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We report direct experimental evidence showing induced magnetic moments on Ge at the interface in an
Fe/Ge system. Details of the x-ray magnetic circular dichroism and resonant magnetic scattering at the GeL
edge demonstrate the presence of spin-polarizeds states at the Fermi level, as well asd-character moments at
higher energy, which are both oriented antiparallel to the moment of the Fe layer. Use of the sum rules enables
extraction of theL /S ratio, which is zero for thes part and,0.5 for thed component. These results are
consistent with layer-resolved electronic structure calculations, which estimate that thes andd components of
the Ge moment are antiparallel to the Fe 3d moment and have a magnitude of,0.01mB.
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Understanding the transport of spins across the
ferromagnet/semiconductor interface poses many fundamen-
tal questions but has wide implications for spin-based
electronics.1 A key area is understanding how spin polarized
electrons or holes are injected from a magnetic material into
a semiconductor.2,3 If the spins are injected from a ferromag-
net then one needs to consider the influence of the magnetic
component on the semiconductor electronic structure. In-
duced moments have been observed in all metal
ferromagnet/nonmagnet systems,4–6 but never directly in the
ferromagnet/semiconductor system. Electronic structure cal-
culations have predicted an induced moments,0.1 mBd and
modified density of states at the boundary,7–9 but there is a
lack of direct evidence for these induced interface moments.

In this Brief Report we present direct evidence of spin-
polarized Ge at the interface with a magnetic transition
metal. X-ray magnetic circular dichroism at the GeL edge in
an Fe/Ge multilayer provided unambiguous evidence for in-
duced spin on Ge. A comparison with single crystal results
enables the identification of the spin polarization into as
moment close to the Fermi level and ad component at higher
energy. The data are consistent with an antiparallel induced
moment on Ge with indications of a nonzero orbital moment
for thed component. Layer-resolved electronic structure cal-
culations show the induced moment is localized around the
interface with thes andd moments,0.01mB that are anti-
parallel to the Fe 3d moment.

Element-selective magnetic measurements were made us-
ing an x-ray magnetic circular dichroism(XMCD),10 which
arises from the coupling of the magnetic orientation to the
x-ray polarization. These experiments were performed at sec-
tor 4 of the Advanced Photon Source.11 Beamline 4-ID-C
provides high-resolution polarized x-rays in the intermediate
x-ray range of 500–3000 eV. The x-rays are generated by a
novel circularly polarized undulator that provides left- and
right-circular polarization switchable on demand at a polar-
ization .96%. The samples were studied by the measure-
ment of total fluorescence yield(TFY) using a microchannel
plate detector. Fluorescence yield was used both because of
its bulk sensitivity, as well as the ability to measure in an

applied magnetic field. The measurement involves changing
the magnetization direction at each energy point of the ab-
sorption curve to measure the absorption with photon helic-
ity and magnetization parallelsI+d and antiparallelsI−d. The
sum sI++ I−d provides chemical information while the
XMCD sI+− I−d is magnetic in origin. Since the XMCD sig-
nal is very small, it was confirmed that the XMCD changed
sign upon reversal of the photon helicity.

To maximize the interface contribution to the absorption
signal, a multilayer sample was used. The Fe/Ge multilayers
were prepared by sputtering at room temperature with a
nominal structure of Sis100d /Ges100 Åd / fFes22 Åd /
Ges22 Ådg20/Ges100 Åd as confirmed by x-ray reflectivity
and TEM. It should be noted here that Ge grown on Fe
results in an amorphous structure while the Fe is
polycrystalline.12 Since measurements of amorphous Ge in-
dicate that the nearest neighbor spacing is close to the crys-
talline case,13 each monolayer(ML ) will correspond to
,2 Å from which it can be estimated that the interface com-
prises approximately 10% of the sample. One issue of con-
cern is alloying at the Fe/Ge interface, which has been ob-
served at Fe/Ge interfaces.14 This issue will be addressed in
more detail below when we demonstrate that the results here
are consistent with an abrupt Fe/Ge component even though
intermixing is present in the Fe/Ge system.

