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We present a comprehensive study of ferromagnetism and magnetotransport in Mn-doped germanium,
grown with molecular-beam epitaxy. Ferromagnetism in Mn,Ge;_, (0<x<0.09) is characterized by two
different ordering temperatures 7. and TZ with Tc< TZ. The onset of global ferromagnetic order at T¢
coincides with the percolation threshold for (activated) charge transport. Magnetism between T and T&
originates from “clustered dopants” associated with inhomogeneities. The ferromagnetic ordering temperature
within the clusters is of order Tz while the coupling between the clusters is mediated by thermally activated
carriers moving in an impurity band. The magnetoresistance exhibits nonmonotonic temperature and magnetic
field dependence; both negative and positive magnetoresistance contributions are observed. The anomalous
Hall effect between 7T and TZ appears to be influenced heavily by the large magnetoresistance. The normal
and anomalous Hall coefficients both diverge at low temperature. All these observations indicate that Mn,Ge,_,
is most adequately described within an impurity band model where the ratio J/¢ of the Mn hole exchange J and

hole hopping ¢ is large.
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I. INTRODUCTION

Mechanisms of ferromagnetic coupling between impurity
spins in dilute magnetic semiconductors (DMSs) such as
Ga,_Mn,As and In;_Mn,As (x of order 0.05 or less) are
known to be mediated by p-type charge carriers.'~* Ideally,
each Mn dopant atom represents an acceptor that introduces
a local spin and a hole carrier. Upon increasing the Mn con-
centration, acceptor levels above the valence band merge to
form a narrow impurity band which may eventually overlap
with the host valence band, depending on the doping level
and binding energy of the holes. Impurity band states below
the mobility edge are localized due to the randomness or
disorder of the Mn lattice locations. Empirically, one finds
that the hole density in DMSs is significantly smaller than
the doping concentration which is due to carrier compensa-
tion or “self-compensation” by Mn interstitials® and/or phase
separation of Mn-rich precipitates. The magnetic coupling
and ordering in these materials is thus heavily affected by
material issues such as carrier compensation and impurity
lattice location and distribution, as well as fundamental phys-
ics issues that relate to coupling mechanisms in the presence
of strong correlations and disorder. These materials indeed
exhibit a very striking correlation between the transport and
magnetic properties. In fact, it has been argued that DMSs
exhibit interesting analogies with complex materials systems
such as the colossal magnetoresistance transition-metal
oxides.®

Studies on ferromagnetic DMSs have focused mostly on
degenerately doped or “metallic” DMS materials which pro-
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duce the highest ferromagnetic ordering temperature (ferro-
magnetic Curie temperature 7). Insulating DMSs with
lower T~ have not received as much attention, but it could be
argued that the insulating regime is especially relevant for
understanding the basic principles of ferromagnetism
in DMSs. In this context, Mn-doped Ge appears to be espe-
cially interesting but controversial still. Following the initial
report of “high-T” ferromagnetism in Ge (T-=116 K; Ref.
7), several groups made great strides in their pursuit toward
room-temperature ferromagnetism. Cho er al. have reported
a ferromagnetic T, of 285 K at 6% Mn doping level,?
whereas Tsui et al. realized a T of 270 K by codeposition of
Mn and Co.” These observations are especially remarkable
because Mn,Ge,_, DMSs are reportedly insulating. Recent
theoretical studies employing ab initio full-potential linear-
ized augmented-plane-wave supercell calculations indicated
that the exchange interactions between Mn ions in Mn,Ge|_,
oscillate as a function of distance between them according to
the Ruderman-Kittel-Kasuya-Yoshida (RKKY) formula.'%!!
Ferromagnetic ordering temperatures ranging from 134 to
400 K have even been predicted but these predictions require
itinerant exchange as in metallic DMS systems.'®!! The
high-T- reports for Mn-doped Ge therefore call for further
scrutiny while the link between the nonmetallic transport
properties and ferromagnetism must also be established.

