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Interface characterization of Co2MnGe/Rh2CuSn Heusler multilayers
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To address the amount of disorder and interface diffusion induced by annealing, all-Heusler multilayer
structures, consisting of ferromagnetic Co2MnGe and nonmagnetic Rh2CuSn layers of varying thicknesses, have
been investigated by means of hard x-ray photoelectron spectroscopy and x-ray magnetic circular dichroism.
We find evidence for a 4 Å thick magnetically dead layer that, together with the identified interlayer diffusion,
are likely reasons for the unexpectedly small magnetoresistance found for current-perpendicular-to-plane giant
magnetoresistance devices based on this all-Heusler system. We find that diffusion begins already at comparably
low temperatures between 200 and 250 ◦C, where Mn appears to be most prone to diffusion.
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I. INTRODUCTION

Magnetic read head technology has experienced several
large paradigm changes during the past 15 years. Anisotropic
magnetoresistance read heads were surpassed by read heads
based on giant magnetoresistance (GMR) in 1996, enabled
by the Nobel-awarded findings of Grünberg and Fert.1,2 Very
soon after the discovery of tunnel magnetoresistance (TMR),
record values of magnetoresistance (MR) were reported for
sensors based on this effect. Today, TMR structures require
a very thin MgO tunneling barrier (typically ∼1 nm) to
achieve a sufficiently low resistance of the device and a
further significant decrease of the barrier thickness appears
unrealistic. It has been suggested that current-perpendicular-
to-plane (CPP) GMR structures, as opposed to current in-plane
structures used in first generation GMR devices, are candidates
to become the next generation of MR sensors as they do not
suffer resistance issues due to the all-metallic design.3

Heusler alloys are ternary alloys with the composition
X2YZ, where X and Y in general are two different transition
metal atoms and Z is a group 3 or 4, nonmetallic element. A
half-metallic character, i.e., that the density of states of the
majority band is metallic while the minority band exhibits
a gap at the Fermi level, was theoretically predicted for the
ferromagnetic (FM) half-Heusler alloy NiMnSb,4 followed
by an extensive investigation of properties originating from
this remarkable feature of the electronic structure.5 This
Heusler alloy was investigated as a candidate material for
a novel CPP-GMR structure with Cu as the spacer layer.6

Recently, Co based full-Heusler alloys renewed interest for
this topic. Experimental results for two types of nonmagnetic
(NM) spacers have been reported fairly recently: (i) elemental
metal spacers7,8 with a (001) texture and (ii) nonmagnetic
Heusler alloy spacers9–11 with a (110) texture. Combinations

of the (001) textured FM Heusler alloys Co2MnSi and
Co2Fe(Si0.5Al0.5) with Ag yielded MR values in excess of
28% and a change in the resistance-area product (�RA) of
8.8 m�μm2.7,8 More recently, enhancement of CPP-GMR up
to 70% MR and a �RA of 16.8 m�μm2 have been measured
for Co2(Fe0.4Mn0.6)Si electrodes with (001) Ag as the spacer.12

The half-metallic character has been theoretically predicted
for ideal L21 crystals. For actual samples a certain amount
of disorder is expected, which will have a negative impact
on the value of the spin polarization.13–17 The CPP-GMR in
all-Heusler structures can be affected by different types of
disorder, including bulk FM, bulk NM disorder, and disorder
specific to FM/NM interfaces. Ambrose and Mryasov9,10

proposed a combination of FM and NM Heusler alloys to
maximize the spin asymmetry at the FM/NM interface. They
argue that a structure with the appropriate combination of FM
and NM Heusler alloys could provide a large, spin dependent,
interface contribution to the magnetoresistance,9,10 which, due
to the non-Stoner-like spin splitting in the FM Heusler, will be
less sensitive to disorder.4,11

For device fabrication, due to compatibility with existing
processes, it would be advantageous to use the (110) textured
combination of Co2MnGe (CMG) and the nonmagnetic
Heusler alloy Rh2CuSn (RCS).9,10 A prototype hard disk
drive reader with a MR of about 7% and a �RA of about
4.0 m�μm2 has been constructed by Nikolaev et al.11 using
such considerations. However, it is still much lower than for
TMR structures and too low for being a viable alternative
in sensor technology where MR ratios in the range of 50%
at �RA products in the order of 0.1 �μm2 are considered
to be required in the roadmap for magnetic media beyond
2 TBit/in.2.3

In this paper, we have studied the FM/NM interfaces in all-
Heusler multilayer structures, with the aim to understand the
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effects of postgrowth annealing on interface quality and how
these depend on the individual layer thicknesses. The paper
focuses on changes induced by postgrowth low temperature
annealing, and it is shown that diffusion of atomic species is
initiated already in the temperature range between 200 and
250 ◦C.