Measurement of the polarization-dependent absorption at
the Ge L edge (see Fig. 1) provides direct access to the
electronic and magnetic order of Ge. Due to the dipole se-
lection rules for x-ray absorption, this excitation details thed
ands contributions to the spin polarized density of unoccu-
pied states. The presence of a nonzero XMCD provides di-
rect evidence of the spin-polarized Ge, but a more detailed
analysis of the data requires an understanding of the elec-
tronic character of the unoccupied states contributing to the
XMCD. As will be shown below, the XMCD can be consid-
ered as consisting of 3 fundamental components: a negative
peak close to the Fermi level ascribed to spin-polarizeds
states, higher lying spin-polarizedd states, and an extended
component that may be attributed to a magnetic extended
absorption fine structure.15 To assign the XMCD to particular
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electronic states first consider the results for bulk Ge, which
will provide an initial framework.

Calculations for amorphous Gesa-Ged show the density
of unoccupied states is nearly the same as crystallinesc-
Ged with only small modifications.16 The peaks in thec-Ge
case result both from thes andd density of unoccupied states
as well as multiple scattering from the highly ordered
crystal.17 The edge for thec-Ge case was described by an
initial peak due tos states followed by a double-peak feature
due tod states. Results for thea-Ge system could be repro-
duced by the same density of states simply by varying the
degree of coherent multiple scattering to simulate the disor-
dered amorphous state.17 A comparison of the Fe/Ge absorp-
tion results with a single crystal Ge(100) wafer is shown in
Fig. 2 and agrees well with the previous study of the x-ray
absorption ofa-Ge. Using this result enables an initial as-
signment based on the bulk electronic structure. The first
XMCD peak(labeleds in Fig. 2) lies in the pre-edge region
close to the Fermi level(solid line in Fig. 2), which may
have an important impact on spin-dependent transport. The

bulk electronic structure in this region is predominantlys
character. The second XMCD peak coincides with the dou-
blet assigned tod states(labeledd in Fig. 2). This provides
an initial assignment as shown in Fig. 2, which is consistent
with the analysis of the experimental data and the layer re-
solved density of state calculations, both of which are dis-
cussed below.

With an assignment of features, the dipole selection rules
enable the determination of orientation between the Fe and
Ge moments. The XMCD selection rules forp→d vs
p→s18,19 allow s and d contributions to the spin moment,
kSzl, to be written as

kSzl = kSz
dl − 2kSz

sl
Ps

Pd
+

7

2
kTzl, s1d

wherePs/Pd is the probability ratio fors vs d excitation and
kTzl is the magnetic dipole term. In accord with recent re-
sults, it can be assumed thatPsPd,1 (Ref. 19) and kTzl
.0.20 The important point is that the selection rules result in
a minus sign between thed vs s XMCD for the same mag-
netic moment direction. Since the initialL3 XMCD is nega-
tive for Fe (not shown), this is direct evidence of the anti-
parallel orientation of the Ges moment and the 3d transition
metal moment. Thed component has a positive signal indi-
cating that thed component of the induced Ge moment is
antiparallel to that of Fe as well. These results are in agree-
ment with the electronic structure calculations presented be-
low.

The sum rule analysis provides a more detailed insight
into the magnetic structure, but there are difficulties in the
application to the case of Ge. Without a continuum excitation
background subtraction and knowledge of the number of 4s
and d holes in the conduction band, extraction of the spin
and orbital moments is not possible. This is further compli-
cated by the possibility of charge transfer at the interface,
which will mix the 3d electrons from Fe with the 4d elec-
trons from Ge. However, the ratio,Rm=DAL3

/DAL2
, where

DAL is the area of the respective XMCD peak, can provide
the ratio of spin to an orbital moment. Due to the small
signal to noise in the spectrum, the peaks were fit with Gaus-
sians, and the fit data were used for the energy integration
(see Fig. 1). With a small signal to noise, the result can be led
astray by noise contributions. Since the purpose is to deter-
mine general trends in the spin-orbit ratio, the fit works very
well and allows the two contributions to be separated, as-
suming no overlap of the relative features.