In this paper, we present a comprehensive study of the
ferromagnetism and electrical transport in a Mn,Ge,_, DMS
for Mn concentrations up to 9%. By carefully controlling the
growth conditions, we obtained Mn,Ge,_,, free of interme-
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tallic precipitates, that exhibits not one but two magnetic
phase transitions at T and at T*C with Tc<< T*C. The magnetic
response to temperature and doping concentration is indica-
tive of global ferromagnetic ordering at T-=12 K (x=0.05).
T; is the ferromagnetic ordering temperature within isolated
spin clusters as determined from a Curie-Weiss plot of the
high-temperature magnetic susceptibility; TZ=112 K for
x=0.05. These spin clusters are associated with inhomogene-
ities in the Mn distribution. This paper expands and comple-
ments our initial report on magnetism in Mn-doped Ge,'?
with comprehensive analyses and discussions on (1) the
growth procedure and (2) the spontaneous and magnetic-
field-induced contributions to the magnetization and magne-
totransport properties. The magnetization and anomalous
Hall effect (AHE) between T and TZ are field induced, in
that there is no macroscopic spontaneous ferromagnetic com-
ponent. The AHE furthermore appears to be influenced
heavily by the large magnetoresistance above 7. The normal
and anomalous Hall coefficients diverge as T—0 K, as ex-
pected for a Hall insulator and consistent with the recent
theory of AHE for hopping transport.'> The magnetoresis-
tance appears to be dominated by fluctuation-controlled hop-
ping between magnetic clusters. All observations consis-
tently point toward a picture of ferromagnetic spin clusters
that are exchange coupled by thermally activated charge car-
riers moving in an impurity band. Thus, Mn-doped Ge is
distinctly different from the high-T III-V DMS materials.'-3

II. GROWTH PROCEDURES

Mn,Ge,_, films were grown on undoped Ge(100) sub-
strates with molecular-beam epitaxy (MBE). Ge substrates
were cleaned in situ through cycles of sputtering and anneal-
ing. Before initiating the Mn flux, a thin Ge buffer layer
(~150 A) was grown at a substrate temperature of 250 °C.
The Mn,Ge,_, films were grown at substrate temperatures
ranging from 50 to 110 °C by codeposition at a rate of
2-4 A/mm. As will be discussed later, this low growth rate
is essential for maintaining good crystalline quality at low
growth temperature. The quality of the films was monitored
in situ with reflection high-energy electron diffraction
(RHEED). The persistence of a two-dimensional growth
front was indicated by the streaky RHEED patterns and clear
presence of (2 X 1) fractional order beams, originating from
the well-known dimer reconstruction of the (100) surface.'*
The thickness of the films was typically 700A, as monitored
by a quartz crystal monitor in situ and verified ex situ by
Rutherford backscattering spectrometry (RBS). Magnetic
properties were measured using a superconducting quantum
interference device (SQUID) magnetometer; electrical prop-
erties and Hall effect were measured with a four-probe con-
figuration using a physical property measurement system
(PPMS).

According to the bulk phase diagram for the Mn-Ge
system,!® there exist many intermetallic phases such as
MnsGe;,Mn;;Geg, and Mn,Ge. We have investigated the
very delicate growth procedure for obtaining a Mn Ge;_,
DMS free of known intermetallic precipitates. Figure 1
shows the temperature-dependent magnetization for samples
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FIG. 1. (Color online) Temperature-dependent magnetic mo-
ment of Mng (sGe g5 films grown at various temperatures. The ap-
plied magnetic field is 0.1 T. All magnetic quantities are per unit
volume of DMS.

grown at different substrate temperatures (7s) having the
same Mn fraction x=0.05. The applied magnetic field is 0.1
T. At T¢<50 °C, films readily become amorphous after
passing the initial growth stage. Crystalline films are ob-
tained at 50 <T¢<<85 °C and they are magnetic at fairly low
temperature. For substrate temperatures 7¢=85 °C, and es-
pecially T4=110 °C, the films are strongly ferromagnetic
with a T¢ of 296+6 K. Since room-temperature ferromag-
netism (7~ 296 K) appears only at higher growth tempera-
ture, it is imperative to examine the possible formation of
ferromagnetic intermetallic precipitates. It is known that
Mn;sGe; has a T of 296 K.'® MnsGe; is also the most stable
compound in the Mn-Ge phase diagram. As shown in Fig. 1,
for samples grown at T¢=85 °C, strong ferromagnetism in-
dicates a T of 296+6 K, independent of Mn concentration.
This magnetic signature suggests the presence of ferromag-
netic Mns;Ges alloy precipitates. Mns;Ge; precipitates could
not be detected with x-ray diffraction (XRD) for the (100)-
oriented Mn,Ge,_, thin films, however, MnsGe; precipitates
can be detected rather easily on Ge(111) with XRD and scan-
ning tunneling microscopy as they form epitaxially oriented
MnsGe;(0001) crystallites.!” These crystallites exhibit a
magnetic signal M(H,T) and T that is similar to that of the
Mn,Ge,_,(100) films grown at 85 °C and above. The forma-
tion of MnsGe; precipitates has also been observed in other
Mn-doped Ge systems using transmission electron
microscopy'® and magnetic characterization.?

