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Two-carrier transport in epitaxially grown MnAs

J. J. Berry, S. J. Potashnik, S. H. Chun, K. C. Ku, P. Schiffer, and N. Samarth*
Department of Physics and Materials Research Institute, The Pennsylvania State University, University Park, Pennsylvania 1

~Received 29 March 2001; published 16 July 2001!

Magnetotransport measurements of ferromagnetic MnAs epilayers grown by molecular beam epitaxy reveal
the presence of both positive and negative charge carriers. Electrical transport at high temperatures is domi-
nated by holes and at low temperatures by electrons. We also observe distinct changes in the magnetoresistance
associated with the transition between the electron- and hole-dominated transport regimes. These results are of
direct relevance to MnAs/semiconductor hybrid heterostructures and their exploitation in electronic and optical
spin injection experiments.
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Contemporary interest in hybrid ferromagne
semiconductor heterostructures is driven by their releva
to ‘‘spintronic’’ semiconductor applications that rely on sp
injection from a ferromagnet~or paramagnet! into a
semiconductor.1 In this context, epitaxially grown layers o
MnAs—a room temperature ferromagnet—are of active
terest since they can be successfully integrated through
lecular beam epitaxy~MBE! with technologically relevant
semiconductors such as GaAs,2 Si,3 and ZnSe.4 Although the
magnetic and structural properties of bulk MnAs samp
were initially studied several decades ago,5 a comprehensive
understanding of the structural and magnetic properties
technologically relevant MnAs epilayers has begun
emerge only recently. These recent studies show that
physical properties of the epitaxial layers can differ sign
cantly from those of bulk samples. For instance, since Mn
epilayers grown on~001! GaAs exhibit strain-stabilized co
existing phases ofa-MnAs andb-MnAs ~in apparent viola-
tion of the Gibbs phase rule!,6 the magnetic behavior is quit
complex.7 More importantly, the electrical transport prope
ties of epitaxial MnAs—of critical importance in ‘‘spintron
ics’’ applications such as electrical spin injection—are poo
understood8 and there are no studies of the temperature
field dependence of the magnetoresistance and Hall effe
MnAs epilayers in the literature. Here, we report a detai
study of the longitudinal resistivity (rxx) and the Hall resis-
tivity ( rxy) as a function of temperature and magnetic fie
in MnAs epilayers grown on both~001! GaAs and~001!
ZnSe. Our data indicate that both electrons and holes c
tribute to the electrical transport, and that this coexiste
leads to a low-temperature regime of large positive mag
toresistance~MR!.

This paper focuses on a set of four MnAs epilay
samples grown by MBE: samples A, B, and C~with respec-
tive thickness 51, 41, and 46 nm! are grown directly on~001!
GaAs, while sample D~30 nm thickness! is grown after the
deposition of a 700 nm-thick ZnSe buffer layer on~001!
GaAs. Details about the growth and structural properties
these samples have been reported elsewhere.9 All the
samples show the presence of single-crystal, hexagonal
romagnetic MnAs with a Curie temperatureTC;320 K, but
differences in growth conditions result in varying crystalli
orientation and crystal quality. X-ray diffraction measur
ments show that samples A and B have thec axis of the
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hexagonal unit cell in the~001! plane of the underlying sub
strate~‘‘type-A’’ orientation!, while for samples C and D, the
c axis is at an angle with the~001! plane ~‘‘type B’’
orientation!.2 These structural differences lead to variatio
in microstructure that are reflected in the residual resistiv
ratio ~RRR!, defined here as the ratiorxx(350 K)/rxx(2 K).
Samples A, B, C, and D show RRR5 195, 109, 75, and 5.7
respectively, which correlate systematically with observ
trends in the electrical transport, as discussed below.

Each sample is patterned into a Hall bar using conv
tional photolithography and a wet chemical et
(K2Cr2O7 :H2SO4:H2O). Electrical contacts are made usin
gold wire leads and indium solder. Temperature-depend
MR and Hall effect measurements are carried out using
techniques in an external field of up to 14 T, applied perp
dicular to the epilayer plane. The temperature- and fie
dependent magnetization is measured using a commerci
superconducting quantum interference device~SQUID! mag-
netometer. We note that, in all samples studied here, the
axis of the magnetization is in the plane of the epilayer,
the electrical transport properties within the plane show n
ligible anisotropy.