From the area of the separate components, we can deter-
mine the orbit to spin ratio defined as

kLzl/kSzl ,
4

3

Rm + 1

Rm − 2
. s2d

In this case we have not included factors for the different
character of the states. The results are shown in Table I. The
numbers forkLzl / kSzl provide an additional confirmation of
the character assignment. Thes component results in an
kLzl,0, and the second peak in the XMCD results in a non-
zero kLzl consistent with ad component. It is worth noting
that the orbital moment is a significant fraction of the total

FIG. 1. (Color online) Average absorptionsI++ I−d and x-ray
magnetic circular dichroismfXMCD= sI+− I−dg at the GeL edge for
the Fe/amorphous Ge multilayer. Nonzero XMCD gives a clear
indication of an induced magnetic moment on Ge. The structure in
the XMCD is attributed to both spin-polarizeds and d states, as
well as a small magnetic signal in the extended signal, which might
be due to a magnetic extended absorption fine structure. The red
line is a Gaussian fit to the data discussed in the text.

FIG. 2. (Color online) A comparison of GeL3 absorption for the
Fe/Ge sample and a single-crystal Ge standard. Note the distinct
drop in the absorption for the Fe/Ge case, which is associated with
the disorder of the amorphous state. Vertical lines indicate the align-
ment of XMCD features with features ascribed tos andd states in
the absorption.
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moment and perhaps plays a role in the uniaxial part of the
anisotropy for Fe/Ges100d.21 We will show below thed mo-
ment is 0.01mB, which results in an orbital moment
0.005mB. The magnitude of this orbital component is con-
sistent with theoretical results ascribing the observed
uniaxial anisotropy to nonzero moments in the
semiconductor.8

To interpret these results theoretically, we turn to density-
functional theory calculations. Two sets of calculations were
performed to elucidate different aspects of induced Ge mo-
ments in Fe:(1) an ideal interface and an intermixed inter-
face, and(2) fixed-spin-moment calculations for bulk Ge, for
the purpose of estimating the ratio between induced
p-moments (which are the largest) to s and d moments
(which are measured by theL edge XMCD). The calcula-
tions were performed within the generalized-gradient ap-
proximation, using projector-augmented-wave potentials.22,23

The plane-wave cutoff andk-point sampling were sufficient
to converge all quantities to the precision given.

To study Fe/Ge interfaces, we used two models intro-
duced previously for Fe/GeAs interfaces.9 All are 131 in-
terfaces between crystalline Ge and Fe, with the interface
boundary either ideal(i.e., atomically abrupt) or rough(with
1.0 monolayers of Ge in the Fe host). The isolated interfaces
were modeled by supercells containing seven layers each of
Ge and Fe, with atomic coordinates completely relaxed
within two layers of the interface. The induced Ge moments
for both structures are shown in Fig. 3; the results for the
other two models are qualitatively similar. The interfacial Ge
layer has a moment of 0.06mB antiparallel to the Fe magne-
tization. Although small, this is roughly half the value ob-
tained for isolated Ge in an Fe matrix and thus appears rea-
sonable. Ge atoms one layer away from the interface are less
polarized(in the Fe direction), and further layers are essen-

tially nonmagnetic. The Ge moments near the interface are
predominantly p-like. In comparison with the metallic
case,4–6 it is worth noting that the layer dependence shows a
similar oscillation except the oscillation is damped to zero
within a few layers(see Fig. 3). For the case of a metal, the
oscillation is due to a polarization of conduction electrons at
the Fermi level. In a bulk semiconductor there is no density
of states at the Fermi level, but near the Fe/Ge interface
there is a nonzero density of states atEf which disappears 3
layers into Ge and results in a damping of the induced Ge
magnetic moment.

