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Spin-polarized tunneling in hybrid metal-semiconductor magnetic tunnel junctions

S. H. Chun,* S. J. Potashnik, K. C. Ku, P. Schiffer, and N. Samarth†

Department of Physics and Materials Research Institute, The Pennsylvania State University, University Park, Pennsylvania 1
~Received 1 July 2002; published 30 September 2002!

We demonstrate efficient spin-polarized tunneling between a ferromagnetic metal and a ferromagnetic semi-
conductor with highly mismatched conductivities. This is indicated by a large tunneling magnetoresistance~up
to 30%) at low temperatures in epitaxial magnetic tunnel junctions composed of a ferromagnetic metal~MnAs!
and a ferromagnetic semiconductor (Ga12xMnxAs) separated by a nonmagnetic semiconductor~AlAs!. Analy-
sis of the current-voltage characteristics yields detailed information about the asymmetric tunnel barrier. The
low temperature conductance-voltage characteristics show a zero bias anomaly and aAV dependence of the
conductance, suggesting a correlation gap in the density of states of Ga12xMnxAs. These experiments suggest
that MnAs/AlAs heterostructures offer well characterized tunnel junctions for high efficiency spin injection
into GaAs.
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Fundamental studies of spin-dependent transport and
neling in metallic ferromagnetic heterostructures have b
of critical importance to the development of metallic ‘‘spi
tronic’’ devices for high density information storage.1 The
emerging interest in asemiconductor-based ‘‘spintronics’’
technology has now sparked substantial interest in studie
similar phenomena in semiconductor heterostructures.2 An
important hurdle in this context is the inefficient injection
spin-polarized currents from metallic ferromagnets in
semiconductors due to the large mismatch in conductiviti3

This problem can be overcome by using either ferromagn
semiconductors or highly spin-polarized paramagnetic se
conductors for spin injection.4 Alternatively, spins can be
injected from a ferromagnetic metal via a tunnel barrier,5 and
the conductivity mismatch problem is essentially circu
vented by the large contact resistance.6 A direct scheme for
detecting spin injection in this case is to measure the tun
ing magnetoresistance~TMR! between metallic ferromag
netic tunnel contacts that sandwich a semiconductor;6 one
tunnel barrier serves as a spin injector and the other a
detector, and the physics is completely analogous to that
traditional magnetic tunnel junction~MTJ!.7 The fabrication
of high quality epitaxial metal/semiconductor/metal hete
structures needed for such a scheme presents a difficult
terials challenge. For instance, even in the most succes
examples of such epitaxial MTJ’s~MnAs/AlAs/MnAs!, the
magnetoresistance effects are small ('1%).8

Here we demonstrate efficient spin-polarized tunneling
a class of ‘‘hybrid’’ epitaxial MTJ’s comprised of a ferro
magnetic metal~MnAs! and a ferromagnetic semiconduct
(Ga12xMnxAs) separated by a nonmagnetic semiconduc
~AlAs!. Although the current experiment is limited to detec
ing spin injection at temperatures below the relatively lo
Curie temperature of Ga12xMnxAs (TC570 K), the high
Curie temperature of MnAs (TC5320 K) allows for future
room temperature experiments in different configuratio
We note the low Curie temperature of the Ga12xMnxAs layer
provides a built-in control experiment since we can meas
the TMR in both the paramagnetic and ferromagnetic sta
of Ga12xMnxAs. Unlike traditional MTJ’s based upon me
tallic ferromagnets,7 or the recently developed all
0163-1829/2002/66~10!/100408~4!/$20.00 66 1004
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ferromagnetic semiconductor MTJ’s wherein the ferroma
netic layers have comparable conductivities,9 the
ferromagnetic components in our hybrid heterostructu
have conductivities differing by four orders of magnitud
('1 m V cm for MnAs and '10 mV cm for
Ga12xMnxAs).10,11 These hybrid systems hence open up
distinct class of devices that could yield interesting insig
into the physics of MTJ’s.

