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Ordinary Hall effect in MBE-grown MnAs films grown on GaAs „001… and GaAs„111…B

K.-J. Friedland,* M. Kästner, and L. Da¨weritz
Paul-Drude-Institut fu¨r Festkörperelektronik, Hausvogteiplatz 5–7, 10117 Berlin, Germany

~Received 16 September 2002; published 4 March 2003!

We study the low-temperature magnetoresistance in thin, high-quality MnAs layers on GaAs. The ordinary
Hall effect depends sensitively on the epitaxial orientation of the MnAs layer. We use a simplified model to
interpret the sign reversal of the Hall resistivity as a function of the magnetic field together with the large
positive magnetoresistivity. ForA0-oriented MnAs films with thec axis oriented in the plane, we conclude that
the low-temperature carrier transport is dominantly holelike at zero magnetic fields, which then undergoes a
transition to mixed holelike and electronlike conductivity at high magnetic fields. MnAs films with an out-of-
plane orientedc axis show a mixed carrier conductivity already at zero magnetic fields. The possible influence
of interface/surface scattering in high-quality MnAs layers on the transfer of holelike to electronlike conduc-
tivity is discussed.
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Hybrid structures consisting of ferromagnetic metal lay
on semiconductors have recently attracted much atten
due to their potential in spintronics. One important effort
to realize spin injection from metals into semiconductors1,2

with the additional degree of freedom of manipulating sp
in the semiconductor. The room-temperature ferromag
MnAs can be epitaxially grown on GaAs and exhibits exc
lent structural and magnetic properties.3,4 The knowledge of
the carrier properties in the ferromagnet is of critical imp
tance in order to utilize the hybrid structure. The detai
investigation of the magnetoresistivity and its temperat
dependence allows us to characterize the carriers at
Fermi surface. A two-carrier transport with a transition b
tween the electron- and hole-dominated transport regi
was suggested for MnAs films on GaAs,5 which is, for ex-
ample, of direct relevance for spin-injection experimen
This conclusion was drawn mainly because of the obser
sign reversal of the Hall resistivity with increasing magne
fields at low temperatures. At the same time, a sign reve
of the Hall resistivity was discussed as a transition pheno
ena from low fields to high fields, when different momentu
orbits at the Fermi surface contribute to the conductivity,
it was shown for the Hall effect in Co~Ref. 6! and Fe.7

In order to investigate, if the complex structure of t
Fermi surface comes into the play in experiments with h
magnetic fields, we have studied the magnetotranspor
MnAs films with different epitaxial orientations grown o
semi-insulating GaAs~001! and GaAs~111!B. Our results
show that the type of carrier transport depends on the ep
ial orientation. We will use a simple model to describe t
magnetic-field dependence of the resistivity tensor by cha
ing the contribution of electronlike and holelike conductivi
with magnetic field.

The samples were grown using standard solid-sou
molecular-beam epitaxy on GaAs~001! and GaAs~111!B sub-
strates. The surface reconstruction and crystallographic
entation were monitored by reflection high-energy elect
diffraction. Ferromagnetic MnAs layers were grown on
100 nm GaAs buffer layer at a substrate temperature
250 °C. Different epitaxial orientations were obtained
growing MnAs on different template structures with differe
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As4 coverage/reconstruction and by varying the ratio of
beam equivalent pressure~BEP! ratio of As4 and Mn. TheA0

orientation, where the crystallographicc axis lies in the film

plane and is oriented along the GaAs@11̄0# direction, was
obtained by growing on an As-rich GaAs~001!-(434)
template3,8 at a growth rate of 20–25 nm/h and a BEP ra
of 300. Another orientation, which we callA1 orientation,
was obtained by growing on a GaAs~001!-(234) template
at a growth rate of 140 nm/h and a BEP ratio of 10. In th
case, the samples consist of domains with 29° out-of-pl
orientations of thec axis, whose projection in the film plan

is parallel to the GaAs@11̄0# direction as for theA0 orien-
tation. The MnAsc axis, which is the crystallographic har
axis of magnetization,9 determines the direction of the mag
netic hard axis in the film, which is oriented along the Ga