II. EXPERIMENT

We have studied multilayer samples comprising the full-
Heusler compound CMG as the magnetic layer between
nonmagnetic layers of the full-Heusler RCS. The samples
were grown using a commercial magnetron sputtering system
(Canon Anelva C7100),11 with the following geometry:
Ta(12 Å)/Ru(20 Å)/Co70Fe30(10 Å)/(CMG/RCS)Z/Ru(30 Å).
Here Z is the number of repetitions of the CMG/RCS bilayer.
In Table I, we list the samples used in this study, differing
in the combinations of CMG and RCS layer thicknesses.
Three of the samples are given descriptive names since these
are the most extensively studied, while the other samples
will be explicitly denoted when discussed. The magnetic
properties and in particular the quality of the interfaces are
studied using x-ray magnetic circular dichroism (XMCD),18,19

polarized neutron reflectivity, and superconducting quantum
interference device (SQUID) magnetometry. The modifica-
tions of the interfaces were characterized by means of hard
x-ray photoelectron spectroscopy (HAXPES or HX-PES, also
commonly referred to as HIKE for high kinetic energy pho-
toelectron spectroscopy).20–22 The XMCD experiments were
performed at beamlines I1011 and D1011 at the synchrotron
facility MAX-lab in Lund, Sweden, with 90% and 75%
circularly polarized light, respectively. All data were obtained
using total electron yield. The samples were magnetized in
plane after which they were measured in remanence at room
temperature. All samples showed a remanent magnetization
very close to the saturation magnetization. The HAXPES
measurements were conducted using the HIKE station22 at
the KMC-1 beamline of the BESSY II synchrotron facility
at Helmholtz Zentrum, Berlin, Germany. The samples were
heated to different temperatures in the range 200–500 ◦C at a
constant rate of 10 ◦C/min and kept at constant temperature
for 10 min, after which the samples were cooled down to room
temperature (RT) before a measurement.

Polarized neutron reflectivity was conducted up to the first
multilayer Bragg peak at the SuperADAM instrument at the
Institut Laue-Langevin.23,24 The instrument was operated with
a highly oriented pyrolytic graphite monochromator and two
Bragg mirrors to polarize the incident beam, producing an

TABLE I. Sample annotations and thicknesses of CMG and RCS
layers. The CMG/RCS bilayer is repeated Z times.

Annotation CMG (Å) RCS (Å) Z

Thick nonmagnetic layer 6 18 20
Thick magnetic layer 18 6 20
Thick layers 18 18 13

24 18 11
18 12 16
12 18 16

incident wavelength of 4.4 Å. The reflected beam was analyzed
with a supermirror. After each measurement the sample was
annealed at the next temperature for 1 h under vacuum and was
subsequently allowed to oven cool for half a day. Note that the
heating protocol used for the neutron measurements is different
from the one used for the other measurements, primarily due to
the available hardware at the different facilities. As diffusion
is found to be present already at the lowest temperatures used
(100 ◦C), we expect that the neutron data are representative of
a further progressed diffusion process, when compared to data
obtained in the other measurements for the same annealing
temperature.

III. RESULTS

Regularly, beamlines dedicated to photoemission seldom
offer photon energies above 1 keV with reasonable photon
intensity and resolution, which limits the electron mean free
path to about 5 Å. The KMC-1 beamline at HZB delivers
2–12 keV photons with high resolution, making it ideal for
studying bulk properties.20–22 All the photoemission results
described here have been obtained using a photon energy of
4 keV, giving an estimated electron mean free path of 50 Å.