Samples are fabricated by molecular-beam epitaxy
p1-GaAs~001! substrates after the growth of a 40-nm-thi
p-GaAs buffer layer. We have studied a wide variety
sample configurations involving GaAs,~Ga,Mn!As,
~Ga,Al!As and MnAs, but focus here on a systematic set
four samples wherein Ga12xMnxAs (x50.03, thickness 120
nm!, GaAs~thickness 1 nm!, AlAs ~thicknessdAlAs51, 2, 5,
and 10 nm!, GaAs~thickness 1 nm!, and MnAs~thickness 45
nm! are grown sequentially at 250 °C. The thin GaAs spa
layers placed between the ferromagnetic layers and the
nel barrier seem crucial to the observation of distinct TM
characteristics.9 Reflection high energy electron diffractio
measurements during the growth confirm the epitaxy
MnAs in the ‘‘type-B’’ orientation.12 Photolithography and
wet-etching techniques define 300-mm-diameter mesas
etched down into thep-GaAs region for vertical transpor
measurements. The dc current-voltage characteristics
mesa between the top MnAs layer and the back of
p-GaAs substrate are measured using a four-probe metho
a continuous flow He cryostat over the range 4.2–300 K w
an in-plane magnetic field ranging up to 2 kG provided by
electromagnet; additional transport measurements dow
330 mK use a He 3 cryostat with a superconducting mag
Finally, magnetization is measured on 10-mm2 pieces of the
unpatterned wafer using a Quantum Design superconduc
quantum interference device magnetometer.

Figure 1~a! shows the magnetization hysteresis loop m
sured at 5 K for the sample with an AlAs barrier thicknes
dAlAs55 nm. The magnetic field is applied along the ea
axis of ‘‘type-B’’ MnAs, parallel to@11̄0# GaAs.12 Two dis-
tinct transitions at 20 and 500 Oe indicate the switching
magnetization direction of Ga12xMnxAs and MnAs, respec-
©2002 The American Physical Society08-1
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tively; the coercive field of the Ga12xMnxAs layer is more
readily seen by chemically removing the MnAs layer@see the
inset to Fig. 1~a!#. Figure 1~b! shows the TMR for all four
samples normalized at the high-field value. A sudden re
tance drop accompanies the switching of the MnAs mag
tization from antiparallel to parallel with respect to th
Ga12xMnxAs magnetization. We note that the TMR shows
nonmonotonic dependence on the AlAs barrier thickn
dAlAs , with a striking effect of around 30% for the samp
with dAlAs55 nm.

These results are interpreted in straightforward anal
with metallic MTJ’s: the tunneling probability is larger whe
the two ferromagnetic layers are magnetically aligned th
when they are antialigned. Quantitatively, the change in
tunnel resistance is given by13

T5
~RA2RP!

RP
5

2PGPM

~12PGPM !
, ~1!

whereRA andRP are the junction resistances with antipar
lel and parallel moments,PG and PM are the spin polariza
tions of Ga12xMnxAs and MnAs, respectively. If the spi
polarizationsPG and PM were known, one could estimat
the spin injection efficiency through the tunnel barrier a
ratio of the observed TMR to the ideal TMR predicted by t
above equation. Direct measurements ofPM andPG are not
yet available, but band structure calculations predictPG51
for x>0.125 and PM50.3.14,15 Assuming that the half-
metallicity of Ga12xMnxAs holds down tox50.03 ~i.e.,
PG51), the TMR observed in our measurements is close
40% of the ideal TMR. This is a very conservative estim