The growth rate R appears critical under these low-
temperature growth conditions as well. Figure 2 compares
two samples with the same Mn concentration, grown at the
same 7T¢=70°C but with a different growth rate. At
R=4 A/min, RHEED patterns (Fig. 2, inset) obtained along
the [110] azimuth indicate a 2 X 1 reconstructed surface, with
streaky fundamental and half-order diffraction features. The
sample does not show a measurable magnetic response near
room temperature. When the growth rate increases from 4 to
12 A/min, the half-order RHEED streaks disappear and a
three-dimensional transmission pattern is revealed, indicat-
ing a rough growth front. The deteriorating sample quality
for higher growth rates leads to the appearance of the
Mn;sGe; signature (with T~ 296 K) in the dc magnetization
curves. This indicates that a rough growth front promotes
formation of alloy precipitates. Evidently, fabrication of a
Mn,Ge,_, DMS (0<x<9%) that is free of known ferro-
magnetic alloy precipitates requires smooth layer-by-layer
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FIG. 2. Temperature-dependent magnetic moment of Mn,Ge;_,
films grown at different growth rates: (a) 4 and (b) 12 A/min. The
growth temperature and the nominal Mn concentration are the same
in both samples: T4=70 °C, x=5%. The applied magnetic field is
0.1 T. Insets: RHEED patterns obtained during film growth. (c)
Structural phase diagram of Mn, (sGe o5 layers as a function of the
substrate temperature grown with growth rate 4 A/min.

growth, low growth rate, and a low growth temperature
(50<T3<85°C). A one-dimensional phase diagram is
sketched in Fig. 2(c) against T at R=4 A/min, x=5%, and
film thickness of 700 A. We hereafter focus on the “pure”
DMS phase that is free of any known intermetallic precipi-
tates.

III. MAGNETIZATION

Figure 3(a) displays field-dependent magnetization loops
for a 5.4% DMS sample free of intermetallic precipitates and
grown at T5=70 °C. The magnetic field is applied perpen-
dicular to the film. At 5 K, the sample exhibits ferromagnetic
hysteresis. Between 20 and 110 K, the magnetization loops
no longer exhibit hysteresis (or remanence). The system,
moreover, does not exhibit measurable magnetic anisotropy.
For a concentration of 5% the saturation magnetization at 5
Kis ~1.0up per Mn atom if all Mn would contribute equally
to the magnetization. Using the theoretical moment of 3 up
per Mn atom in Mn,Ge,_,,”'° we conjecture that only ~1/3
of all Mn atoms are magnetically active. Surprisingly, the
moment per Mn tends to decrease with lower Mn concentra-
tion. Intuitively, one would have expected the opposite trend
because antiferromagnetic superexchange coupling between
nearest-neighbor Mn spins should be more prevalent and
competing at high doping levels. Figure 3(b) compares the
remanent magnetization and magnetization at 0.1 and 1 T for
the x=0.054 sample. The magnetization curves are strikingly
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FIG. 3. (Color online) Low-temperature ferromagnetic response
from Mn,Ge,_, films free of alloy precipitates. (a) Field-dependent
magnetization for a Mng osGeg o5 thin film. (b) Remanent and field-
induced magnetization of a Mn (5Ge( g5 thin film under 0.1 and 1
T. The inset shows the Curie-Weiss extrapolation for the x=0.054
sample.

concave [d*M(T)/dT?>0] over a broad temperature range,
in contrast to the convex Brillouin-function behavior of the
Stoner-Weiss mean-field theory.!® This behavior is similar to
that reported by Park er al.” but different from that of Cho et
al.® In the presence of a magnetic field, the magnetization
curves become less concave with measurable magnetic re-
sponse extending to near 200 K. The high temperature tail of
the dc “susceptibility” M/H follows a Curie-Weiss depen-
dence as shown in the inset of Fig. 3(b). Linear fits of the
H/M data for 0.1 and 1.0 T indicate an extrapolated diver-
gence of the magnetic susceptibility at 112+5 K, in good
agreement with the highest 7-=116 K reported in Ref. 7. We
tentatively denote this temperature TZ. Magnetic remanence,
however, vanishes at much lower temperature 7~ 12 K. It is
noted that in the presence of a 0.1 T magnetic field, the
temperature-dependent magnetization curve also displays a
small cusp near 12 K.

Magnetic ac susceptibility measurements as a function of
temperature indicated that the irreversible magnetization sets
in at a much lower temperature T..'> The onset of global
ferromagnetism occurs at 7 and not at TZ. The location of
T determined from the cusp in the susceptibility coincides
with the disappearing remanence for all x<<0.009. T in-
creases almost linearly with x up to ~0.09, whereas T*C satu-
rates at x>0.05 as reported previously.'? Still higher doping
concentration (x>0.09) resulted in rough growth fronts and
inclusion of intermetallic precipitates so the resulting mag-
netic response is not considered characteristic of a Mn,Ge_,
DMS.

