRh
native oxide, and alumina. The effect of alumina caps with
two different thicknesses (1.8 and 2.5 nm) was also studied
to look for a strain effect. XMCD-PEEM was used system-
atically on all 5 different caps to probe the magnetism at the
interface between the FeRh and the cap. PNR was used as a
complementary technique to get depth resolution for two of
the films capped with metallic layers (Al and Ag).

J. Appl. Phys. 115, 043919 (2014)
EXPERIMENTAL METHODS

Thin films of FeRh (001) with ~100 nm thickness were
grown by magnetron sputtering from a FeRh alloy target
onto (001) MgO substrates. The base pressure in the chamber
was 8 x 10~® Torr. The growth was performed at a substrate
temperature of 873 K, using a DC power of 40 W, and an ar-
gon pressure of 2 mTorr. The growth rate measured by a
quartz crystal microbalance was 0.04 nm/s. The films were
subsequently given one of the following treatments: (1) left
uncapped to allow the formation of a native oxide with a
thickness estimated by hard x-ray photoemission spectros-
copy measurements to be less than 2nm, (2) capped in-situ
(without breaking high vacuum) with 1.8 nm or 2.5nm of
alumina by reactive sputtering from an Al target, or with
1.8 nm of sputtered Pt, (3) capped ex-situ (after exposure to
atmosphere) with 2.5nm of sputtered Al or with 2.5nm of
sputtered Ag. Note that all capping depositions were done at
RT to minimize interdiffusion between the FeRh film and
the capping layer and to eliminate differences in strain
induced by differential thermal contraction of cap and FeRh.
The films capped without breaking high vacuum were
allowed to cool to RT (2 h minimum) before subsequent dep-
osition, therefore resulting in a similar potential exposure to
water and other oxidants as the films capped after exposure
to atmosphere (a monolayer of adsorbed gas molecules is
formed on the surface of the FeRh film in less than 30s at
8 x 1078 Torr). Hence, in this work, we do not distinguish
between capped ex-situ and in-situ. The thickness of the de-
posited caps was controlled based on the calibrated rate of
deposition of each material (thickness of calibration films
measured by profilometry).

The magnetic phase transition of all samples was meas-
ured by SQUID magnetometry. Figure 1 shows the tempera-
ture dependence of the magnetization (normalized between 0
and 1) of the 5 different samples in an applied field of 5T.
By correcting for the effect of the applied magnetic field on
the transition temperature (—8 K/T, determined experimen-
tally on an uncapped FeRh film grown under the same condi-
tions), we find that all 5 samples are fully AF below 340K
and fully FM above 410K in zero applied magnetic field.
The spread in transition temperature observed between the 5
different samples is attributed to the extreme sensitivity of
Ty on factors such as small changes in Fe composition.
Indeed, a measured composition shift of 2 at. % between dif-
ferent samples is due to the drift in sputter target composi-
tion over time because of non-equal sputtering yields
between Fe and Rh species. T, follows the expected trend of
decreasing with increasing Rh concentration. Note that
SQUID magnetometry measurements of M(H) at 300K
show a small non-zero magnetization indicative of a residual
FM component in all films. A saturation magnetization of 80
to 100 emu/cc is measured at 300K, 7 to 10% of the fully
FM state at 400K (not shown). Since SQUID magnetometry
is not a local technique, we cannot determine whether this
contribution is distributed through the film, originates from
either the top or bottom interface, or if it is a combination of
both. A surface sensitive or depth sensitive technique is nec-
essary to distinguish between these.
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FIG. 1. Temperature-dependent magnetization of FeRh films with different
caps showing the hysteretic transition from AF (near zero magnetization) to
FM phase. The transition was measured in an external field of 5T and the
temperature axis has been corrected to reflect the transition in no external
field since that is what is measured in both PEEM and PNR. Note that all
films are fully FM above 410K and fully AF below 340K. M is normalized
by its high T, fully FM value to account for small differences in composi-
tion. Different line types are used to distinguish the different samples and
red/blue colors are used to distinguish the heating/cooling curves.