As an atom in a solid is ionized by photons, the system will
adapt to the presence of the positively charged ion by screening
of the same. In general this involves both interatomic screening
and intra-atomic relaxation. In metallic systems, a substantial
fraction of the screening is due to mobile conduction electrons.
The effectiveness of the screening will influence the kinetic
energy of the photoelectron and hence also the measured
binding energy of that electron. The screening of the ionized
atom depends on the nature of the electronic structure of the
local environment and the hybridization between the ionized
atom and its surrounding. This is known as the chemical shift
in core level spectra.25 Here we have used the core level shifts
of specific core levels of elements in both the RCS and CMG
layers to study the modification of the chemical environment
upon annealing. The binding energy of these core levels will
be sensitive to the local environment and hence interface and
bulk atoms can be distinguished, and the effect of diffusion
can be studied as a function of annealing temperature.

The sample with thick CMG and RCS layers has been
studied for several annealing temperatures between 200 and
500 ◦C, while the thick nonmagnetic layer and thick magnetic
layer samples have been measured for a few selected annealing
temperatures. The Rh 3d5/2 photoemission core level is shown
in Fig. 1 for the sample denoted “thick layers” (see Table I).
The peak clearly moves to a higher binding energy (BE) with
increasing annealing temperature. In combination with the
large chemical shifts found for this Rh core level, it makes
it possible to reliably fit the spectra with multiple peaks, as
illustrated in Fig. 2. All line shapes are set to Doniac-Sunjic
type,26 where the asymmetry and peak broadening are kept
constant for every core level and are chosen so that the
experimental BE shift can be well described with as few peaks
as possible. A Shirley-type background was used in the fit.27

Each spectrum is fitted with three main peaks: one compo-
nent at 306.8 eV, one at 307 eV, and one at 307.1 eV binding
energy, denoted P1, P2, and P3 respectively. A fourth peak
(P4) at high BE (307.4 eV) appears to be related to the two
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FIG. 1. (Color online) Photoemission of Rh 3d5/2 from sample
CMG 18 Å/RCS 18 Å (hereafter denoted “thick layers”) after different
annealing temperatures. There is a peak shift to higher binding energy
with increasing annealing temperature. The spectrum obtained for
265 ◦C (red dashed-dotted line) has been deconvoluted in Fig. 2.

main peaks at the lower BE side, since its intensity is always
14% of these peaks.

A common disorder in the full X2YZ Heusler is X antisites
in the Y atomic position. Thus, Rh antisites are a plausible
explanation for this high BE peak, since it is not unlikely that
14% disorder of this type can occur.28 As the Rh begins to
migrate due to heating, the disorder is cured at the same rate.

The intensities of the three main peaks as a function of
temperature, obtained by spectral deconvolution as described
above, are plotted in Fig. 3. To better describe and understand
the origin of these three peaks, we performed Monte Carlo
simulations, where the change of the coordination number was
studied when introducing random disorder as a consequence
of heat treatment. A fcc lattice consisting of 26 × 26 × 26
unit cells was constructed with two layers of Rh atoms,
each 12 monolayers (ML) thick, representing the RCS layers.
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FIG. 2. (Color online) Deconvoluted spectrum of the Rh 3d5/2

core level, fitted with three main peaks and a peak at the high BE
shoulder, which is always 14% of the two main peaks at the lower
BE side.
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FIG. 3. (Color online) Fractions of the total peak areas of the
Rh 3d5/2 core level spectrum, corresponding to the three main peaks
obtained by fitting as illustrated in Fig. 2, are plotted as a function of
annealing temperature. Top: High coordination component; middle:
medium coordination component; bottom: low coordination compo-
nent. Data for the three different samples considered are identified as
indicated in the legends. The dashed lines have been obtained from
Monte Carlo simulations describing the variation of the high, medium,
and low coordination number cases with annealing temperature.
The three lattice illustrations show the Rh distribution for different
annealing temperatures.

The Rh layers are separated by 12 ML of vacant lattice
positions. Both above the top Rh layer and below the bottom
Rh layer there are also 8 ML of vacant lattice positions, such
that the simulated diffusion will not be restricted solely to
the space between the Rh layers. The diffusion of Rh atoms
was simulated by generating random numbers (in the range
0–1) that should be smaller than exp [− E

kBT
], where E is

an energy barrier, for an atom to be allowed to move. It
was enough to give every atom the opportunity to move 600
times at each temperature, since the simulation results became
relatively insensitive to additional moves beyond this number.
The energy scale (i.e., reduced temperature) of the simulation
was scaled to the experimental results.