FIG. 1. ~a! Magnetic hysteresis loops atT55 K for a MnAs-
Ga12xMnxAs hybrid junction and for the same sample after t
MnAs layer is removed. The transition of Ga12xMnxAs is broad-
ened by the adjacent MnAs layer.~b! Magnetoresistances of hybri
junctions with a different AlAs barrier thickness (T54.2 K). The
curves are shifted for clarity.
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since the bulk magnetization of Ga12xMnxAs ~Ref. 16! is far
less than 4mB expected for a half-metallic system.14 Spurious
effects that might artificially enhance TMR such as magn
resistance due to fringe fields can be ruled out in our m
surements since the magneto-resistances of the indivi
MnAs and Ga12xMnxAs layers are smaller than 0.5% for th
field range shown in Fig. 1~b!. Further, the systematic varia
tion of the TMR with barrier thickness rules out possib
effects of fringe fields due to the nearby MnAs layer
Ga12xMnxAs. We now focus on the sample withdAlAs55
nm in order to examine the physics of these MTJs in so
depth.

In contrast with all-metal MTJ’s where there is a neg
gible change in magnetization with temperature, the mag
tization and hence the spin-polarization of Ga12xMnxAs de-
pend strongly on temperature. Figure 2~a! shows the
temperature dependence of the TMR along with that of
bulk magnetization. Both disappear at the Curie tempera
of Ga12xMnxAs ~around 70 K!. The figure also shows tha
the temperature dependences of the TMR and the mag
zation are quite different. This discrepancy may be related
the faster decay of surface magnetism, as is found in o
half-metallic systems,17 or it may indicate that the spin po
larization in Ga12xMnxAs is not directly proportional to the
magnetization. The correlation of the TMR withTC is a
unique feature of these junctions where one can probe b
ferromagnetic and paramagnetic states by changing the
perature.

The voltage dependence of the TMR at 4.2 K@Fig. 2~b!#
shows a rapid decay of the TMR at voltages as low as
mV. This qualitatively resembles similar behavior in metal
MTJ’s, but the relative scale of the voltage is much sma

FIG. 2. ~a! Temperature dependences of Ga12xMnxAs magneti-
zation at 50 Oe and TMR measured withI 5100 mA for a junction
with dAlAs55 nm. ~b! I -V characteristics and voltage dependen
of TMR for the same junction at 4.2 K.
8-2
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in these hybrid MTJ’s.7 The rapid decrease in the TMR wit
voltage is likely related to the smaller spin splitting in th
Ga12xMnxAs layer ('100 meV) compared to typical split
tings in metallic ferromagnets (;1 eV). Figure 3 shows the
G-V characteristics measured at zero magnetic field for s
eral temperatures between 4.2 and 240 K. A distinct zero
anomaly develops below theTC of Ga12xMnxAs, suggesting
a small energy gap around the Fermi energy. Another not
able feature is the asymmetry in theG-V curves: the conduc
tance under positive bias~wherein the MnAs is at a highe
potential! is larger than that under negative bias, and–at te
peratures above the Curie temperature of Ga12xMnxAs—the
minimum conductance occurs away from zero bias. A f
analysis of the G-V characteristics below theTC of
Ga12xMnxAs is not possible because the detailed vale
band structure of this material is presently not known fro
experiment. Instead we focus on theG-V characteristics
aboveTC where the conductance-voltage curves are pa
bolic within the voltage range640 mV ~see for instance the
data forT>120 K in Fig. 3!.

The asymmetric shape and the occurrence of minim
conductance at a finite voltage lead us to apply
Brinkman-Rowell-Dynes~BDR! tunneling model that was
originally developed to calculate the tunneling across me
insulator-metal junctions with different barrier heights at t
interfaces.18 Although Ga12xMnxAs is not a metal, the BDR
model is still applicable for voltages less than the Fer
energy of Ga12xMnxAs ~0.16 eV if we assume a hole densi
of 131020 cm23). A best fit to the BDR model—shown fo
the data at 120 K in Fig. 3—allows us to extract the barr
heights at the MnAs/AlAs interface (f1) and the
Ga12xMnxAs/AlAs interface (f2), as well as the barrie
thickness (dAlAs) ~see the inset of Fig. 3!.