Table I summarizes the structural and chemical informa-
tion of the different FeRh/cap systems. The structural and
chemical ordering quality of each film was checked by x-ray
diffractometry and showed small deviation in the mosaicity
and coherence length between the different films with re-
spective average values of 0.34 =0.02° and 35 = 1 nm, as
well as similar lattice parameters indicating a cubic structure
with negligible tetragonal strain within our measurement ac-
curacy (+0.3%). The chemical order parameter S, defined as
the corrected ratio of 001 to 002 Bragg peaks integrated

intensities S = \/1001/1002”[} / \/1001/10026010, determined on
separate uncapped FeRh films grown under the same condi-
tion is S =0.88 = 0.03 (average of 3 films in the composition
range 49 to 51.4 at. % Rh). The calculated theoretical inten-
sities include corrections for the structure factor, the polar-
ization factor, the Lorentz factor, the absorption factor, and
the temperature factor (see Refs. 29 and 30). The film and
cap thicknesses and the roughness of the interface were
determined by x-ray reflectivity. The Al and alumina caps
are thicker than nominal thickness based on Al deposition
rate due to the oxidation of the Al. The interface roughness

TABLE I. Summary of films and caps structural and chemical parameters.

J. Appl. Phys. 115, 043919 (2014)

of the films is similar for all samples (1-4nm), in good
agreement with the topography of uncapped FeRh films
measured by atomic force microscopy which shows rms
roughness of ~5nm. Note that the reflectivity model does
not distinguish between a topographically rough interface
and a chemically diffuse interface, and therefore both could
contribute to the measured roughness. An accurate value of
the roughness of the interface and cap thickness could not be
determined from the x-ray reflectivity model fit for the FeRh
film capped with Pt (non-detectable oscillations possibly due
to a non-uniform Pt film or Pt islands), so the cap thickness
value reported in Table I is the nominal deposition thickness.
The composition of the FeRh films was measured by
Rutherford backscattering spectrometry.

XMCD in PEEM is a surface-sensitive magnetic micros-
copy technique suitable for the study of interfacial magnetic
phenomena in buried layers due to its element selectivity and
the penetration of the x-ray photons. The probing depth is
the distance at which the recorded intensity decreases by a
factor of e and is typically around 5 nm in metallic samples.
The intensity from a buried layer signal decreases exponen-
tially with thickness but can be measured by increasing the
integration time. In the samples studied here, all sample-cap
interface regions were within the probing depth.

XMCD-PEEM imaging was performed at HZB beam-
line UE49-PGM-a-SPEEM, which is equipped with an
Elmitec PEEM III microscope, at the Fe L3 edge (705.6eV),
using low-energy secondary electrons with a spatial resolu-
tion of ~30nm. Magnetic contrast images were computed as
described in Ref. 15 by plotting the XMCD asymmetry from
left and right circularly polarized radiation at the Fe L3 edge.
XMCD asymmetry is proportional to the projection of the
magnetization along the propagation direction of the incom-
ing x-ray beam. Saturated blue (red) in the selected color
scale highlights magnetic domains with a projection of the
magnetization aligned parallel (antiparallel) to the propaga-
tion direction of the photons. The color gradient indicates a
lower magnetization or a rotation of the local magnetization
direction away from the x-ray beam direction. No external
magnetic field was applied during the measurement. Images
were recorded in the initial RT state (nominally AF), then in
the fully FM phase between 400K and 420K and finally at
RT again to check the stability of the initial interfacial
phase.