We have only considered the Rh lattice, which in the
Heusler L21 structure has a simple cubic coordination of Rh
atoms. A simulation using this structure does not reproduce
the experimental results accurately. A likely reason for this
is the fact that the BE shift of Rh is sensitive to the Y and
Z atoms in the X2YZ Heusler structure, and a cubic lattice
does not provide sufficient flexibility to encompass all the
variations of nearest neighbors arising from disorder in the
L21 structure. Instead we have considered a fcc structure,
with 12 Rh neighbors to accommodate the variation necessary
in nearest neighbor configurations to accurately model the
experimental data. In a perfectly layered structure the amount
of low coordinated atoms should be zero. To obtain a more
realistic starting configuration, a roughness, corresponding to
a displacement of randomly chosen Rh atoms at the interface,
was introduced.

Illustrations of how the multilayer composition according to
the simulations changes with increasing annealing temperature

134407-3



RONNY KNUT et al. PHYSICAL REVIEW B 88, 134407 (2013)

0.30

0.25

0.20

0.15

0.10

0.05

0.00

B
in

di
ng

 e
ne

rg
y 

sh
ift

 (
eV

)

500400300200100
Temperature (ºC)

 Thick layers
 Thick magn. layer
 Thick non-magn. layer

 Cu 2p3/2 binding energy shifts

FIG. 4. (Color online) The Cu 2p3/2 core level shift as a function
of annealing temperature for three samples as indicated by the
legends. The BE shifts are given relative to the position of the 2p

level for the “thick layer” sample prior to annealing. Small shifts are
found for samples with thick CMG layers (“thick layers” and “thick
magn. layer”) already at 200 ◦C. We observe no chemical shift below
250 ◦C for the sample with the thick nonmagnetic layers, suggesting
little modification below this temperature.

have been included as insets in Fig. 3. To obtain agreement with
experiments, we found that, on average, every fourth interface
Rh atom had to be moved. The fractions of atoms with 12,
8–11, and 0–7 Rh neighbors are plotted as red dashed lines
in the top, middle, and bottom graphs, respectively. Using a
combination of statistical methods and analysis of core level
data we can thus obtain a qualitative and quantitative analysis
of the distribution of Rh as a function of temperature.

The Cu 2p3/2 core level spectra, obtained for different
annealing conditions, do not exhibit as large a chemical shift
as the Rh 3d5/2 core level and the spectrum is always broader
(not shown). These factors make it more difficult to use
data for the Cu 2p level for quantitative analysis such as
for Rh as described above. By only considering the centroid
of the spectrum fitted with a single Doniac-Sunjic profile,
we can, however, assign a chemical shift for each annealing
temperature and sample. The result is presented in Fig. 4. The
core level shift is given relative to the position of the 2p level
for the “thick layer” sample prior to annealing, which is thus
set to zero. We observe that the sample with thick magnetic
CMG layers and thin RCS layers exhibits a significant shift
already before annealing. We therefore conclude that data for
both the Cu and Rh core levels indicate that samples with a
thin RCS layer have, as expected, a low fraction of ordered
bulklike RCS. In contrast, we find that the BE of the Cu 2p

core level for the sample with the thick RCS layer is very
similar to the reference level of the “thick layer” sample. The
temperature dependence of the Cu 2p core level shift suggests
that modifications occur already around 200 ◦C. However, we
find that the core level shift of the “thick layer” sample exhibits
an abrupt transition in the temperature range 200–300 ◦C.

The Mn 2p3/2 spectra have been fitted by two peaks that
both exhibit strong satellite structures, as illustrated in Fig. 5,
where the results for the “thick layer” sample annealed at
250 ◦C is shown. Also here, Shirley-type backgrounds were
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FIG. 5. (Color online) Deconvoluted Mn 2p3/2 spectrum recorded
for the “thick layer” sample. The spectrum can be fitted by two
components, and associated satellites, for all annealing temperatures.
There is both a BE shift and a large difference in the satellite intensity
between the components.

