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Taking Mn doped Germanium as an example, we evoke the consideration of a two-band-like
conduction in diluted ferromagnetic semiconductor �FMS�. The main argument for claiming Ge:Mn
as a FMS is the occurrence of the anomalous Hall effect �AHE�. Usually, the reported AHE �1� is
observable at temperatures above 10 K, �2� exhibits no hysteresis, and �3� changes the sign of slope.
We observed a similar Hall resistance in Mn implanted Ge with the Mn concentration as low as
0.004%. We show that the puzzling AHE features can be explained by considering a two-band-like
conduction in Ge:Mn. © 2009 American Institute of Physics. �doi:10.1063/1.3257363�

Diluted ferromagnetic semiconductors �FMSs� exhibit
strong magnetotransport effects, namely negative magnetore-
sistance �MR� and anomalous Hall effect �AHE�,1–3 and pro-
vide the possibility to control the spin by an external electric
field. Ferromagnetic GaMnAs reveals hysteretic AHE, which
mimics its magnetization, and allows the determination of its
magnetic parameters by measuring the Hall resistance. The
observation of AHE is considered as one of the important
criteria for FMS to be intrinsic.4 Mn doped Germanium pro-
vides an alternative of FMS, as predicted by Dietl et al.5 Its
compatibility with conventional microelectronics makes it
more promising for industry application. We notice that pro-
nounced MR and AHE have been reported in the Ge:Mn
system6–13 independent of the formation of MnGe precipi-
tates or not, as well as in Cr doped Ge.14 By scrutinizing the
published data on Ge:Mn, one can observe three features in
the reported AHE. First, most of the AHE curves shown were
recorded at temperatures above 10 K. Indeed, Riss et al.9

reveal only ordinary Hall effect below 10 K. Second, no
hysteresis in AHE curves has been observed, despite the ob-
servation of a clear hysteresis in magnetization, which is
much different from the case of III-Mn-V and ZnMnTe.1–3

Third, the Hall curve changes the sign of slope at lower
temperatures, usually between 10 and 50 K. Obviously, the
correlation between magnetization, MR, and AHE, which is
a hallmark of III-Mn-V and ZnMnTe FMS,1–3 has not been
proven for Ge:Mn. In this letter, we report the observation of
an anomalous Hall resistance in Mn implanted Ge with the
Mn concentration as low as 0.004%, in which neither ferro-
magnetism nor paramagnetism has been measured. By con-
sidering two types of carriers, all the puzzling Hall-resistance
features can be explained. Moreover, the two-band-like con-
duction probably also explains the Hall resistance at large
fields for InMnAs �Ref. 15� and InMnSb.16

Intrinsic Ge�001� wafers were implanted with Mn ions at
300 °C to avoid amorphization. We varied the ion fluence to
get samples with a large range of Mn concentrations and
correspondingly different structural and magnetic properties
�see Table I�. Magnetotransport properties were measured us-
ing Van der Pauw geometry with a magnetic field applied
perpendicular to the film plane.

As shown in Table I, we examined samples with a wide
range of Mn concentration. Mn5Ge3 precipitates have been
observed in sample Ge02 and Ge03 by synchrotron radiation
x-ray diffraction �SR-XRD� �Ref. 17� at the Rossendorf
beamline �BM20� at the ESRF, but not in sample Ge01, and
are not expected in sample Ge19. SR-XRD has been proved
to be sensitive for detecting nanocrystalline precipitates.18,19

Correspondingly, ferromagnetism was observed only in
sample Ge02 and Ge03. Down to 5 K, only diamagnetism
was probed for sample Ge01, identical to a virgin Ge sample.
Note that independent of the formation of precipitates, a frac-
tion of Mn ions has been confirmed by spectroscopic meth-
ods to be diluted inside the Ge matrix, resulting in p-type
doping,20–22 as well as by electrical transport measurements
as shown in Fig. 1�a�. In sharp contrast to the structural and
magnetic properties, similar Hall effects are probed for all
samples as shown in Fig. 1. Indeed, the shape and tempera-
ture dependence of the Hall-resistance curves are similar to
those reported in literature.7–13 Deng et al.12 attribute the sign
change in Hall curves to the hopping conductivity. However,
this cannot explain the vanishing of AHE below 10 K.

The nonferromagnetic nature of sample Ge19 and Ge01
indicates that the observation of anomalous Hall resistance is
not necessarily related to ferromagnetism. Actually, similar
Hall curves have been observed in materials with a two-
band-like conduction.23–25 Figure 2 shows the resistance ver-
sus temperature for all samples. Basically, below 10 K the
resistance is weakly dependent on temperature and a transi-
tion occurs above 10 K. The activation energy is only several
meV for all samples. It cannot be the thermal activation of
holes from the Mn acceptor levels in Ge since the Mn single
and double acceptor level is as deep as 160 meV from the
valence band and 370 meV from the conduction band,26 re-
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TABLE I. Sample identification �ID�, Mn concentration �Mn conc.�, sheet
hole concentration �hole conc.�, and magnetic properties.

ID
Mn conc.

�%�
Hole conc.

�cm−2�

Properties

Precipitates? Ferromagnetic?