PNR was performed on the MAGIK reflectometer at the
NIST Center for Neutron Research as a function of tempera-
ture in order to fully characterize the depth-dependence of
the magnetization.>' Spin-polarized neutrons were specularly

Nominal cap Rh Coherence Cap-film
Sample No. thickness composition c a c/a length Mosaicity  Film thickness Cap interface
and cap (nm) (%) (nm) (nm) (%) (nm) (deg) (nm) thickness (nm)  roughness (nm)
S11-090 no cap N/A 50.4 0.2988 0.2990 99.9 34 0.33 95 N/A N/A
S11-090 Al 2.5 50.4 0.2988  0.2990  99.9 34 0.33 95 5.6 1.5
S12-011 Pt 1.8 51.2 0.2982  0.2992 99.7 36 0.32 110 1.8 N/A
S12-054 alumina 2.5 515 0.2983  0.2990 99.8 34 0.38 97 7.5 38
S13-008 Ag 2.5 52.5 - - - - - 103 7.3 4.3
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reflected from the sample in an applied field of 0.68 T at
450K in the nominally FM phase and 300 K in the nominally
AF phase. At each temperature, all four cross sections (non-
spin flip and spin flip) were measured as a function of wave
vector Q. Beam footprint and polarization efficiency correc-
tions were applied to the raw data. No features were
observed in the spin flip cross sections, confirming that all
the magnetizations are in the plane of the film, parallel to
the applied field. The resultant non-spin flip cross sections
(—— and ++) at both temperatures were fit to a model for
the chemical and magnetic scattering length density (SLD)
depth profiles for the stack MgO/FeRh/cap in order to isolate
the magnetization near the bottom and top interfaces of the
FeRh film at RT. Thickness and roughness values from the
x-ray reflectivity data summarized in Table I were used as
initial values for the PNR fit. The FeRh layer was divided
into 3 layers with different magnetic SLDs and the model
was then fit to the experimental data using the refllD PNR
software.>” The data at different temperatures were fit simul-
taneously, with the chemical SLDs, layer thicknesses, and
interface roughnesses kept constant between the two temper-
atures and only the magnetic SLDs allowed to vary.

RESULTS

Figure 2 shows images of the XMCD asymmetry corre-
sponding to the interfacial FeRh phase at different tempera-
tures for the FeRh thin film capped with Al. Similar to other
studies with a Au capping layer,'*'® we find that the Al cap
induces a RT FM interfacial layer that is stable to thermal
cycling. The interfacial FM at RT (Fig. 2(a)) has a reduced
contrast compared to the fully FM phase above T,
(Fig. 2(b)), but is clearly visible.

Changes in XMCD-PEEM magnetic contrast can gener-
ally be attributed to 3 separate factors: the magnitude of the
Fe moments, the fraction of Fe atoms within the probing
depth that carry a FM moment, and the direction of the Fe
moments. It is unlikely that the direction of the Fe moments
plays a role in reducing the signal, since these films are
unstrained and there is no reason for the moment of the FM
layer to point substantially out of the plane. Metallic doping
by a non-magnetic element has been shown to reduce the Fe
magnetic moment in FeRh'®?'"2* and is the most likely fac-
tor. The observed reduced magnetic signal of the RT interfa-
cial FM compared to the fully FM phase can also be the
result of a thin FM layer compared to the probing depth of

Initial state — 300 K

Above 410 K (FM)

J. Appl. Phys. 115, 043919 (2014)

ca. 5nm, or a combination of these two factors. We used
PNR to separate these two factors and determine the thick-
ness of the interfacial FM layer giving rise to this signal and
the magnitude of the magnetic moment carried in this layer.

Figures 3(a) and 3(b) show the resultant non-spin flip
cross sections (—— and ++) at both temperatures and Figs.
3(c) and 3(d) show the corresponding structural and mag-
netic layer models of the stack MgO/FeRh/Al fit to the
reflectivity data.

