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Chemical and magnetic homogeneities of Mn and Fe, codoped in Ge, have been studied experimentally and
theoretically. As we alter the codopant concentration in our diluted magnetic semiconductors, polarized neutron
reflectivity measurements indicate no segregation and lower clustering tendencies for higher Fe doping. First-
principles density-functional calculations based on Korringa-Kohn-Rostoker coherent-potential approximation
show that Fe codoping introduces ferromagnetic interaction between Fe atoms as well as between Fe and Mn
in contrast to only Mn-doped Ge. The clustering behavior observed in Mn-doped Ge is counteracted by the
presence of Fe and hence increases the fraction of homogeneity, in agreement with the experiments. These
observations indicate that Fe codoping makes Mn-doped Ge more attractive toward application.
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I. INTRODUCTION

In recent years one of the most remarkable achievements
in spintronics was the observation of hole-mediated ferro-
magnetism in III-V diluted magnetic semiconductors
�DMSs�.1 However, the growth of group-IV ferromagnetic
�FM� semiconductors such as MnxGe1−x has also triggered
strong interest in searching for higher ordering temperatures
TC in Ge-based compounds.2 The FM behavior is attributed
to the 5

2Mn2+ ions that are substituted for Ge. These ions,
acting as acceptors, generate holes that mediate the ferro-
magnetic exchange interaction.

Due to the low solubility of transition-metal species there
exists a strong tendency to form heterogeneous regions
within the Ge matrix. Generally in pure transition-metal-
doped semiconductors, a strong clustering tendency between
the transition metals is observed.3,4 In Mn-based DMS, Mn
atoms are often susceptible to surface segregation or form
segregated phases during annealing.5 Such phases make the
interpretation of ferromagnetic behavior ambiguous as iso-
lated domains may be formed.6 To avoid this, one may opt
for multiple transition-metal codoping that can provide the
necessary stability. Recently, it was reported7,8 on the synthe-
sis of such a candidate DMS: an alloy of Ge, Fe, and Mn. An
addition of Fe to MnGe enables us to conserve the epitaxial
growth for higher total concentrations of magnetic species,
which results in an increase in TC. Very recently, codoping
with Co has also been shown to magnetically complement
Mn.9

However, an increase in TC with Fe codoping may also be
attributed to clustering or inhomogeneous distribution of
magnetic species in the Ge matrix. A series of specimens has
been investigated earlier,7,8 where doping constituents and
their variations have been studied in detail. Therefore, in this
paper we report on the investigation of two codoped DMS
specimens, codoped with alternating but unequal concentra-
tions of Fe and Mn. Any variation in Mn-Fe distribution
�homogeneity� in the two DMS specimens �with alternate

concentration of codoped magnetic species�, in terms of
chemical as well as magnetic composition for the entire
thickness of the film, has been effectively explored by depth-
sensitive polarized neutron reflectivity �PNR�.10,11 These
compositions represent two extreme regimes and were par-
ticularly chosen as any intermediate composition would have
been impossible to identify from the rest. Surface-sensitive
technique, such as x-ray absorption spectroscopy, is particu-
larly limited in our case. Our experimental results are
strongly supported by first-principles calculations, elucidat-
ing the complex magnetic and chemical interactions in Mn
and Fe codoped in Ge.

II. EXPERIMENT

Experiments have been done on two samples with differ-
ent compositions: �Ge�40 Å� /Fe�4 Å� /Mn�2 Å���11 /
ZnS�550 Å� named “DMS4Fe2Mn” and �Ge�40 Å� /Fe�2
Å� /Mn�4 Å���11 /ZnS�550 Å� named “DMS2Fe4Mn.” The
samples are grown by molecular beam epitaxy; the details
can be found elsewhere.8 Oxidation of top layers are pre-
vented by the thick cap layer.12 When the Ge thickness be-
comes comparable with the diffusion length of Mn and Fe in
Ge, a chemically homogeneous material without interfaces is
formed after postdeposition annealing �allowing redistribu-
tion of species as observed from x-ray reflectivity measure-
ments� at TA=300 °C.13 Magnetization measurements by a
superconducting quantum interference device �SQUID� and
magnetotransport measurements revealed ferromagnetic or-
dering but showed two different TC’s at 205 K and above 300
K for “DMS2Fe4Mn.” which we have related to two mag-
netic phases.8 Interestingly, “DMS4Fe2Mn” does not show
the high-TC phase and appears in the cross-sectional trans-
mission electron microscope �TEM� image to be fairly ho-
mogeneous compared to the other sample, which showed the
formation of precipitates.8,13,14