@11̄0# direction for both orientations. In MnAs layers grow
on a GaAs~111!B-(232) template at a growth rate of 2
nm/h and a BEP ratio of 120, thec axis is oriented perpen
dicular to the film plane.10

We will present experimental results for four differe
samples. The sample thicknesses and orientations are l
in Table I. The high quality of the layers is demonstrated
the resistance ratior(300 K)/r(1.2 K), which is 600 for the
180 nm thick sampleS1, 40 for the 20 nm thick samplesS2
and S3, and 60 for the 50 nm thick sampleS4. For the
magnetoresistance measurements, we used rectangular s
mens with current flowing either in the GaAs@11̄0# or GaAs
@110# directions with Ohmic contacts in a conventional Ha
geometry by bonding Au wires onto the layer at the sam
boundary. We carefully aligned the Hall contacts along eq
potential lines in zero magnetic field. However, because
the low Hall resistivityrxy in comparison with the longitu-
dinal resistivityrxx , a significant crossover fromrxx to rxy
may occur. In this case, we correctedrxy using the relation
rxy

corr(H)5rxy(H)2rxy(0)/rxx(0)3rxx(H) and proved that
rxy

corr(H) is an odd function of the magnetic fieldH.
Because of the ferromagnetic properties of the layers,rxx

and rxy depend on the magnetic field, the field orientatio
and temperature. For in-plane magnetic fields, the mag
©2003 The American Physical Society01-1
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TABLE I. The thicknessd, the orientation, the carrier densitiesp andn, the inverse mobilitiesSh andSe,
the scattering rate for the transition from holelike to electronlike orbitsSt, and the hole mean free pathLh

obtained from the fit of the magnetoresistance data atT50.3 K. An asterisk indicates a value obtained
large magnetic fields.

Sample d MnAs p n Sh Se St Lh

~nm! orientation ~per unit cell! ~per unit cell! (V s/m2) (V s/m2) (V s/m2) ~nm!

S1 180 A0 1.2 0 31 10 1.8 225
0.22* 0.08*

S2 20 A0 1.2 0 400 91 29 18
S3 20 A1 1.8 0.2 240 30 83 33
S4 50 cin 0.10 0.09 33 27 .100 90
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toresistivity tensor is highly anisotropic and mainly dete
mined by the hindered rotation of the magnetic mome
Here, we discuss only the ordinary Hall effect with the ma
netic field perpendicular to the surface at low temperatu
At temperatures below 1 K, the longitudinal resistivityrxx is
low and, therefore, the anomalous Hall effect in the Mn
films becomes negligibly small. Additionally, in this cas
there is no significant anisotropy with current flowing in t
GaAs@11̄0# or GaAs@110# directions. The low-temperatur
magnetoresistancerxy @rxx# is shown in Figs. 1~a! and 1~b!
@Figs. 1~c! and 1~d!# for the four samples as a function of th
magnetic field. As already reported by Berryet al.,5 the
A0-oriented MnAs films show a Hall resistivity with a pos
tive slope at low magnetic fields. The slope changes to ne
tive values at higher magnetic fields, and even the Hall
sistivity becomes negative at the highest magnetic fields
the same time, these samples exhibit a large positive ma
toresistivity of more than 420% atH5120 kOe~sampleS1
with the lowest resistivity!. In contrast, the slope and th
Hall-resistivity are already negative for the lowest magne
field values in films with an out-of-plane orientedc axis. In
addition, these films show a much smaller magnetoresisti

FIG. 1. Hall resistivities for samples~a! S1 and S2 with A0

orientation and~b! S3 andS4 with out-of-plane orientation of thec
axis and the corresponding magnetoresistivities in~c! and ~d! as a
function of the magnetic fieldH at T50.3 K. Open circles repre
sent the fit to our model with respect to the true field in the sam
The dotted line in~c! representsrxx(H) calculated from the param
eters for a fit ofrxy(H) in S1 with the simple two-band model.
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with a maximum value of only 17%. Following the quant
tative analysis of two-band magnetotransport in half-meta
chromium dioxide,11 the nonlinear dependence and the si
reversal of the Hall resistancerxy with increasing magnetic
field was interpreted as a two-carrier transport, dominan
holes at high temperatures and dominantly electrons at
temperatures.5 However, we will show that the simple mode
of two-carrier transport cannot account for the observ
magnetotransport data in high-quality MnAs films. Mor
over, we will show that a carrier-type transition appears
vct>1, wherevc is the cyclotron frequency andt the scat-
tering time.