Our structural and magnetic layers model is in excellent
agreement with the high temperature PNR experimental
data. The magnetic moment per FeRh atom of the fully FM
layer in this model is 1.61 ug, in good agreement with the
saturation magnetization of 1.77 yug measured by magnetom-
etry. The model is also in good agreement with the RT data.
It requires the presence of a non-negligible magnetic layer at
the interface between the FeRh layer and the Al cap at room
temperature. The interfacial magnetic layer is modeled to
have a thickness of 7nm with a magnetic SLD of
0.50 x 107° 10\_2, which corresponds to a magnetic moment
of 0.23 up; this reduced moment deduced from PNR is con-
sistent with the reduced asymmetry of the RT XMCD-PEEM
image (£0.05) of this sample compared to the asymmetry at
400 K (*0.15).

In addition, the PNR reveals that there is a magnetic
layer at the MgO/FeRh substrate interface as shown by the
magnetic SLD in Fig. 3(d) and in good agreement with pre-
vious observations in Ref. 14. This magnetic layer can be
attributed to a Rh-rich layer near the bottom interface as sug-
gested in Ref. 16. Indeed, both the x-ray reflectivity and
PNR fits are improved by inclusion of this Rh-rich bottom
layer. For the PNR fits, this is shown in the small dip in the
structural profiles near the substrate and the cap in Figs. 3(c)
and 3(d). Near the substrate, we speculate that this variation
in the FeRh composition with depth is due to Fe deficiency
because of Fe diffusion into the MgO substrate. Interfacial
diffusion between Fe and MgO has been reported in studies
related to magnetic tunnel junctions with formation of an
inter-diffused (Mg,Fe)O layer at the interface after annealing
to temperatures above 450 °C.>*** Our films are deposited at
600 °C and a similar effect would result in Fe depletion in
the bottom layer, therefore increasing the Rh concentration
locally. As discussed in the introduction, an increase in Rh
concentration lowers Ty and can lead to the stabilization of
the FM phase at RT. At the upper interface, near the cap, ei-
ther Rh enrichment in FeRh due to Fe diffusion into the Al

Below 320 K (AF)

0.15 FIG. 2. XMCD-PEEM asymmetry
0.10 images of FeRh thin film capped with

Al at (a) the initial room temperature
0.05 state, (b) above 410K in the fully FM

phase, (c) cooled back below 320K in
the nominally AF phase. The interfa-
-0.05 cial FM layer is stable to temperature
cycling. The labels (FM) and (AF)
indicate the nominal phase according
to bulk magnetization measurements.
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cap or Al diffusion into and consequent doping of FeRh can
account for the reduction in SLD and the stabilization of a
FM layer.

Note that the magnetic moment of 0.23 ug, found at the
interface with the Al cap, is an order of magnitude larger
than the interfacial FM reported by Fan et al. of 0.02 ug for a
FeRh film capped with the oxide MgO,'* indicating that the
effect of Al on the interfacial FM is stronger than that of an
MgO cap.

In order to further compare the effect of an oxide to
that of Al, a FeRh film capped with alumina was studied.
Figure 4 shows the magnetic contrast images of the FeRh
film capped with alumina. A surprising behavior is observed:
interfacial FM is seen initially at RT and disappears after the
first heating-cooling cycle and subsequent temperature
cycles. The FeRh film capped with a thinner alumina layer
(nominal 1.8 nm compared to 2.5 nm) shows the same behav-
ior. X-ray photoemission spectroscopy (XPS) of the sample
performed in the PEEM microscope chamber reveals that the
alumina cap is initially not chemically homogeneous: it con-
tains oxidized and metallic aluminum atoms. The initial FM
interface is attributed to the presence of some metallic Al at
the interface, which upon small heating reacts with and is
incorporated into the alumina cap.