We performed measurements of the specimens on a neu-
tron reflectometer at two different sources. The instruments
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are TREFF�HADAS� at FMR-2�FRJ-2�.13,15 On TREFF/
HADAS polarization channels of the specular reflectivities
are measured by two-dimensional position sensitive
detector.16 The measurements are done at different external
fields Ha in monochromatic mode for wavelength �
=4.52 Å on HADAS ��=4.73 Å on TREFF� covering a
normal wave-vector transfer �Q�= 2�

� �sin��i�+sin��f���. The
measurements from TREFF are done without polarization
analysis. In specular geometry the angle of incidence �i
equals the final angle �f, and � from the band is selected by
a monochromator. All measurements are done after the
sample was cooled to 50 and 250 K from RT by a continuous
flow cryostat �inserted between an electromagnet�.

PNR is sensitive to the nuclear and in-plane magnetic
composition throughout the depth of the sample �the neutron
absorption cross sections for the atomic species in the sample
are negligible�. The scattering-length densities of the mag-
netic specimen are given by either the sum or the difference
of nuclear ��n� and magnetic ��m� components. The neutron

interaction potential is given by V̄= 2��2

m ��n��m�
= 2��2

m Nbn�	� ·B� , where N is the atomic density, bn is the
coherent nuclear scattering length, m is the mass of neutron,
B is the internal magnetic field of specimen, and 	 represents
the operator associated with the Pauli spin matrices. The
scattering length densities �SLDs� of a magnetic specimen
are given either by the sum or difference of the nuclear ��n�
and magnetic ��m� components. The specular reflectivities in
the non-spin-flip channels �R++ and R−−� yield information
about the magnetization component collinear to Ha. Here +
and − signs that refer to the intensity R represent the polar-
ization parallel and antiparallel to the guiding field. Fits to
the experimental data were done by taking into account the
background level and the polarizing and analyzing ineffi-
ciencies. We consider several mixed layers of Ge, Fe, and
Mn capped with another layer of ZnS. Such a modulation
within the DMS layer improves the fits significantly as com-
pared to a constant SLD profile signifying the sensitivity of
the present data on the SLD profile.14

Specular scattering measures the depth variation in lateral
average interaction potential from different coherent vol-
umes. The scattering along the thickness of the specimen can
be considered coherent as the perpendicular projection of the
neutron coherence length �l�� extends over several microns
and hence the depth sensitivity. Earlier, a quantitative infor-
mation on depth profile has been shown for GaMnAs type of
specimens.10 Within the kinematical �limited to high Q�
treatment of the data, reflectivity is related to the derivative
of the density profile �d� /dz� and the autocorrelation func-
tion �d
 /dz� is given by the Fourier transform of R�Q�
�Q4. Alternatively, exact reflection coefficients can be re-
trieved within the dynamical approach �low Q� following the
Parratt formulism.17 Here a model density profile is consid-
ered �prior knowledge of the scattering density�, which
should be sufficiently close to the correct one. The variation
in the magnetization vector �in-plane amplitude and direc-
tion� with depth can thus be extracted as the reflection am-
plitude is related to the Fourier transform of the SLD depth
profile. We have followed the dynamical way for our fitting
models.