Ge19 0.004 No No
Ge01 0.2 6.5�1012 No No
Ge02 2 1.1�1013 Mn5Ge3 Yes
Ge03 10 2.0�1013 Mn5Ge3 Yes
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spectively. The small activation energy also cannot be a shal-
low acceptor level due to the large difference in the magni-
tude and temperature-dependence of resistance compared to
Ga or In-doped Ge.27 Moreover, between 10 and 50 K the
temperature dependence of the resistance is rather a universal
feature in Mn doped Ge.6,7,9,28,29 An interpretation of the
transition at around 10 K is plausible by considering the
ground and the first excited states of Mn2+�d5+2h�.30 Within
such a scenario, a two-band-like conduction �or two types of
carriers� is expected at above 10 K or even lower if the Mn
concentration is very small as shown in Fig. 2. In the next
step we fit the Hall curves using a two-band model described
in Refs. 23 and 24.

The dependence of the ratio between Hall and sheet re-
sistance �Rxy /Rxx� on the magnetic field B is given by

Rxy/Rxx =
x1�1�1 + �1

2B2� + x2�2�1 + �2
2B2�

1 + �x1�2 + x2�1�2B2 B , �1�

where

x1 =
G1

G1 + G2
, x2 =

G2

G1 + G2
, �2�

G and � are conductance and mobility, respectively. The
subscript numbers denote the two types of carriers. Numbers
“1” and “2” label the carriers in the ground and the first
excited state, respectively. In this formula, we assume spheri-
cal Fermi surfaces and use the zero-field sheet resistance
�Rxx� to relate the two-carrier conductance,23

1/Rxx = G = G1 + G2, �3�

where x1, �1, and �2 in Eq. �1� are fitting parameters. At 5 K,
for sample Ge01, Ge02, and Ge03 we only have carriers of
type 1. With increasing temperature carriers of type 2 are
activated and x1 decreases. Taking this as a restriction, we
can fit all measured results. Figure 1�d� shows the compari-
son between experiments and fitting. All the features are re-
produced. In Fig. 3 we list the fitting results, i.e., temperature
dependent mobility and sheet carrier concentration for two
types of carriers. Despite the number of fitting parameters, it
is plausible to draw conclusions according to the overall
trend by examining all samples. The sheet carrier concentra-
tion �NH1� of type 1 carriers is weakly dependent on tempera-
ture �Fig. 3�c��, while NH2 is increased above 10 K and be-
comes saturated at high temperatures �Fig. 3�d��. The
dependence of �1 on temperature is nonmonotonic. This is
expected given the fact of a large hole concentration in those
samples. The ion implantation results in an effective Ge:Mn
layer thickness of around 100 nm. Then the concentration of
type 1 carriers is in the range between 1017 and 1018 cm−3.
In this range a peak of hole mobility in Ge depending on
temperature was observed.31 The concentration of type 2 car-
riers is mostly below 1017 cm−3 and �2 increases monotoni-
cally with decreasing temperature.

Equation �1� neglects the influence of a possible para-
magnetism inside the samples. The paramagnetism can be
included as an anomalous Hall term using a Brillouin
function.24 However, we have not observed any paramag-
netic component using superconducting quantum interfer-
ence device magnetometry down to 5 K with fields up to 7 T
for sample Ge19 and Ge01. The quench of the magnetic
moments from Mn ions is somehow surprising, and has also
been observed in Mn doped Si.32 Nevertheless, we also re-
fined Eq. �1� by including a Brillouin function in order to

FIG. 1. �Color online� �a� Hall resistance �Rxy� at 5 K: only ordinary Hall
effect has been observed. ��b� and �c�� The ratio between Rxy and sheet
resistance at zero field �Rxx� at 20 and 50 K, respectively. An anomalous
Hall resistance appears and the sign of slope is changed at lower fields
�20 K� or at larger fields �50 K�. �d� Rxy /Rxx at different temperatures for
sample Ge03: the symbols are experimental data, while the solid lines are
fits using Eq. �1�. A Ga-doped Ge wafer with a hole concentration of 1.5
�1016 cm−3 was measured for comparison and only ordinary Hall effect is
observed as shown in �c�. For better visibility some curves are multiplied by
the factors indicated.

FIG. 2. �Color online� Temperature dependent sheet resistance at zero field
�Rxx�. For sample Ge19 the resistance is too large and can only be measured
down to 10 K. Basically, below 10 K the resistance of sample Ge02 and
Ge03 is weakly dependent on temperature.

FIG. 3. �Color online� Fitting results of Hall curves at different tempera-
tures. ��a� and �b�� Temperature dependent mobilities, data extracted from
Ref. 31 is shown for comparison. ��c� and �d�� Temperature dependent sheet
carrier concentrations. Lines are guides for eyes.
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account for possible magnetic field dependent mobilities.
However, using the Brillouin function the fitting of the Hall
curve at large fields is not possible because the fitted Hall
curve changes the sign of slope with increasing field. This is
in contrast to the Hall data probed on Mn implanted Ge
where the sign of slope remains positive at large fields.9 The
simple two-band-like picture described by Eq. �1� also quali-
tatively explains the saturation of the positive MR at large
fields. Namely, above 10 K a large positive MR is usually
observed in Ge:Mn �also in our samples� and saturates at
large fields,7,9,13,28 which is a typical feature of the two-band
MR.23

In summary, we observed an anomalous Hall resistance
in Mn implanted Ge with the Mn concentration as low as
0.004%. By considering two types of carriers participating in
the conduction, we can explain the puzzling Hall-resistance
curves reported in the literature and in this letter. A multiple-
path-like conduction can mislead the interpretation of mate-
rials as FMS. Possibly, it also can make an add-on effect to
the AHE observed in InMnAs �Ref. 15� and InMnSb,16 as
well as in Zn0.9Mn0.075Cu0.025O.33
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