Initial state — 300 K

Above 410 K (FM)

Below 320 K (AF)

To confirm our explanation of the alumina cap, we turn
to x-ray photoemission spectroscopy (XPS), specifically a
detailed analysis of the XPS Al, Fe, and Rh peaks, before
and after heating this alumina capped sample. A systematic
XPS study is beyond the scope of the present work.
Figure 5(a) shows the Al 2p XPS peaks measured before and
after heating. A strong presence of metallic Al is seen before
heating as indicated by the double peak structure that has
been fit with two components. A rough estimate gives that
only 50% of the layer is initially oxidized. After heating,
only one chemical state is observed in Al 2p XPS peak
within our resolution limit, associated with alumina. Each
spectrum was calibrated using the C 1s peak but a small re-
sidual energy shift is seen between the two spectra, due to a
different band alignment as confirmed by the binding energy
of the O 1s peak (not shown). The small feature seen in both
spectra at higher binding energy corresponds to the Rh 4s
XPS peak. Further comparison of the XPS spectra before
and after heating shows that the Fe and Rh elemental peaks
have a reduced amplitude after heating (Figures 5(b) and
5(c)), indicating that the thickness of the capping layer is
increasing, in good agreement with the formation of more
oxide (~1nm of extra alumina cap as estimated from the
magnitude of the reduction). Note that a change in

FIG. 4. XMCD-PEEM asymmetry
015 images of FeRh thin film capped with
alumina at (a) the initial room tempera-
010 ture state, (b) above 410K in the fully

FM phase, (c) cooled back below 320K
in the fully AF phase. While initial FM
0.00 domains are seen in the room tempera-
ture image (a), after heating to the fully
FM phase and cooling back below the
0.10 transition temperature no interfacial FM
1 pm o1s persists and instead a fully AF interface

e is seen. This AF phase is stable to fur-

0.05

-0.05

(©)

ther heating and cooling cycles.
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morphology of the cap could cause additional damping of
the Fe and Rh peaks.

To support our claim that a stable, fully oxidized cap
does not generate any interfacial FM, we turn to an
uncapped film that was previously studied for the nuclea-
tion and growth of the FM phase.'” This film is effectively
capped with a native oxide. Hard x-ray photoemission spec-
troscopy of the Fe 2p and Rh 3d core levels (data not
shown here) reveals that Rh is present in the metallic state
only and that the native oxide is composed of Fe oxide.
The most probable candidate according to the structure of
the Fe 2p peak is Fe,Os;, with an estimated thickness of
2nm.

Figure 6 shows the magnetic contrast images recorded
during the full heating and cooling cycle (AF, FM, AF again)
of the film capped with native oxide. No detectable FM
phase is observed at the interface with the native oxide. A
structure of large FM domains with strong contrast is
observed in the fully FM phase at 415K, similar to the

Initial state — 300 K

415 K (FM)

structures seen in the film capped with Al and alumina. After
cooling, a weak residual magnetic contrast is detected locally
where the FM islands last disappeared but the majority of the
background has no asymmetry, indicating its AF nature. The
weak residual magnetic contrast is in agreement with the
FeRh/MgO cap interfacial FM signal of 0.02 ug reported by
Fan et al.'*

To further investigate the effect of a metallic cap,
Figure 7 shows the asymmetry images of a FeRh film capped
with Pt. Unlike the film capped with the other metallic layer
of Al, no interfacial FM is observed at RT, both in the initial
state and after a full heating and cooling cycle. In the fully
FM phase, the typical pattern of FM domains with strong
FM contrast is seen again (the quality of these images is
slightly reduced due to a lower acquisition time). Even in the
case of a non-uniform film due to the formation of Pt islands,
this shows that in the regions covered with Pt, the Pt results
in the same absence of interfacial FM as the native oxide
cap.

310 K (AF)

@) (b)

1 Um -0.16

()

FIG. 6. XMCD-PEEM asymmetry images of uncapped FeRh thin film, effectively capped with a native oxide of 2 nm or less at (a) the initial room temperature
state, (b) 415K in the fully FM phase, (c) cooled back to 310K in the fully AF phase. The white color in the low temperature images (a) indicates the absence
of FM domains, while the 415 K image (b) shows a strong FM contrast. A weak residual magnetic contrast is detected in some areas in (c) but the majority of
the background is white, indicating the AF phase is recovered after cooling to 310 K.
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320 K (AF)

015 FIG. 7. XMCD-PEEM asymmetry
images of FeRh thin film capped with
0.10 1.8 nm of Pt at (a) the initial room tem-
perature state, (b) 400K in the fully
FM phase, (c¢) cooled back to 320K in
0.00 the fully AF phase. Note that the initial
and final images show only noise, so
there is no interfacial FM at room tem-
010 perature. Lower acquisition time is re-
sponsible for the increased pixelation
noise seen in all three images.