Since Mn,Ge;_, DMSs do not exhibit magnetic rema-
nence between T, and T, it is imperative to examine
whether T represents a superparamagnetic blocking transi-
tion instead of a ferromagnetic transition temperature. The
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FIG. 4. (Color online) (a) The magnetization curves at different
temperatures presented as a Langevin plot. (b) Temperature-
dependent ac susceptibility of Mn (;Ge( o3 films measured with
different ac frequencies f. H;.=0 Oe, H,.=5 Oe.

magnetization of a superparamagnet follows a Langevin
function when plotting M/M, versus H/T."” As shown in
Fig. 4(a), high-temperature magnetization data collapse onto
the Langevin function (7>40 K) but the 20 K data clearly
deviate from the superparamagnetic response. Notice that T
is even lower: 12 K. Frequency-dependent measurements
also rule out traditional superparamagnetic blocking behav-
ior. According to the Neel-Brown theory of
superparamagnetism,?’ the blocking temperature T of non-
interacting spin clusters is given by

Ty ~ AE/In(7/79)kp, (1)

with AFE being the energy barrier to magnetization reversal in
a single spin cluster, 7 the measurement time, proportional to
1/f, 7, the attempt time, and kg the Boltzmann constant. The
superparamagnetic blocking temperature depends on the
measurement frequency f. The magnitude of the factor
ATy/TgA(Inf) is typically of order 0.1 in superpara-
magnets.!” However, as shown in Fig. 4(b), frequency-
dependent measurements did not reveal any measurable shift
of T over three decades of frequency within the resolution
of the experiment (0.2 K). This is indicative of true ferro-
magnetism as opposed to superparamagnetism or due to the
presence of strongly interacting magnetic dipoles.!'® At any
rate, the magnetic transition at 7 is not a conventional su-
perparamagnetic blocking transition. A spin-glass transition
is also highly unlikely because the magnetization of a spin
glass would be extremely hard to saturate’’ while a
Mn,Ge,_, DMS saturates at 1-2 T. It is thus concluded that
T corresponds to a ferromagnetic ordering temperature. 7.,
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FIG. 5. (Color online) (a) Temperature-dependent resistivity of
Mn,Ge,_, films in zero magnetic field for various Mn content. In-
set: Analyzed resistivity of two films as function of inverse tem-
perature, revealing variable-range-hopping conduction. (b) Resistiv-
ity of a MnjsGepgs film in various magnetic fields, showing
progressive shift of the peak.

on the other hand, represents an extrapolated Curie-Weiss
transition temperature. The large separation between T and
T*C suggests the presence of carrier-mediated interacting spin
clusters, as discussed in Sec. V.

IV. TRANSPORT PROPERTIES
A. Magnetoresistance

Figure 5(a) shows the zero-field resistivity as a function
of temperature for films with different Mn concentrations.
Electrical transport reveals insulating behavior over the en-
tire temperature range with the apparent exception of a cusp
near T. For all samples with x <8.8%), the resistivity shows
a clear peak exactly at 7~ and diverges as T— 0 K. For the
8.8% sample, resistivity does not drop as dramatically below
T, but rather exhibits a shoulder. This is very surprising
because heavily doped III-V semiconductors are metallic.
These features near 7T in the resistivity do not indicate a
metal-insulator transition as reported in Ga;_MnAs
DMSs, 22 because the conduction remains activated as the
temperature approaches zero K. The decrease of resistivity
above 200 K is dominated by parallel conductance through
the substrate.

The insulating behavior of Mn Ge;_, DMSs indicates that
the Fermi level is located below the mobility edge of the
Mn-induced impurity band. In such a localized system,
phonon-assisted hopping becomes the dominant mechanism
for charge transport at low temperatures. The variable-range
hopping formula for doped semiconductors at low tempera-
ture is??
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FIG. 6. (Color online) Magnetoresistance of Mn,Ge,_, films. (a)
Temperature-dependent magnetoresistance for samples with differ-
ent Mn content at 5 T magnetic field. (b) Field-dependent magne-
toresistance of a Mng5Gepos film at various temperatures. (c)
Field-dependent magnetoresistance of a Mng (>Ge og film at various
temperatures

p(T) o= Texpl(Ty/T)”] )

where the hopping exponent 8 equals i for Mott variable-
range hopping and % for Efros-Shklovskii (ES) hopping. The
ES formula accounts for electron-electron interactions and
the presence of a soft Coulomb gap at the Fermi level; « is a
nonuniversal power-law exponent while kzT, represents the
average energy level spacing within the localization length.
The optimal fit to our low-temperature data suggests ES hop-
ping, i.e., =1 and B=1/2 in approximately 1-2 decades of
resistivity; see inset of Fig. 5(a).