Figure 1~a! compares the temperature dependence of
sample resistivity (rxx) in one of the high-quality epilayers
~sample B! at B50 T andB514 T. We note that resistivity
indicates metallic behavior and that the high-field M
changes from positive to negative with increasing tempe
ture. Figure 1~b! depicts the temperature variation of th
high-field MR „defined here as MR5@rxx(B)
2rxx(0)#/rxx(0), with B514 T… for all four samples; the
inset to this figure displays the temperature variation of
zero-field conductivity (sxx). The behavior of the high-field
MR broadly demarcates three regimes, providing a comm
framework for discussing the Hall and MR data in all th
samples. These three regimes approximately span the fol
ing temperature ranges: region I~2–80 K! displays a positive
MR; region II ~80–250 K! shows a very weak, negative MR
and region III ~250–360 K! shows a modest negative MR
with a peak near the Curie temperature (TC). We note that
the size of the positive MR at low temperatures increa
with the RRR. We now focus on a more detailed examinat
of both the Hall resistivity (rxy) and the MR of sample B
~Fig. 2!.
©2001 The American Physical Society08-1
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We begin with a discussion of the Hall effect, first reca
ing that the Hall resistivity in a ferromagnet is given by10

rxy5RHB1RAm0M , ~1!

whereRH is the ordinary Hall coefficient,RA is the ‘‘anoma-
lous’’ ~or extraordinary! Hall coefficient, andM is the sample

FIG. 1. ~a! The temperature dependence of sample resistivity
sample B atH50 T ~open diamonds! andH514 T ~solid circles!,
showing a negative MR at high temperatures. The inset shows
low-temperature data in more detail to highlight the positive MR
low temperatures.~b! MR for samples of different RRR values
RRR 5 195 ~solid diamonds!, RRR5109 ~open circles!, RRR575
~solid squares!, and RRR55.7 ~open diamonds!. The inset shows
the zero field conductivity vsT for these samples.
05240
magnetization. Experimental studies of ferromagnets in
cate that the anomalous Hall effect in many systems is w
described by the following empirical ansatz:

RA;a@rxx~B,T!#g, ~2!

wherein the exponentg is determined by the dominant sca
tering mechanism, with values ranging from 1 to 2 for t
‘‘skew-scattering’’ and ‘‘side-jump’’ mechanisms
respectively.11 The constanta is usually considered to be
independent of magnetic field and temperature. We now
amine the Hall effect in sample B within this phenomen
logical context.

At the lowest temperatures in region I@Figs. 2~a! and
2~b!#, rxy shows a clearly nonmonotonic magnetic field d
pendence that has a positive slope at low fields and a n
tive slope at high fields. We note that in region I, the sam
resistivity rxx is relatively small@Fig. 1~a!#. Furthermore, as
shown in Fig. 3~a!, the magnetization saturates beyondB
;2 T. According to Eqs.~1! and ~2!, the magnetic field
variation of rxy for B.2 T is then dominated by the ordi
nary Hall effect, enabling a credible determination of bo
the sign and concentration of the majority carriers from hig
field Hall data. Hence, the negative slope ofrxy(B) at high
field indicates electron-dominated transport at the low
temperatures. As the temperature increases, however,
high-field Hall coefficient switches sign, indicating a trans
tion from electron- to hole-dominated transport. We note
correlation between this transition and the MR: the electr
dominated transport at low temperatures is accompanied
striking positive MR@Fig. 2~b!#. Since the hole contribution
to transport increases with temperature, this positive MR
creases, eventually changing sign.

The transition from region I to II is signaled by thi
change from positive MR to negative MR. In the vicinity o
the crossover temperature, the MR has a very weak fi
dependence@Figs. 2~b! and 2~d!#, while at higher tempera-
tures, the MR is negative and relatively small. In additio
the magnetic field dependence ofrxy in region II conforms to
the classic behavior characteristic of single carrier ferrom
netic metals@Fig. 2~c!#. The standard analysis of the anom
lous Hall effect using Eqs.~1! and~2! may then be success
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FIG. 2. The magnetic field dependence of t
magnetoresistance and Hall resistivity for samp
B. Panels~a! and~b! correspond toT52, 20, 30,
50, 70, 90 K; panels~c! and ~d! correspond toT
580, 100, 120, 150, 200, 250 K; panels~e! and
~f! correspond toT5250, 290, 310, 330, 340
360 K.
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BRIEF REPORTS PHYSICAL REVIEW B 64 052408
fully applied by combining the measured magnetizatio
magnetoresistance, and Hall data. An example of such an
sis is seen in Fig. 3~b! where we show the ordinary an
anomalous components of the Hall resistivity; such fits yi
an exponentg51.860.2, consistent with similar observa
tions in other ferromagnets.11 The rapid increase in resistivit
with rising temperature@see Fig. 1~a!# leads to an increas
ingly large contribution from the anomalous Hall effec
hence, the determination ofRH from Eq.~1! is prone to large
errors at higher temperatures. Thus, extracting the sign
density of the carriers from the measurement ofrxy becomes
increasingly difficult with increasing temperature.