The model for the classical two-carrier transport in t
Hall geometry is based on the assumption that the com
nents of the conductivity tensorŝ are additive in the conduc
tivities for each carrier channel, in particular electrons~e!
and holes (h):

s i j 5s i j
h 1s i j

e . ~1!

The indicesi , j define the coordinatesx,y in the plane per-
pendicular to the magnetic field direction. For spherical h
and electron Fermi surfaces,s i j

h ands i j
e have the form

syy
l 5sxx

l 5s0
l 1

11~H/Sl !2
,

sxy
l 52syx

l 56s0
l ~H/Sl !

11~H/Sl !2
, ~2!

wherel 5h,e ands0
l 5e3nl /Sl . The plus~minus! sign cor-

responds to the hole~electron! conductivity with the density
nh5p (ne5n). Within this model,Sl denotes inverse mo
bilities andH/Sl5vct. For asymmetric scattering in ferro
magnetic metals,Sl becomes a tensor.12 The resistivity tensor
r̂ is obtained by invertingŝ. However, using this model, we
could not find an adequately and simultaneously fit of
field-dependent Hall resistivityrxy(H) together with the
magnetoresistivityrxx(H) for all four samples by varying
the parametersn, p, Se, and Sh even when taking into ac
count anisotropic scattering at magnetic moments. As an
ample, we show in Figs. 1~a! and 1~b! a fit according to a
procedure described in Ref. 11, which exhibits two ma
discrepancies. First, within the simple two-carrier transp

.
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model, the magnetoresistivity saturates at high field13

which we do not observe in our films. Second, we obt
unrealistic mean free pathsLh, which are much larger than
the film thicknesses, e.g., 1/Sh50.58 m2/V s in the sample
S1, which corresponds toLh'1 mm. This would sugges
that scattering at the interface/surface is negligible, wh
contradicts, however, our observation that the resistiv
drastically increases with the reduction of the film thickne
for similar growth conditions. For the sampleS1 with the
lowest resistivity,rxx(H) increases up to our highest ma
netic fields without any sign of saturation. Earlier investig
tions of the magnetoresistivity relate this behavior to no
spherical Fermi surfaces in reciprocal space with op
orbits.13 However, a fit with open orbits was not success
for our experimental data. The nonlinearity or the sign rev
sal of rxy(H) are discussed as a result of scattering6,7 or
magnetic breakdown14 between different sheets of carriers
the Fermi surface under the conditionvct>1. To prove the
low-field to high-field transition nature of the observed si
reversal ofrxy(H), we show in Fig. 2 the data of the samp
S1 for different temperatures in a Kohler plot, where t
ratio rxy /r0 is plotted as a function ofH/r0 . r0 is the zero-
field resistivity, which changes drastically with temperatu
Fortunately, a sufficiently large temperature interval fro
0.3–40 K exists in this sample, where the anomalous H
effect vanishes, butr0 changes from 0.4 to 2.5mV cm. Ob-
viously, the change in the Hall conductivity occurs at t
sameH/r0 value, which is proportional tovct, rather than
at the same field valueH for different temperatures and laye
thicknesses. We interpret this behavior as a strong indica
that the low-field to the high-field transition in the Hall effe
has its origin in the unique Fermi-surface topology. Ba
structure calculations for MnAs show the more complex
pology of the Fermi surface.15–17 Therefore, extended path
integral calculations are necessary in order to model
magnetoresistivity14 as a function of the contributions of dif
ferent momentum orbits, the temperature, and the magn
field. Such calculations are far beyond the scope of
paper.