The presence of a magnetic field has a profound influence
on the transport behavior of Mn,Ge;_, DMSs. The resistivity
cusp shifts to higher temperature in the presence of a mag-
netic field as shown in Fig. 5(b) for the 5.4% sample. The
magnetoresistance (MR) is defined as

Aplpy = [p(H) = p(0)]/p(0) 3)

where p(0) and p(H) are the resistivities in the absence or
presence of a magnetic field H, respectively. Figure 6(a)
shows the MR as a function of temperature for samples with
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different Mn concentration in the presence of a 5 T magnetic
field. A very large positive MR is observed above T.. At a
temperature between T and T, the MR experiences a peak
(a second peak appears in 5.4% and 4.5% samples) and then
decreases with increasing temperature. The maximum MR
value increases with the Mn concentration x. The field-
dependent MR at various temperatures is shown in Figs. 6(b)
and 6(c), respectively, for 5.4% and 2.0% samples. Below
T, the sign and slope of the field-dependent MR are both
negative. At intermediate temperatures (e.g., 20 and 30 K),
the MR contains two contributions: a positive onset is fol-
lowed by a negative slope at higher field, thus producing a
maximum in the MR. At high temperatures (e.g., 50-300 K),
we only observe a large positive MR. Qualitatively similar
behavior has been reported for GaAs/MnAs (Refs. 24-26)
and MnsGe;/Ge (Ref. 18) nanoscale hybrid structures. Thus,
nonmonotonic behavior of the magnetoresistance seems to
be a hallmark of hybrid systems containing ferromagnetic
nanoclusters (see Sec. V).

B. Anomalous Hall effect

The Hall effect of Mn,Ge,;_, DMSs is dominated by an
anomalous Hall effect. The Hall resistivities pg,; were mea-
sured as a function of temperature and magnetic field. For a
metallic ferromagnet at fixed temperature, the Hall resistivity
follows ppi=RoB+umoR,M where B is the magnetic induc-
tion in the interior of the sample, and R, and R, are the
normal and anomalous Hall coefficients, respectively. This
empirical relation is also indicated by recent studies of the
AHE in Mn:GaAs DMSs.2 As will be shown, a similar re-
lation is established for Mn,Ge;_, DMSs. The precise physi-
cal meaning of the “constants” R, and R, for nonmetallic
DMSs remains to be determined, however.

For a uniformly magnetized body, the effective magnetiz-
ing field (vector) is H,;=H,—N-M, where H, is the applied
field and the tensor N contains various demagnetization fac-
tors. For a thin film with magnetic field applied perpendicu-
lar to its plane, the magnetic induction B=puoH,+ wm(1
—N,)M and with N, =1 and M <H,, the Hall resistivity
becomes

Prai(H) = Ro(H) uoH + R (H) oM (4)

where for simplicity we now write H,=H. The first term on
the right-hand side of Eq. (4) represents the normal Hall
effect while the second term is the AHE. For DMS materials,
the Hall “constants” Ry(H) and R (H) could be field depen-
dent. The field-dependent Hall resistivities measured at vari-
ous temperatures are shown in Fig. 7. The Hall resistivity
increases rapidly below TZ, which is due to the overwhelm-
ing contribution from the AHE, consistent with the empirical
relation Eq. (4).

The spontaneous Hall coefficient of metallic ferromagnets
usually follows R =a'p+'p* where p is the longitudinal
resistivity; a’ and B’ are constants. Theories have attributed
the AHE to impurity scattering in the presence of spin-orbit
interaction. Traditionally, the linear term has been attributed
to “skew scattering” while the quadratic term represents the
“side jump.” Although the physics of the AHE is different for
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FIG. 7. (Color online) Field-dependent Hall resistivity of a
Mn) o5Ge( o5 film at various temperatures. Solid dots, experimental
data; solid lines, fitting curves to Eq. (4).

Hall insulators, we can establish an empirical relation be-
tween R,(H) and p(H). To first order, we ignore the normal
Hall effect contribution and plot py,;(H)/ uoM(H) = Ry(H)
versus p(H) as shown in Fig. 8 for the 5.4% sample. This
plot compiles the information from the magnetization iso-
therms and from the Hall-effect and magnetoresistance iso-
therms (notice that these curves do not go through the ori-
gin). Clearly, Ry(H) of nonmetallic Mn,Ge,_,, is linear in
p(H) for each isotherm in Fig. 8. This is true for nearly all
temperatures and for all values of x<<0.009 although a' is
temperature dependent, especially close to TZ.