@ (b) | (©)

Finally, PNR measurement of a FeRh film capped
with Ag was performed. The same methodology as for
the Al-capped film was used to perform the measurement
and analyze the data. Figure 8(a) shows the non-spin flip
cross sections at RT. The reflectivity data recorded at
450K (not shown) is very similar to the film capped with
Al and modeled with a fully FM layer of magnetic
moment 1.60 ug (lower than that for the film capped with
Al due to a lower Fe concentration within the film over-
all). When comparing the RT reflectivity profile of the
film with Ag cap to the Al capped film, it is clear that
while the Al capped films showed a strong splitting
between the ++ and —— cross sections indicating the
presence of FM at RT, splitting in the Ag capped film is
minimal (close to the resolution limit), indicating that the
magnetic signal at RT is negligible. Indeed, a reasonable
fit is obtained by assuming a model with no interfacial
FM layer at the interface with the Ag cap at RT, as
shown in Fig. 8(b). In the structural profile, although a
slightly reduced SLD layer near the top interface
improves the model, as in the case of the Al capped sam-
ple, here no sharp dip in SLD is apparent at the top inter-
face, and the top layer shows a significantly longer “tail”
of SLD, consistent with a rough interface between FeRh
and Ag and a rough Ag surface layer.

At the bottom surface, the data for the two films are very
similar, showing a FM component at RT and a dip in the
structural density. Our data thus indicate that the magnetic
component that gives rise to the small splitting between ++
and —— is located at the bottom interface with the MgO sub-
strate, consistent with the observation for the Al-capped film.
In both samples, the bottom FM layer is ~2 nm thick with a
moment of 0.26 ug.

XMCD-PEEM of the FeRh/Ag interface near RT is in
good agreement with the PNR results as shown in Fig. 8(c),
confirming the absence of interfacial FM. Note that the com-
bination of the large roughness of the cap from the x-ray
reflectivity and PNR models and the detection of some oxi-
dation in XPS of this film capped with Ag indicates the pos-
sibility of a non-uniform island forming cap, similar to the Pt
cap. But since PNR information is averaged over the entire
sample surface area and the field of view of the XMCD-
PEEM image is 4 um, assumed to be large compared to the
typical size of islands, the FeRh/Ag interface was clearly
probed in our measurements and was not magnetic.

DISCUSSION

The data indicate a FM signal at RT for all samples at
the FeRh/MgO (substrate) interface, accompanied by a dip

FIG. 8. (a) Room temperature PNR
0.10 reflectivity curves for FeRh capped
with Ag and (b) corresponding struc-
tural and magnetic profile models. (c)
XMCD-PEEM asymmetry image of
FeRh capped with Ag near room tem-
-0.05 perature showing the mostly AF inter-
face (except for a few weak residual
local FM domains).
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in SLD, which is consistent with diffusion of Fe into the
MgO substrate, leaving behind a Rh-rich layer. At the top
interface, with the capping layer, a variety of results are
seen. We suggest all data can be explained by considering
diffusion of metallic caps into FeRh, which modify T,. The
Al cap (known to reduce Ty (Ref. 25)) produces a FM inter-
facial layer, Pt (known to raise Ty (Refs. 21-24)) and Ag
(non-misciblezz) both yield non-magnetic interfaces at RT,
but for different reasons.