used. In the fitting procedure, the intensity of the satellite was
kept constant relative to that of the main line. The main peak at
∼638.4 eV is attributed to the interior of the layer (bulk peak),
while the peak at ∼638.6 eV is attributed to the interface. The
fraction of each peak as a function of temperature is shown in
Fig. 6. Similar to what was found above for Cu, there are also
differences in the temperature dependence of the core level
shift for the Mn 2p core level depending on the thickness of
the adjacent layer. Also, as for Cu 2p, we observe changes for
the Mn 2p core level already for an annealing temperature of
200 ◦C. The bulk component is smaller for the “thick magnetic
layer” sample which has a thinner RCS layer (triangles), which
would suggest that the interface quality is lower for thinner
RCS layers. As expected, the bulk component is also smaller
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FIG. 6. (Color online) The intensity of the bulk (circles) and
interface (squares) peaks, derived from fits such as those illustrated
in Fig. 5, are plotted as a function of annealing temperature for the
“thick layer” sample. Only the bulk component is plotted for the other
samples (triangles and diamonds).
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for the “thick nonmagnetic layer” sample with a thinner CMG
layer (diamonds).

In Fig. 7 we show the chemical shift of the Co 2p3/2

core level as a function of annealing temperature. As for
Cu, the core level shift was obtained by fitting a single
Doniac-Sunjic line with a Shirley background to the data at
each temperature and sample. The samples with thick CMG
layers, i.e., the “thick layers” and “thick magnetic layer,”
exhibit a negligible chemical shift of the Co 2p3/2 core level
up to 250 ◦C, suggesting little modification at the X sites
below this temperature. Between 250 and 280 ◦C, we find
an increasing positive shift. For annealing temperatures above
280 ◦C, the chemical shift becomes negative and we observe
an increasing negative shift in the interval 280–325 ◦C.

The spin magnetic moment of Co, as obtained from an
XMCD,18,19 is also shown in Fig. 7. A 3d-hole count of 2.2 for
Co and 4.2 for Mn (Refs. 29 and 30) was used for extracting
the magnetic moments from the XMCD sum rules.18,19 The
qualitative behavior is very similar to the annealing tempera-
ture dependence of the core level shift, which also shows an
increase in the same temperature range, followed by a decrease.
The variation in both the spin magnetic moment, obtained
by means of XMCD sum-rule analysis, and the chemical
shift suggests that different diffusion processes occur at two
different temperature ranges. In the high temperature range
(above 280 ◦C), the BE decrease of the Co 2p core level can
be attributed to interlayer diffusion. In the temperature range
where we observe an increase of Co 2p BE (250–280 ◦C),
the Co diffusion could be related to the formation of CoMn

antisites, since Mn appears to be highly mobile already at
these temperatures, as discussed above. According to ab initio
calculations, antisites where Co atoms occupy Mn sites are
expected to occur in CMG Heusler alloys11,16,31 and will
increase the Co spin magnetic moment by 32% but will be
detrimental for the spin polarization.16,31 We thus conclude
that such antisites could explain the observed increase of the
Co spin magnetic moment found by XMCD, though it cannot
be excluded that the variation of the derived spin magnetic

moment is, in part, an effect of changes in the number of 3d

holes.
The sample consisting of 24 Å CMG/ 18 Å RCS was studied

with neutron reflectivity to complement the spectroscopic
methods. The sample was chosen due to its large layer
thicknesses, which made it suitable for neutron reflectiv-
ity measurements. The data were analyzed with the GENX

program32 by co-refining all data sets up to 300 ◦C, keeping the
same parameters for all temperatures except for the roughness
of the RCS, CMG, and the capping layers. In addition, the
magnetic moment for the CMG layer was allowed to vary.
For the four refined data sets, up to a temperature of 250 ◦C,
there was a total of 51 free parameters yielding a fit with a
crystallographic R1 factor of 5.7%. Porod plots of the fits
for the reflectivities of both measured neutron spin states are
displayed in Fig. 8 (left). In all cases, the poor contrast between
the layers for spin-up neutrons (represented by yellow/gray
circles) leads to a greatly reduced Bragg peak intensity. For
spin-down neutrons (red/black circles), the Bragg peak is
clearly visible. The parameters of interest in this study are
extracted from these fits; the roughness of the multilayer
interfaces and the magnetic moment of the CMG layer can be
seen in Fig. 8 (right). It should be noted that after an anneal to
300 ◦C the multilayer Bragg peak has disappeared completely,
indicating a total intermixing of the layered structure (not
shown). This temperature can consequently not be modeled
by merely allowing the roughnesses to vary as there are no
interfaces left, consequently, it is left out of the discussion of
the reflectivity data. However, the large changes seen as the
annealing temperature increases to 300 ◦C are in agreement
with the HAXPES data that also show layer interdiffusion at
these temperatures. The first rise in the roughness of the RCS
on CMG interface in Fig. 8 (right) is in accordance with the
weak intermixing seen for the Mn and Cu core levels. The
intermixing is mostly localized to one of the interfaces in
the multilayer structure, RCS on CMG, and starts already at
around a temperature of 100 ◦C. We again note the distinction
between the protocols used for heating due to differences in
the hardware used. The longer annealing time used for the
samples used in the neutron measurements are likely giving
rise to the apparent higher degree of interdiffusion indicated
by the neutron data.