Notice that the Hall resistivity varies linearly with H
above ~5 T (Fig. 7), which greatly facilitates the extraction
of the normal Hall coefficient. R is usually determined from
dppa! OH at high magnetic field where the magnetization
and AHE contribution are saturated. However, because the
magnetoresistance is large, the high-field slope of the Hall
isotherms will be influenced by magnetoresistance through
the empirically established correlation between R (H) and
p(H). In fact, the constant (dpp,,/JH); at high magnetic
fields implies that up to first order in H, Ry(H)=R, is a
constant while R,(H) is linear in H; higher-order dependen-
cies are negligible at high field. Accordingly, R, is deter-
mined from

( IPHal

(9p>
= yuoRy+ o’ — | M, 5
oH )T Molto 01#0( ., T (5)

oH

where My is the saturation magnetization at temperature 7.
R,(H=0) is determined by extrapolating py,;(H) to zero

1000
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FIG. 8. (Color online) Anomalous Hall coefficients R (H) dem-
onstrating a linear dependence on p(H) at various temperatures.
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FIG. 9. (Color online) Normal (R;) and anomalous (R,) Hall
coefficients versus temperature.

field. To check the validity of this procedure, we fitted the
Prai(H) isotherms to the experimental values of M(H), p(H),
and R, using & as a free parameter. The fitted results are
displayed in Fig. 7 as solid curves, together with the experi-
mental Hall data. The fits are quite good at high fields but as
expected, the fits deviate from the experimental data at low
fields where the magnetization and transport properties dis-
play more complicated field dependence. R, indicates p-type
conduction for all 7. Notice that the experimental high-field
slopes in the raw data change from negative to positive as the
temperature increases. If we had ignored the magnetoresis-
tance contribution to R(H), we would have attributed the
change of slope to a sign change of the normal Hall coeffi-
cient, R.

The normal and anomalous Hall coefficients are shown in
Fig. 9. In contrast to the case of band transport through ex-
tended states, the normal Hall effect does not relate to a
carrier density in the case of hopping conduction. Instead, it
derives from the interference of different hopping
trajectories.'*?” For hopping conduction, the leading tem-
perature dependence of R, and R(H=0) should follow
exp(T,/T)'?, i.e, both quantities diverge as T—0 K.!3%3
This is qualitatively consistent with our observations in Fig.
9. Both pcexp(T,/T)"? and R, change by about one decade
between T and 50 K while R(H=0) changes by about a
factor of 4. R,(H) is furthermore proportional to the deriva-
tive of the density of states near the Fermi level, which is
located in the impurity band.'? The poor fitting of py,; at low
fields (Fig. 7) could thus be related in part to magnetic-field-
induced changes in the density of states and, consequently, to
the changes in R (H).?8

The spontaneous magnetization of conventional ferro-
magnets should disappear above T.. For Mn-doped Ge
DMSs, however, the AHE remains visible above T due to
the strong field-induced magnetization [Fig. 3(b)]. Strictly
speaking, the AHE above T does not represent a spontane-
ous Hall effect but a field-induced phenomenon. TZ appears
to be the relevant ordering temperature here. In fact, TZ can
be determined from the Hall isotherms by converting them
into an Arrott plot.!” Conventionally, the Arrott construction
is a plot of M? versus H/M that is used to determine the
ferromagnetic ordering temperature from M(H) data mea-
sured at different temperatures. Because the AHE term is the
dominant term up to room temperature as shown in Figs. 7
and 9, M scales approximately with (pg,;/p). Following the
procedure of Ohno,”” we have plotted (pp,,/p)> versus
H/(pya!p) for each temperature (Fig. 10). The high-field
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FIG. 10. Arrott plot of Mn (sGe 95 from the longitudinal and
Hall resistivities at different temperatures and magnetic fields; see
text.

isotherm extending through the origin yields the ferromag-
netic transition temperature, which is 115 K for the 5.4%
sample. This ferromagnetic transition temperature coincides
within experimental uncertainty with the extrapolated Curie-
Weiss value TZ of 112 K, confirming the result and validity
of the earlier Curie-Weiss extrapolation [Fig. 3(b) inset].

V. DISCUSSION

In order to discuss the magnetic and transport phenomena,
we first summarize the observations. (1) The Mn-doped Ge
DMS is not a high-7T. semiconductor. The ferromagnetic
transition near room temperature® originates from known in-
termetallic phases such as MnsGes, whereas the 7-=116 K
reported in Ref. 7 must be interpreted as a.T*C. (2) There exist
two ferromagnetic transitions T¢ and Ty (T¢<T.) which
depend linearly on the doping concentration, followed by
saturation for x>0.054 in the case of TZ. The magnetic re-
sponse between T~ and T*C deviates from conventional super-
paramagnetism as T approaches T from above. (3) Strong
correlation occurs between magnetism and transport near
both transitions: 7 coincides with a resistivity cusp and sign
reversal of the magnetoresistance while the Curie-Weiss ex-
trapolation and anomalous Hall effect consistently point to-
ward the existence of a T*C. (4) Transport is thermally acti-
vated as is evident from the temperature dependence of p, R,
and R above T¢. (5) M(T) is strikingly concave. Finally (6)
the magneto-resistance is very large and exhibits a nonmono-
tonic field dependence above T.