Diffusion of Al from the Al cap into the FeRh film dur-
ing the growth results in a lightly Al-doped FeRh layer near
the interface with the cap, thereby lowering T, of this interfa-
cial layer and making the FM phase stable at RT at the inter-
face, as observed by XMCD-PEEM and PNR. For the Pt
cap, the miscibility of Pt in FeRh (and of Fe in Pt) suggests
that interdiffusion occurs, as it does with the Al cap, but
because the effect of Pt in FeRh is to increase T\, unlike Al
which decreases it, interdiffusion would leave the interface
layer AF at RT as is seen experimentally. The increase of T,
induced by Pt doping is well-documented and ranges from
7K to 20K per at. % of Pt.*'* Since the XMCD-PEEM sig-
nal at 400K for the Pt capped films is of the same intensity
as the other films, Tarpgy Of the interface layer could have
been increased by Pt interdiffusion but must be less than
400 K. Alternatively, it is possible that Pt does not interdif-
fuse at RT. For technological use of FeRh in which maintain-
ing the magnetic properties of FeRh at the interface is
desired, the selection of an immiscible element such as Ag
or Re*? as the cap material would prevent interfacial FM in
FeRh. Ag is not miscible and therefore has no effect on the
magnetic properties of FeRh, as shown. Both oxide caps
(fully oxidized alumina and native oxide) do not induce any
RT interfacial FM due to the absence of metallic element dif-
fusion. As shown by the XPS analysis, the initial FM seen at
the interface with the non-fully oxidized alumina cap is due
to some residual metallic Al in the cap; this FM layer goes
away on cycling due to complete oxidation of the Al cap.

Another possible source of interfacial FM could be the
stabilization of a layer with different FeRh composition from
the bulk, either due to a single-species termination of the sur-
face/interface or because of surface/interface segregation.
The films studied in this work have [001] direction out of the
plane, therefore we are interested in the properties of {001}
surfaces. In a perfect equiatomic alloy, this surface consists
of alternating Fe and Rh layers and is terminated by a layer
of only one species. Rh termination of the {001} surfaces in
FeRh was experimentally observed by quantitative low
energy electron diffraction (LEED) by Kim ef al.>* Based on
this observation, Lounis et al>® performed theoretical den-
sity functional theory calculations and showed that, for films
below a certain thickness, the 100% Rh-terminated (001)
surface results in a magnetic reconstruction which stabilizes
the FM phase near the surface. Their calculation shows that
the 100% Fe-terminated surface does not cause any magnetic
surface reconstruction. However, the stability of the Rh ter-
mination versus the Fe termination was not studied. Several
groups have relied on this theory to explain the experimental
observation of a residual FM component at RT,37*39 includ-
ing the interfacial studies already mentioned.'*"'*
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While there is some experimental evidence for preferen-
tial Rh termination of the FeRh (001) surface, no direct ex-
perimental reports of surface segregation leading to a local
increase of Fe or Rh concentration could be found.
Theoretical calculations of surface segregation energies in
transition-metal alloys by Ruban er al.** predict a strong sur-
face segregation of Rh in Fe for a bce (001) surface but this
calculation assumes that Rh is a dilute impurity and care
must be taken when comparing this result to a concentrated
equiatomic alloy of Fe and Rh as segregation reversal is seen
in other concentrated systems. Indeed, Heinz and Hammer™'
report experimental results on the ordered B2 FeAl alloy and
show that the segregation question is quite rich and compli-
cated. In summary, three general cases are possible: (1) the
ordered bulk-like termination is favored, (2) chemical disor-
der is induced in the first few surface layers, or (3) a new
kind of chemical order can develop. This latter case is often
the result of surface preparation (sputtering and annealing)
inducing a metastable state. In particular, the Rh termination
observed by LEED in Ref. 35 could be the result of the
cleaning procedure that the sample experienced. In contrast,
a recent surface-sensitive photoemission study of ultrathin
FeRh films deposited in-situ by Lee et al. reported no signifi-
cant change in Rh to Fe core level photoemission intensity
ratio after annealing the film, indicating no strong tendency
of surface segregation of either Fe or Rh.*?