III. EXPERIMENTAL RESULTS

Segregation, upon annealing of a DMS layer, can be iden-
tified by a movement of magnetic species along the thickness
of the sample. Such segregated magnetic species are suscep-
tible to form small clusters usually at the top of the layer
surface often acting as isolated domains within the semicon-
ductor matrix and therefore it cannot be considered as a true
DMS layer anymore. A homogeneous layer is characterized
by a single magnetic phase �DMS4Fe2Mn� while clustered
species can lead to a second phase �DMS2Fe4Mn�. Now as
our specimens are covered with a cap layer, it is likely that
the magnetic species may have even moved into the cap
layer of ZnS �altering �m and �n for both layers�. Therefore,
we employ here two different models for our data fits. Model
1 �M1� considers no segregation of species �magnetic� onto
the top cap layer �here �m for ZnS is restricted to zero while
the individual thicknesses and SLD components act as free
parameters�, while model 2 �M2� considers a segregation of
codopants �here �m for ZnS also act as a free parameter�. By
comparing these two situations, employing M1 and M2, for a
single specimen, we should be able to identify any segrega-
tion in the sample.

Figure 1 compares the spin asymmetries �SAs� �difference
in R++ and R−− divided by the sum of the two� at 50 K and at
saturation measured at TREFF. We consider two different
models in fitting the data: �a� the fits, shown as black lines,
correspond to the treatment of the data within M1 and �b� the
fits to the data within M2 �gray lines� have also been drawn.
Also provided are the reflectivity patterns with best fits and
SLD variation in depth for the respective models. It can be
clearly followed, comparing the goodness of fit factor ��2� to
the respective reflectivity patterns employed with M1 and
M2. No improvement in �2 �worsen by �0.07� is obtained
for DMS4Fe2Mn, while for DMS2Fe4Mn a clear improve-
ment �by �0.05� is achieved when M2 is employed. There-
fore, it can be concluded that a sufficient level of segregation
of magnetic species into the cap layer has taken place in
DMS2Fe4Mn �inhomogeneities for higher Mn-doped speci-
mens�. While in DMS4Fe2Mn, no such segregation is indi-
cated by PNR.

Now we look into the field dependence of SA at Q
=0.017 Å−1 in Fig. 2 from similar measurements at different
reflectometers.14 Both specimens show nonlinear behavior.
Interestingly, such nonlinearity can be considered as an indi-
cation of clustering,18 whereas a linear variation indicates
noninteracting �para�magnetic species. Further, a difference
in their SA behavior, visible over a range of fields, is strongly
indicative of different magnetic interactions in two speci-
mens, as we alter the codopant concentration of Mn and Fe.
One can easily observe that DMS2Fe4Mn attains saturation
much earlier than that by DMS4Fe2Mn. Interaction of clus-
ters is also indicated by the temperature dependence of SA
for DMS2Fe4Mn.

For a number of noninteracting superparamagnetic clus-
ters �Nc� with cluster magnetic moment �c, the magnetiza-

tion scales as M�H ,T�=
Nc�c

2H

3KbT �Langevin function L�x� is ap-
proximated for small x�. The average magnetic moments per
magnetic atom ��m�, estimated from the fitted values of �m,
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are 0.014�B �DMS4Fe2Mn� and 0.025�B �DMS2Fe4Mn�,
respectively �here �B is the Bohr magneton�.19 Now, consid-
ering a number of magnetic atoms to be comprised of one
such cluster, the number of clusters is found to be predomi-
nantly higher in DMS2Fe4Mn �lower Fe concentration�.
Such clustering tendencies are well in agreement with the
earlier TEM and SQUID measurements as well �insets of
Fig. 2�.8,13

IV. THEORETICAL CALCULATIONS

In order to understand the effect of Fe doping on the
chemical and magnetic interactions in MnGe, we have per-
formed first-principles density-functional calculations based
on Korringa-Kohn-Rostoker coherent-potential approxi-
mation.20 The Heisenberg interatomic pair-exchange param-
eters were calculated using the theory of Liechtenstein et

al.,21 where the exchange interaction between two spins is
calculated using a classical Heisenberg Hamiltonian utilizing
the magnetic force theorem. The pair-exchange parameters
can be calculated as