Considering first the activated transport (observation 4),
RKKY-type exchange via itinerant valence band holes can be
ruled out as the dominant mechanism of ferromagnetism in
Mn,Ge,_,. By definition, the RKKY picture can only hold
for itinerant carriers. The samples are insulating over the
entire temperature range (i.e., dp/dT<0, except near the
cusp at T¢) and the onset temperature for global ferromag-
netism (7) is only of the order of 10 K, much lower than for
the itinerant III-V DMS materials. Our observations point
toward a picture of localized carriers moving in a narrow
impurity band. Notice that the hole binding energy is
~160 meV above the valence band maximum,*® and there-
fore impurity band physics must be operational in the
strongly localized regime and carriers are strongly bound to
the randomly located magnetic impurities. Thus Mn,Ge,_, is
most adequately described within an impurity band model
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where the ratio J/¢ of the Mn hole exchange J and hole
hopping integral ¢ is large (strong-coupling limit®31).

The magnetic observations 2 and 5 are consistent with
long-range ferromagnetic FM order below T and short
range order between T, and T,. Clearly, the magnetization
below T is spontaneous while the magnetization and AHE
above T are field induced. The concavity of M(T) is also
typical for localized systems.’> To determine whether the
concavity is due to departures from weak-coupling behavior
or whether convex behavior can be restored via
postannealing,'33-3* we measured the remanence after post
annealing to 100 and 200 °C. Interestingly, both T and TZ
increased but the remanent magnetization became even more
concave demonstrating that the concave behavior is a funda-
mental feature of ferromagnetism in the Mn,Ge,_, DMS that
clearly differs from the ferromagnetism of high-7,
Ga,_,Mn,As.?3* None of the postannealed samples exhib-
ited signatures of intermetallic precipitates.’

The strong correlation between the transport and magnetic
data indicates that the ferromagnetic interaction is mediated
by thermally activated carriers moving in an impurity band.
Perhaps the strongest indication of activated-carrier-
mediated exchange is the observed agreement between mag-
netization data and the magnetization inferred from AHE
data; particularly the consistency between the TZ from the
Curie-Weiss extrapolation and the Arrott analysis of the
AHE.

Ferromagnetism within an impurity band suggests that
ferromagnetic coupling is mediated by “double exchange,3°
not a RKKY coupling. The double-exchange mechanism will
only be operative if the Mn holes are partially compensated
(allowing single-hole occupancy only on the localization
sites).’ Recently, Kaminski and Das Sarma (KDS) developed
a percolation theory for strongly compensated DMS materi-
als which assumes that n;>n, as is usually the case with
DMSs.3>37 The exchange interaction between the localized
charge carrier and surrounding Mn ions leads to the forma-
tion of a bound magnetic polaron. Within the KDS formal-
ism, TZ would correspond to the temperature where a local-
ized hole carrier and neighboring Mn spin form the seed of a
“bound magnetic polaron,” i.e., TZ would equal the Mn hole
exchange coupling J.* Alternatively, if the dopant distribu-
tion were inhomogeneous, T*C would be the effective ferro-
magnetic transition temperature for a “typical” cluster con-
taining several holes. As the temperature drops below
TZ, these polaronic clusters grow in size and eventually per-
colate to form an infinite ferromagnetic cluster at 70=12 K
(x=0.05). This ferromagnetic percolation would establish a
transport path with a strongly diminished exchange contribu-
tion to the hopping barriers.?” For strongly localized carriers
and low doping concentrations, the size of the bound mag-
netic polaron grows logarithmically slowly as the tempera-
ture decreases.’’ The resistivity will very much depend on
the actual percolation scenario and hopping trajectories of
the hole which would probably be sample dependent, but it is
expected to increase monotonically upon cooling as the van-
ishing exchange barrier is offset by the decreased hopping
probability at lower temperature.® Alternatively, at higher
doping levels, ferromagnetic percolation and transport perco-
lation do coincide if dopants are grouped into clusters, lead-
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ing to an abrupt reduction of the transport activation barrier
(or vanishing exchange barrier) just below T,. This scenario
is perfectly consistent with the observed dip in the resistivity
below 7. The field-induced shift of the resistivity maximum
[Fig. 6(b)] further corroborates the close connection between
magnetic and transport percolation, as in other doped po-
laronic systems where inhomogeneities play an important
role.** The fact that T saturates at x=0.054 whereas T
increases all the way up to x=0.09 suggests that the satura-
tion of T, is not related to a competition between carrier-
mediated ferromagnetic exchange and antiferromagnetic
Mn-Mn superexchange. Rather, we speculate that the satura-
tion of T*C is due to a finite size effect, i.e, when x>0.054,
the average cluster size increases beyond the ferromagnetic
interaction radius at that temperature.