Heat treatment of the film can also modify the surface.
We have observed in XMCD-PEEM of uncapped films with
an initial AF surface that after heating above the Curie tem-
perature of 573K the surface of the film is modified and
remains FM at RT on cooling. The same effect was observed
on a film with higher Rh concentration heated only to 395 K
for several hours. These films have not been examined in
detail, but based on the observations in this paper the FM
layer near the surface is likely due to Rh-enrichment caused
by diffusion, possibly associated with surface segregation or
increased oxidation of the surface, although the annealing
was done in high vacuum.

Finally, the adsorption of atoms of a third species can
modify the segregation or reconstruction expected in equilib-
rium with the vacuum. This means that capping with differ-
ent materials could lead to different segregation
configurations. A possible illustration was recently reported
by McLaren et al.** The composition profile along the cross-
section of a 50 nm FeRh film capped with Al shows the pres-
ence of a Fe-rich region extending to about 2nm below the
FeRh/Al interface. This result indicates that the Al cap
favors Fe segregation at the interface, contrasting with the
Rh termination of an Ar-ion-bombarded surface and the ab-
sence of segregation of the surface of an in-situ deposited
film.

Since both Fe segregation and Rh termination could
result in the stabilization of a FM layer at the interface, one
would expect a FM interface to always be observed.
However, our results show that this is not the case. In partic-
ular, the uncapped film was found to have a native oxide
layer at the surface, consisting of Fe oxide. The formation of
Fe oxide causes some Rh-enrichment of the top FeRh layer
near the interface with the native oxide, but no interfacial
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FM was found, indicating that this Rh-enrichment is not suf-
ficient to generate interfacial FM. Therefore, we suggest that
segregation effects are secondary and that the main driving
force for the stabilization of FM is the alloying with the third
metallic element from the cap.

Comparison of alumina caps of different thickness elim-
inates strain as the main cause. A FeRh film capped with a
thinner alumina layer (nominal 1.8 nm compared to 2.5 nm)
shows the same behavior as seen in Fig. 4 (some initial inter-
facial FM that disappears after the first heating/cooling
cycle). This confirms that strain resulting from capping
layers of different thicknesses is not enough by itself to gen-
erate interfacial FM.

These results show that chemical effects alone can
explain the stabilization of an interfacial FM layer at RT in
FeRh capped with Al. The opposite effect of capping with a
different soluble metallic element (Pt) is clear evidence of
the chemical origin of the FM layer and confirms our hypoth-
esis. In particular, in the case of the Al cap, Al diffusion into
the FeRh layer is consistent with the reduced SLD near the
top interface seen in the PNR model. Note that the PNR
structural SLD model does not give any evidence for the Fe
segregation observed in Ref. 43.

CONCLUSION

In conclusion, our results show that chemical interdiffu-
sion accounts for interfacial FM in FeRh thin films at both the
bottom and top interfaces. Interfacial FM seen at the bottom
FeRh interface with the MgO substrate is likely due to Rh-
enrichment. Interfacial FM at the top interface with caps
depends on the capping material and was systematically stud-
ied for 5 different capping materials (native oxide, alumina,
Al, Pt, and Ag). While no measurable interfacial FM is seen at
the interface with stable oxide caps, XMCD-PEEM and PNR
confirm that Al stabilizes a FM layer of ~7nm with magnet-
ization reduced by a factor of 7 with respect to the nominal FM
film. No such layer is seen for Pt or Ag. The FM interface layer
is the result of alloying between FeRh and the cap element. Al
doping acts to lower T, while Pt raises it. Ag is not miscible
therefore has no effect on the magnetic properties of FeRh.
Understanding of the chemical interdiffusion origin of interfa-
cial FM in FeRh enables improvements in the technological
implementation of FeRh. In particular, the use of non-miscible
layers is recommended to limit interdiffusion between the me-
tallic layers and to maintain the nominal magnetic properties
of the FeRh film or, when not possible, the change in magnetic
properties of FeRh must be taken into account.
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