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Spin injection across a hybrid heterojunction: Theoretical understanding
and experimental approach „invited …
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Spin injection across a hybrid ferromagnet/semiconductor junction has proven to be difficult, unlike
in an all-metal junction used in giant magnetoresistance devices. The difference responsible is
highlighted in a simple model. We perform spin-injection-detection experiments on devices with
two ferromagnetic contacts on a two-dimensional electron gas confined in an InAs quantum well.
We demonstrate that spin injection allows the hybrid device to combine both the advantage of the
ferromagnet as well as that of the semiconductor. ©2002 American Institute of Physics.
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I. INTRODUCTION

The magnetoresistance~MR! effect caused by spin injec
tion across a heterojunction was first demonstrated
Johnson and Silsbee1 in 1985, three years before the disco
ery of the giant MR~GMR! effect that revolutionized the
sensor and storage industry.2 Now it is well known that by
connecting two ferromagnetic~FM! metal electrodes with a
nonmagnetic metal conductor@Fig. 1~a!#, the resistance be
tween the two FM electrodes can be modulated by chang
their relative direction of magnetization. The simplest dev
uses two FM electrodes with different coercive fields, so t
by sweeping an external applied magnetic fieldB, their rela-
tive direction of magnetization switches between a para
and an antiparallel configuration@Fig. 1~b!#, thus resulting in
a change in resistance@Fig. 1~c!#. By improving the device
geometry and combinations of materials, the normalized
sistance change in such all-metal devices has been drive
to as high as 20% at ambient temperature to date.2 A new
idea of great interest now is to replace the nonmagn
metal conductor with a two-dimensional electron g
~2DEG! confined in semiconductors. A 2DEG, despite

a!Author to whom correspondence should be addressed; electronic
chu@physnet.uni-hamburg.de
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smaller carrier density compared to that of a metal, is a m
tallic system with conductivity comparable to metals due
its much higher mobility. The hope of incorporating ma
netic properties with mainstream semiconductor function
ities like gating,3 optical switching4 and ballistic transport5 in
hybrid devices is invigorating to a flourishing new field
spintronics.6

The bottleneck in developing such hybrid devices tu
out to be spin injection across the FM/2DEG interface. D
spite great effort,7–12 the results achieved are rather contr
versial. Instead of the expected hysteretic magnetoresist
shown in Fig. 1~c!, complicated features that differ from
sample to sample are observed in most experiments, lea
plenty of room to argue or dispute and with different inte
pretations. The normalized resistance changes are mostly
tremely small, below 1%, in contrast to the reproducible a
larger effect in all-metal GMR devices.2 After a major theo-
retical breakthrough discovered a basic obstacle for spin
jection due to material mismatch,13 a serious question ha
been raised as to whether spin injection across a hybrid ju
tion is measurable at all.

II. THEORETICAL UNDERSTANDING

Recent theoretical progress brings positive answers
this question.14–21 Using different approaches, most of the
il:
1 © 2002 American Institute of Physics
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7252 J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Hu et al.
models emphasize one of the main advantages of 2DEG
a metal, namely, the larger electron mean free path tha
lows ballistic transport in the conducting channel. In the b
listic picture, spin injection across a heterojunction can
described by the transmission of spin-dependent Bl
waves from one electrode to the other. As shown in Fig. 2~a!,
in an all-metal junction, the Fermi energyEF

L and electron
effective massmL on the left FM electrode are comparable
those of the right metal electrodeEF

R and mR . Due to the
spin-dependent density of states of the FM electrode whic
characterized by its spin polarization, the number of Blo
waves transmitted across the interface is spin dependent
spin injection rateh, defined as the normalized spin
dependent conductance, scales with the spin polarization
simple picture.22 In the hybrid devices shown in Fig. 2~b!,
however, EF

R and mR of the 2DEG electrode are usual
much smaller thanEF

L and mL of the FM electrode. The
2DEG electrode allows therefore much fewer Bloch waves
be transmitted across the junction so thath can no longer
reflect the spin polarization nature of the FM electrode
rectly. Up to this point, ballistic pictures are consistent w
the diffusive model of Schmidtet al.13 who first discovered
the material mismatch problem and predicted a very sm
spin injection rate in typical hybrid devices. An importa
difference emerges by further studying the transmiss
probability of each Bloch wave across the junction, which
less than one in hybrid devices due to wave reflections at
interface. Such reflections are momentum dependent.
effect combined with the fact that the Fermi momentum

FIG. 1. ~a! Simple device made of two FM electrodes connected b
conductor made of either metal or a 2DEG electrode.~b! If the two FM
electrodes have different coercive fields, sweeping an externalB field
switches their relative directions of magnetization between parallel and
tiparallel configurations.~c! Expected magnetoresistance for such a dev
with a ballistic channel.
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the electrons in a FM electrode is spin dependent allows
spin injection rateh across a hybrid junction to reflect ind
rectly the spin split nature of the FM electrode.