At this point, we need to be more explicit about the nature
of the imhomogeneities or meaning of the word “cluster.” So
far, we have been able to rule out clusters of known interme-
tallic phases. However, the sharp dip in the resistivity as well
as the existence of a TZ suggests that dopants may be
grouped into clusters. The absence of superparamagnetic
H/T scaling and the field-dependent magnetotransport (see
below) also point toward interacting clusters. Moreover, the
existence of Mn clusters in Ge was observed previously by
transmission electron microscopy’ and by scanning photo-
electron microscopy;41 however, these clusters do not corre-
spond to any known bulk phase precipitates.”*! Mn cluster-
ing is not due to a random fluctuation of the Mn dopants. In
fact, it has been argued theoretically that Mn impurities
should group in clusters in GaAs (Refs. 42 and 43) and in
I1-VI systems,* due to electrostatic interactions during MBE
growth. We conjecture that such a physical cluster can be
viewed as a generalization of the bound magnetic polaron,
one that contains many Mn atoms and possibly several holes.
The characteristic size of the wave function will likely be of
the order of the cluster size so that ferromagnetic exchange
within the cluster can overcome the competing Mn-Mn anti-
ferromagnetic superexchange. The ordering temperature with
the clusters is of order 7. The clusters become coupled at
Tc. Clustered states have also been proposed by Alvarez and
Dagotto.>* In fact, the large separation between T and TZ
would place Mn,Ge;_, DMSs in the strong-coupling regime
(J>1) of the magnetic phase diagram of a single-band
DMS.#

We finally address the field-dependent magnetotransport
data (Fig. 6). In polaronic systems, one would expect the MR
to be negative as the magnetic field aligns the polarons and
thereby reduces the exchange barrier for activated hopping.
This interpretation is consistent with our data below T.
However, the MR above T, is far more complicated. The
MR increases rapidly at low fields and then decreases almost
linearly at higher fields. Positive MR is usually attributed to
the Efros-Shklovskii mechanism: the magnetic field shrinks
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the wave function and thereby effectively reduces the radius
in the hopping probability. A second mechanism for clustered
inhomogeneities or embedded ferromagnetic nanoclusters in
a semiconductor matrix was proposed recently by Schmidt er
al.*® This mechanism emphasizes fluctuations in the magni-
tude and orientation of the magnetization of the nanoclusters.
A magnetic field suppresses these fluctuations and thereby
reduces the probability that a trapped hole hops from one
magnetic polaron site to another. Meanwhile, the magnetic
field also reduces the polaron barrier, hence there are two
competing effects: the MR is positive for relatively small
magnetic fields and negative for larger magnetic fields, in
qualitative agreement with the present observations. Re-
cently, Michel et al. have theoretically analyzed the interplay
of disorder effects and magnetic-field-induced band filling
effects and its influence on the MR of DMSs.?® Both positive
and negative MR effects have been predicted by weighting
disorder and occupation effects as a function of temperature
and magnetic field. All these mechanisms imply that the
clusters are coupled magnetically via thermally activated
holes.

VI. CONCLUSION

In conclusion, ferromagnetism in Mn,Ge,_, is consistent
with impurity band physics and an inhomogeneous distribu-
tion of Mn dopants. There is no evidence of RKKY-type
ferromagnetism,'®!" nor is there any evidence of T, ap-
proaching room temperature.® The anomalous Hall effect in-
dicates a ferromagnetic Hall insulator and suggests that the
ferromagnetic coupling up to T*C is mediated by thermally
activated carriers moving in an impurity band. The two mag-
netic transitions and concavity of M(T) are clearly more
compatible with cluster models than with a weak-coupling J
picture where the carriers are homogeneously distributed.
Specifically, the ferromagnetic and transport percolation at
T and presence of spin clusters between T and T*C suggest
that the physics of Mn,Ge;_, DMSs is somewhat similar to
that of other doped magnetic systems, including colossal
magneto resistance materials.®*” Detailed theoretical studies
are called for, including the magnetotransport properties and
compositional dependence of T and TZ, to fully confirm this
picture.
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