Jij =
1

4�
�EF

dE Im TrL�
iT↑
ij
 jT↓

ji� , �1�

where 
i= ti↑
−1− ti↓

−1, t being the on-site scattering matrix. T is
the scattering path operator that is related to the off-diagonal
element of Green’s function. TrL is the trace over the orbital
indices of the scattering matrices. Ferromagnetic �antiferro-
magnetic� interactions are indicated by positive �negative�
values of Jij’s. Using the generalized perturbation method,22

the chemical pair interactions have also been calculated. The
effective pair interaction can be written for a sublattice con-
taining a binary alloy AB as

Vij = Vij
AA − 2Vij

AB + Vij
BB, �2�

where Vij
�� is the interaction energy when i and j sites are

occupied by � and � atoms, respectively.
In the theoretical calculations, the initial alloy composi-

tion was taken as Mn19Ge81 according to the composition of
the multilayer geometry considered in the experiments.
Gradually, we varied the Fe concentration by substituting Mn
by Fe atoms. For the initial composition without Fe, the
magnetic pair-exchange parameter had many antiferromag-
netic components those gave rise to a net onsite interaction
parameter J0

i =�nJii, which is also antiferromagnetic. The re-
sults of Fe doping are shown in Fig. 3. Our calculated onsite
exchange parameter J0 shows that Fe codoping results in
ferromagnetic interaction between Fe atoms. Also the anti-
ferromagnetic interaction between Mn atoms in the case of
pure Mn-doped Ge becomes weaker on Fe doping. This is in
agreement with the experimental observation of an increase
in the ordering temperature upon Fe doping.7,8 In Fig. 4, we

FIG. 1. �Color online� Com-
parison of the data recast as SA
for DMS4Fe2Mn �upper panel�
and DMS2Fe4Mn �lower panel�
measured at TREFF at a satura-
tion field and at 50 K. The fits
within the M1 �black lines� and
M2 �gray lines� along with the re-
spective SLD variation with
depth, plotted in black/red �M1�
and gray/cyan �M2� lines are
shown. The corresponding reflec-
tivity patterns �symbols� and their
best fits �lines� are also provided
alongside.

FIG. 2. �Color online� SA for DMS4Fe2Mn and DMS2Fe4Mn
from the neutron measurements at reflectometers HADAS/TREFF
as a function of applied magnetic field. The lines are guides for the
eyes. Corresponding TEM images and SQUID magnetization �loga-
rithmic scale� also indicating the inhomogeneity in DMS2Fe4Mn
are reproduced from Ref. 8.
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show the effective chemical pair interaction parameter as a
function of distance between a pair of atoms for an alloy
composition Fe0.06Mn0.13Ge0.81. It should be mentioned that
in pure Mn-doped Ge, a strong clustering tendency between
the Mn atoms is observed in our calculation. This is a general
observation for many diluted magnetic semiconductors.3,4 In
presence of Fe, the effective chemical pair interaction be-
tween Mn and Fe is positive signifying a segregating behav-
ior that counteracts the clustering tendency. So, one can ex-
pect that the fraction of homogeneity in the codoped system
is increased. The resulting magnetic interactions are shown
in the inset of Fig. 4 where it is shown that the magnetic
coupling between Fe atoms is ferromagnetic unlike between
Mn atoms. Also, a careful observation reveals that the ex-
change interaction between Mn and Fe is less antiferromag-
netic than that between Mn atoms. So, an effective increase
in the ferromagnetic interaction is possible. All these conclu-
sions are favorable toward making this codoped magnetic
semiconductor attractive for applications.

V. CONCLUSION

In conclusion, we have shown the potential of Mn- and
Fe-codoped Ge as a candidate for spintronics applications.

PNR could not only indicate a difference in inhomogeneities
for alternate concentration of Mn and Fe within the Ge ma-
trix, but it also could effectively indicate lower clustering
tendencies for higher Fe doping. In agreement with experi-
ments, theoretical calculations reveal that Fe doping in
MnGe results in an increase in ferromagnetic interactions as
well as a decrease in the overall clustering tendency between
the magnetic dopants, the two facts making this system im-
portant for applications.
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