The saturation magnetic moments for all samples were
obtained with SQUID magnetometry. The 6 Å CMG/ 18 Å
RCS sample, which shows no remanence in XMCD, was used
to obtain the magnetization of the FeCo seed layer by assuming
that only this layer contributes to the remanent magnetization
obtained from the SQUID magnetometry. The magnetization
of Fe70Co30 was found to be 1.5 × 106 A/m, which is close to
the bulk value of 1.74 × 106 A/m estimated from the Slater-
Pauling curve.33 To account for the magnetization obtained by
means of SQUID magnetometry, we adopt a model which
includes a magnetically dead region in the CMG. If one
assumes a theoretical magnetic moment of 5μB/f.u. in the
CMG layer, one finds that the thickness of this magnetically
dead region will have to increase from 5 to 10 Å as the
CMG layer thickness increases from 12 to 24 Å. However,
as illustrated in Fig. 9, if one assumes a magnetic moment
of 4μB/f.u., we find that the required thickness of the dead
layer is much less dependent on the CMG/RCS thickness,
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with an approximately constant thickness of about 4 Å. This
corresponds well to the magnetic moment found by neutron
reflectivity.

In Fig. 9, the dead layer thickness for samples with 18 Å
CMG and a varying RCS layer is plotted as circles. For samples
with 18 Å RCS and a varying CMG layer, the dead layer
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dead layer for different layer thicknesses obtained from SQUID
magnetometry. Circles: The thickness for the CMG layer has been
kept constant at 18 Å, while the RCS layer thickness is varied between
6 and 24 Å. Solid diamonds: The RCS layer thickness is 18 Å, while
the CMG thickness is varied between 12 and 24 Å. Open diamonds:
As previous data, but the samples have been annealed at 250 ◦C. The
dead layer thickness is relatively insensitive to the thickness of the
layers.

thickness is plotted as solid diamonds. A small increase in the
dead layer thickness is found for samples annealed to 250 ◦C
(open diamonds).

The XMCD Co spin magnetic moments as functions of
CMG and RCS layer thicknesses are shown in Fig. 10. In
the upper graph we give the data for a constant CMG layer
thickness of 18 Å varying the RCS layer thickness, while for

1.2

0.8

0.4

0.0M
ag

ne
tic

 m
om

en
t (

µ
B
)

Co XMCD
spin magnetic moment

CMG (18 Å) / RCS (x Å)

1.6

1.2

0.8

0.4

0.0M
ag

ne
tic

 m
om

en
t (

µ
B
)

2520151050
Layer thickness (Å)

CMG (x Å) / RCS (18 Å)

FIG. 10. (Color online) The Co spin magnetic moment for
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top graph shows data for a constant CMG layer thickness of 18 Å
varying the RCS layer thickness, while the lower graph shows data
for a constant RCS layer thickness of 18 Å varying the CMG
layer thickness. The dashed lines correspond to fits assuming a
4 Å magnetically dead layer and a Co spin magnetic moment of
1μB/Co atom for the two situations.
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the lower graph we vary the CMG layer thickness, keeping
the RCS layer thickness constant at 18 Å. The dashed lines
correspond to the average Co moment in the CMG layer,
assuming a 4 Å thick magnetically dead layer and a Co spin
moment of 1μB/Co atom34,35 in the remaining part of the
CMG layer. In the top graph the fit is consistent with a constant
magnetic moment since the thickness of the magnetic layer
does not change. In the lower graph we observe an increase of
the magnetic moment with increasing CMG thickness.