Nevertheless, we will present a simple model, which

FIG. 2. Kohler plot of the Hall resistivities for sampleS1 at
several temperatures as indicated. The traces are shifted
rxy /r05u0.01u at H50 for clarity.
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lows to account for the change of the carrier transport ty
from holelike to electronlike by changingvct. We suppose
that with increasingvct more momentum space becom
accessible, which may result in a change of the scatte
process, such as intersheet scattering with Umkla
scattering14 or an increase of electron orbits at the expense
holes.6 To account for the different contributions of electro
and holes to the conductivity, we use instead of Eq.~1! for
simplicity

s i j 5~12Q!3s i j
h 1Q3s i j

e , Q5
a1buH/Stu

11uH/Stu
, ~3!

where Q is a weighting factor anda as well asb are the
relative contributions of the electron conductivity at zero a
high fields, respectively.St is proportional to the scattering
rate for the transition from holelike to electronlike orbit
Although this model is very simple, we are able to mod
bothrxx(H) andrxy(H) for all our four samples in the tem
perature interval, where the ordinary Hall effect is domina
For the lowest temperature, we indicate the fits as o
circles in Fig. 1. The corresponding parameters are liste
Table I, the densitiesn3Q and~only for S1) p3(12Q) are
shown in Fig. 3 as a function of the magnetic field.

The main result of this model is that the low-temperatu
carrier transport is dominated by holes at zero magnetic fi
in A0-oriented MnAs films. Electrons appear at the expen
of holes with increasing magnetic field. In contrast, samp
with an out-of-plane orientation of the MnAsc axis exhibit
mixed holelike and electronlike conductivity already at ze
magnetic field. The conductivity in sampleS4 even shows
the signature of a compensated metal with nearly equal h
and electron density. Because of the simplicity of the mo
and the arbitrarily chosen weighting factorQ, the densities
and inverse mobilities given in Table I are more an estim
tion rather than a precise determination. At least, the e
mated mean free pathLh from these values are of the orde
of the film thickness, which indicates that scattering occ
mainly at the surface and at the MnAs/GaAs interface
expected for the low-temperature case. Both the inverse

by
FIG. 3. Calculated carrier densities as a function ofH/r0 at

T 5 0.3 K.
1-3
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bilities as well asSt increase with increasing film resistivity
as shown in Fig. 4. The absolute values ofSt are always
lower thanSh and Se. At the same time, the conditionvct
5H/Sl.1, for which carriers may complete full circle
around orbits at the Fermi surface, is not fulfilled for bo
holes and electrons in our experiment. Instead, the cond
H/St.1 seems to control the sign reversal of the Hall res
tivity and is responsible for the universality of the data in t
Kohler plot shown in Fig. 2. We do not fully understand t
reason for this discrepancy. However, a possible basis fo
explanation may be the dominance of surface and inter
scattering, which are characterized by specular and diff
scattering processes. A strong diffuse scattering at
interface/surface redistributes carriers over a wide area
momentum space at the Fermi surface, thus increasing
Sl andSt ~see Fig. 4!. During the motion across the film from
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the surface to the interface and back, the carriers canno
cumulate sufficient wave-vector change from the magn
flux in order to reach other regions at the Fermi surfa
which have a different curvature. In contrast, specular s
tering changes only the momentum projection perpendic
to the surface or interface, leaving the momentum in the fi
plane unchanged. High-resolution transmission electron
croscopy reveals an abrupt interface between the MnAs la
and GaAs~001!.18 Therefore, we suppose that specular sc
tering exists in our films, which enables a low number
carriers to remain longer in orbits around the Fermi surfa
thus to accumulate sufficient wave-vector change to re
electronlike orbits. Path-integral calculations including int
face scattering are necessary to check whether such
cesses can explain the present experimental results.

In conclusion, the carrier type for transport in thin MnA
layers on GaAs depends sensitively on the crystal orienta
and the magnetic field. We used a simplified model to int
pret the results of low-temperature magnetoresistance m
surements, which indicate a change of the carrier type w
increasing magnetic field. As a result, we found f
A0-oriented MnAs films that the low-temperature carri
transport is dominated by holes at zero magnetic fields w
a transition to electronlike conductivity at high magne
fields. We speculate that a possible specular scattering a
interfaces increases the lifetime of carriers on moment
orbits at the Fermi surface making the transition possib
MnAs films with an out-of-plane component of the c-ax
show a mixed carrier conductivity already at zero magne
fields.
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