As the temperature is increased beyondT;250 K, we
enter regime III which is characterized by increasingly co
plex behavior in both the MR andrxy as the sample passe
through the Curie temperature@Figs. 2~e! and 2~f!#. A clear
~negative! peak in the high-field MR is observed in all fou
samples nearTC , with the peak temperature varying slight
from sample to sample. As the temperature is increa
throughTC , rxy becomes increasingly linear. However, t
anomalous contribution still dominatesrxy in the paramag-
netic regime aboveTC . Since the ordinary and the anom
lous Hall effects both vary linearly withB, separation of the
two contributions is no longer possible in this regime.

Figure 4 summarizes our analysis of the Hall effect
regimes I and II, showing the ordinary Hall coefficient

FIG. 3. ~a! Magnetic field dependence of the magnetization
sample B at different temperatures (T510, 70, 150, 250, 280, 300
310, 320, 340 K from top to bottom!. ~b! Decomposition of the Hall
resistivity in sample B~at T5150 K) into its ordinary and anoma
lous components~solid line and dashed line, respectively! ~Ref. 12!.
The raw Hall resistivity is shown as open squares.
05240
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high fields (B.6 T); the error bars in the high-temperatu
data reflect the difficulties mentioned earlier in separating
ordinary and anomalous contributions. The figure indica
that—even within the uncertainty indicated—the data sh
clear evidence for a crossover from electron- to ho
dominated transport with increasing temperature. This
ther implies the presence of two distinct carrier bands
electron and hole character near the Fermi surface, whic
consistent with calculations of the band structure.13 The pres-
ence of both electrons and holes in MnAs epilayers has di
implications for spin injection experiments since the sp
scattering time for holes and electrons differs substantially
semiconductors.14 The results presented here indicate th
spin injection from MnAs into a semiconductor could in
volve either electrons or holes, depending upon the temp
ture. The dual carrier nature of this material hence off
interesting opportunities for examining both electron- a
hole-dependent spin transport properties in the same s
ture.

Finally, we comment on the MR observed in the vario
regimes. The negative MR in regimes II and III@Figs. 2~d!
and 2~f!# is qualitatively consistent with a reduction in con
ventional spin-disorder scattering as ferromagnetic doma
are aligned by a magnetic field. The positive MR in regim
is suggestive of the contributions of two bands~electrons and
holes! to the electrical transport.15 Similar behavior has re-
cently been reported in the half-metallic ferromagnet CrO2,
where the crossover from hole-dominated to electr
dominated transport is also accompanied by a change in
MR from negative to positive.16 Our data suggest tha
temperature-induced changes in the dominant carrier spe
~and the accompanying differences in scattering times! are
the underlying cause for the observed temperature variat
in MR. A detailed analysis of the MR and the Hall data
extract the electron-hole concentration and mobility is b
yond the scope of this paper and will be report
elsewhere.17

In summary, comprehensive measurements of the MR
the Hall effect in MBE-grown MnAs epilayers reveal a ric
variety of electrical transport characteristics that appea

f

FIG. 4. The temperature dependence of the Hall coefficien
sample B, showing a change in sign of the dominant carriers n
80 K. The large error bars at the highest temperatures preclude
unambiguous identification of the dominant carrier sign forT
.150 K.
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BRIEF REPORTS PHYSICAL REVIEW B 64 052408
arise from the presence of both electrons and holes.
contributions of these carriers to the electrical transport v
with the temperature and applied magnetic field. A cle
manifestation in Hall measurements of electron-domina
transport is observable in higher-quality samples that hav
RRR.50. We also observe a crossover from positive
negative MR at temperatures where an electron- to h
dominated transition is manifest in the transport. The d
presented here provide an important framework for exp
ments that utilize MnAs as a spin injector into semicondu
tors and may also be relevant to the understanding of m
.
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netotransport in newly developed ‘‘digital ferromagnetic he
erostructures’’ wherein localized regions of MnAs are i
serted into a GaAs matrix.18
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