The best value forf1 is 0.1560.01 eV, which is much
smaller than that obtained~0.8 eV! in studies of MnAs/AlAs/
MnAs MTJ’s grown on~111! GaAs.8 This discrepancy can
be attributed to the different orientation of the MnAs grow

FIG. 3. Zero field conductance curves of the junction used
Fig. 2 at selected temperatures.T520,40,60,80, and 100 K for the
curves between 4.2 and 120 K. The dashed line superimpose
the 120-K data is a fit to Brinkman-Dynes-Rowell model over t
range640 mV ~see the text!. The inset shows the schematic di
gram of the model.
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or to a subtle change at the interface.19 We note that mea-
surements of Fe/GaN/Fe MTJ’s grown on~001! GaAs yield a
small barrier height~0.11 eV!, comparable to our results.20 A
simple estimate off2 is given by the difference between th
known AlAs-GaAs valence band offset~0.55 eV! and the
Fermi energy of Ga12xMnxAs ~0.16 eV!. Our result from
fitting the data (0.4060.01 eV) is close to this estimat
~0.39 eV!. Equally good agreement is found for the barri
thickness: we determinedAlAs56.760.1 nm assuming light
hole states participate in the tunneling through AlAs, wh
dAlAs54.460.1 nm assuming heavy holes. A mixture
light and heavy holes may possibly provide a better desc
tion of reality, consistent with the designed AlAs thickness~5
nm!. The successful application of the BDR model impli
that the conduction is indeed due to tunneling processes

The development of a zero bias anomaly below the Cu
temperature of Ga12xMnxAs deserves further attention, sinc
it may help in understanding the electronic structure
Ga12xMnxAs at the Fermi energy. Figure 4~a! shows the
conductance dip in the low bias conductance curves for p
allel and antiparallel spin orientations. As expected, the z
bias anomaly becomes more pronounced as the temper
is lowered from 4.2 K to 330 mK. Since Ga12xMnxAs is
known to exhibit a metal-insulator transition, we analyze t
behavior of the conductance-voltage characteristics wit
the context of early studies of disordered systems with
metal-insulator transition.21 On the metallic side of the
metal-insulator transition, the one-electron density of sta
at the Fermi energy@N(E)# can be calculated using a scalin
model that includes localization, correlation, and screeni
and is given by22

n

on

FIG. 4. ~a! Low bias conductance curves for the same junct
as in Figs. 2 and 3 (dAlAs55 nm) for parallel and antiparallel mag
netization directions. The zero-bias anomaly is more pronounce
330 mK.~b! The data in~a! are plotted as a function ofV1/2. Linear
fits ~solid lines! are used to extract the correlation gap~see the text!.
The deviation at low bias is due to thermal broadening.
8-3
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N~E!5N~0!@11~E/D!1/2#, ~2!

where the correlation gapD is a measure of the screenin
length. As shown in Fig. 4~b!, the conductance in the MTJ’
studied here is indeed proportional toV1/2 except at the low-
est bias, where it is affected by thermal broadening.23 Since
the conductance is proportional toN(E), a linear fit to the
data in Fig. 4~b! yieldsD55.7 and 3.0 meV for parallel and
antiparallel configurations, respectively. Surprisingly~and
perhaps coincidentally!, these values of the correlation gap
Ga12xMnxAs are consistent with those extracted from stu
ies of granular aluminum tunnel junctions24 in the regime
wherein the Al conductivity is comparable to that
Ga12xMnxAs.

In summary, the observation of a large TMR in hybr
ys

10040
-

MnAs/AlAs/Ga12xMnxAs magnetic tunnel junctions indi
cates an excellent model system for studying spin injec
from a ferromagnetic metal into a semiconductor. Even w
conservative estimates for the spin polarization in the fe
magnetic layers, this observation indicates highly effici
spin injection through the AlAs barrier. Modeling of theI -V
characteristics at temperatures above the Curie temper
of the Ga12xMnxAs layer allow us to understand the natu
of the barrier in great detail.
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