The Mn XMCD was generally hampered by large back-
ground contributions, and sufficient data quality for sum-
rule analysis was only obtained for the “thick magnetic
layer” sample. Taking the 4 Å magnetically dead layer into
consideration, we obtain a Mn spin magnetic moment of
1.98μB . This gives a total magnetic moment of 3.93μB in the
unit cell, which is very close to the magnetic moment obtained
from neutron reflectivity. However, using the sum rules for
Mn is not straightforward due to mixing of the Mn L2 and L3

edges. A correction factor of 1.47 has been proposed,36 but
Saito et al.35 found that omitting the correction factor gives a
more reasonable Mn spin magnetic moment. Other studies
have found that the magnetic moment of Mn is generally
smaller for thin layers compared to bulk, while the Co magnetic
moment increases.34,35 This can be explained by the disorder
in thin films giving an increased magnetic moment for CoMn

while MnCo is antiferromagnetically coupled to its nearest
neighbors and will hence lower the saturation magnetization
of the film.31

IV. DISCUSSION AND CONCLUSIONS

The CMG and RCS Heusler alloys were chosen due to the
band matching criteria, proposed theoretically, to provide a
large spin asymmetry. This requires high quality interfaces
which are robust to low temperature annealing, �250 ◦C.
This temperature is set by requirements in the fabrication
processes of actual devices. We have studied the properties of
interfaces using hard x-ray photoelectron spectroscopy, x-ray
magnetic circular dichroism, and polarized neutron reflectivity
for different thicknesses of both RCS and CMG layers, as
deposited and after annealing to temperatures up to 500 ◦C. As
expected, we generally find that layers as thin as 6 Å show little
bulklike contributions. For as-deposited samples with thicker
RCS layers, we find that Rh has about 10% of the atoms in a low
coordinated state before heat treatment, which is in accordance
with neutron reflectivity data suggesting a roughness of 6 Å at
the interfaces. Hard x-ray photoelectron spectroscopy results
further indicate small changes in the RCS and CMG layer
already after annealing to 200 ◦C, which can in particular be
observed in the data obtained for Mn and Cu core levels.
The implications of these changes are likely not severe for
device functionality. Polarized neutron reflectivity indicates
an asymmetric behavior at the interfaces, where an increase

in the interface roughness is found for the interface of RCS
on CMG for an annealing temperature of 200 ◦C, while the
CMG on RCS interface appears to be more stable. However,
for annealing temperatures above 200 ◦C, a strong intermixing
is found for Rh, Cu, and Mn, and a large increase of interface
roughness is observed in the neutron data. The Co appears
relatively stable at temperatures up to 250 ◦C. However, we
find indications of CoMn antisite formation between 250 and
300 ◦C. These antisites have a negative impact on the spin
polarization of the material. Antisite defects are well known to
exist in Heusler alloys and are considered to be cured by high
temperature annealing (∼500 ◦C for bulk materials). For the
layered structures investigated here, the Mn diffusion observed
above 200 ◦C is a likely explanation as to why CoMn antisites
are created rather than cured around 280 ◦C. We should point
out that Varaprasad et al.28 showed that the amount of CoMn

antisites can be reduced by exchanging 25% of the Ge with
Ga. The thickness dependence of the net magnetization and
the atomic magnetic moments can be explained reasonably
well by assuming a 4 Å magnetically dead layer in CMG. The
total magnetization of CMG is about 4μB/f.u., which is lower
than the bulk value of 5μB/f.u. This is probably due to MnCo

antisites which couple antiferromagnetically to their nearest
neighbors, while CoMn antisites give an increase in magnetic
moment.

In conclusion, we have shown how characterization of the
electronic structure, in combination with magnetometry and
spin polarized neutron reflectivity, can address modifications
in all-Heulser multilayers structures, specifically designed to
model interfaces in actual current-perpendicular-to-plane giant
magnetoresistance devices. The existence of CoMn antisites,
which have a negative impact on the spin polarization, are
found. Annealing appears rather to promote the creation of
such antisites. Additionally, our study shows that the stability
of the interfaces at temperatures between 200 and 300 ◦C, as
well as the existence of a 4 Å magnetically dead layer, will
be a major issue for device fabrication using this all-Heusler
combination.
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