However, theL-edge XMCD is only sensitive to thes and
d components of the total Ge moment. For the calculations
described above, these contributions were only,10% of the
already small total Ge moment and hence are numerically
difficult to resolve. To determine these ratios more system-
atically, we performed fixed-spin-moment calculations for
crystalline Ge, varying the total moment,M, from zero to
1.5 mB. For each value ofM, we computed thes, p, andd
contributions within an atomic sphere. The ratiosMs/Mp and
Md/Mp are remarkably independent of the total moment.
They do, however, depend strongly on the sphere radius
used: for touching spheresMs/Mp=0.3 and Md/Mp=0.1,
while for volume-filling spheresMs/Mp=0.1 andMd/Mp
=0.3. Most importantly, thes- and d-moments are always
parallel to thep-moment.

Using the fact thatMs,d,0.2Mp, it can be inferred that
the induceds- andd-moments on Ge atoms near the Fe/Ge
interface are,0.01mB. There is also a consistency between
the average moment orientation and the experimental results
showing anti-alignment of the Ges- and d-moments with
respect to the Fe 3d moment. Together with the result that
the average moment for the simple alloy case is parallel to
the Fe 3d moment with about the same magnitude, one can
see that in a system with abrupt and alloyed regions might
result in a cancellation of the XMCD effect. A recent study
claims that this system cannot be considered simply as an
abrupt Fe/Ge interface,14 but is decribed by intermixing that
seems to occur in a strange fashion. The Ge/Fe interfaces are
somewhat abrupt while the Fe/Ge interfaces seem to consist
of coexisting abrupt and alloyed regions. From the details of

FIG. 4. (Color online) A comparison of XMCD from an Fe/Ge
multilayer and a 16 Å Ge film grownin situ on polycrystalline Fe.
Within the noise, the two spectra are identical. Since the latter
shows the minimal alloying of Fe, this is a good indication that the
magnetic component resides at an Fe/Ge interface and is not due to
an Fe-Ge alloy phase.

TABLE I. Results of sum rule analysis for the fit to the data
shown in Fig. 1.

State Rm kLzl / kSzl

s −0.98 −0.01s10d
d −2.85 0.5(1)

FIG. 3. (Color online) Layer-resolved calculated moments for
an ideal and rough Fe/Ge interface. The inset shows the average
total moment for the structure, since XMCD in absorption is an
average over all layers that contribute a magnetic signal.

BRIEF REPORTS PHYSICAL REVIEW B70, 033201(2004)

033201-3



this study we can estimate that the alloy component would
comprise at most 25% of the sample. To confirm our result
and rule out the possibility of this magnetic phase being
ascribed to an alloy, an amphorous Ge thin film was prepared
in situ on a clean polycrystalline Fe surface.

Utilizing the idea that the Ge on Fe growth forms a rela-
tively abrupt interface, we prepared a samplein-situ under
UHV conditions with the following structure: Si/
polycrystalline Fes50 Åd /amorphous Ges16 Åd. X-ray pho-
toelectron spectroscopy(XPS) showed the sample was free
from contamination and there was minimal intermixing of Fe
and Ge. The shape of the Ge 3d core level is extremely sen-
sitive to alloy formation24 and no change was observed indi-
cating no alloy formation. As shown in Fig. 4, the measured
XMCD spectra of the single Ge layer and the Fe/Ge
multilayer are identical, which proves that the moment is

formed at the Fe/Ge interface and not due to an FexGe1−x
phase.

In conclusion, element-resolved magnetic measurements
have provided direct evidence for the formation of induced
magnetic moments on Ge at the Fe/Ge interface. An analysis
of the XMCD data is consistent with the LSDA calculations
for magnitude and direction of the Ge induced moments.
Future work will focus on these single-layer structures to
extract a more detailed understanding of the interface elec-
tronic and magnetic structure, together with a connection to
spin-dependent transport.
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