By analyzing effects of spin polarization, spin–orbit in
teraction, interface scattering, and band-structure mism
on an equal quantum-mechanical footing, we recently
tained an analytical expression for the spin injection r
across a heterojunction.18 Figure 3 shows the dependence
the spin injection rateh on the spin polarizationh0 of the
injecting electrode. The solid line is calculated for match
electrodes with equal effective mass and Fermi energy
both electrodes that are used in the all-metal junction. I
consistent with an earlier result of a semiclassical mode22

a

n-
e

FIG. 2. Spin injection across a heterojunction made of~a! all-metal elec-
trodes with matched Fermi energyEF and effective massm and ~b! hybrid
electrodes with mismatched band parameters. Spin-dependent conduc
Gs in the hybrid device is determined by the spin-dependent transmis
Ts of the Bloch waves at the interface.~c! Schematic of the cross section o
the hybrid device used in the experiment.

FIG. 3. Dependence ofh on spin polarizationh0 for an all-metal hetero-
junction ~solid line! and a hybrid heterojunction~dashed line!.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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The dashed line is calculated for mismatched electrodes
suming that the effective mass and Fermi energy of the r
electrode are, respectively, 5% and 3% that in the left e
trode. This is typical of hybrid junctions used in experimen
The significant difference in behavior reflects the charac
istics between spin injection across an all-metal junction
one across a hybrid junction. In the all-metal junction,h
reflects the spin-dependent density of states at the F
level of the FM electrode, while in the hybrid junctionh is
determined by the spin-dependent scattering of Bloch wa
across an interface. Indeed, our result for mismatched e
trodes shows generally similar behavior to that of the dif
sive approach.13 However, by taking into account the intrin
sic spin-dependent scattering of Bloch waves, the s
injection rate for a hybrid junction is found at a percenta
level which is measurable. Benefiting from such a sp
dependent scattering nature, we foundh can be further en-
hanced by inserting a thin tunneling barrier at the interfac18

This is consistent with the result of an earlier diffusive mod
proposed by Rashba.14

To demonstrate the advantage of the semiconductor
hybrid device, we extended our theory21 to calculate the
change of magnetoconductance on carrier density for a r
istic hybrid device, depicted in Fig. 2~c!. Applying a gate
voltage easily tunes the carrier density as well as the sp

FIG. 4. Magnetoconductance ratios across a FM/2DEG/FM hybrid dev
The curves are calculated for a channel length ofL5150 nm and a width of
W51 mm.
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orbit interaction of a 2DEG. Figures 4~a!–4~c! show the re-
sults for three different configurations of the ferromagne
electrodes. In the spin-valve geometry depicted in Fig. 4~a!
the background of the magnetoconductance ratio incre
with the electron density at low densities and slightly d
creases at higher ones. The latter is caused by a contribu
by oblique modes. The coarse variation recovers the s
valve characteristics of the ballistic spin filter transistor.16 In
the case of the spin-transistor geometry shown in Fig. 4~b!,
modulation of the conductance ratio that changes its sign
clearly be observed. It is caused by the spin-precession s
in the 2DEG and interference of spin eigenstates.3 The es-
sential difference in this result to the large periodic modu
tion predicted by Datta and Das3 is the reduced amplitude
and deformed shape of the modulation, which is caused
the intrinsic nature of spin-dependent scattering of Blo
waves across a FM/2DEG interface. In the case of the mi
geometry in Fig. 4~c! the shape of the trace is similar to th
in the spin-transistor geometry but the amplitude is furth
reduced by approximately a factor of 2. All short-scale var
tions are due to Fa´bry–Perot type interference. Our resul
show the gating functionality of a hybrid device.

III. EXPERIMENTAL APPROACH

To measure the spin injection rate across a hybrid ju
tion, we use a ferromagnetic permalloy (Ni40Fe60) source
~FM1! and drain~FM2! contacts deposited on a 2DEG co
fined in an InAs channel.12 The elastic mean free path o
electrons in the 2DEG channel isl e'1.3mm. Figure 2~c!
shows schematically the device structure. Four terminal
sistance measurements were performed in a3He cryostat
with a superconducting solenoid using standard ac lock
techniques. A magnetic fieldB was applied along the eas
magnetization axis of the FM electrodes. Six samples w
different combinations of the 2DEG channel lengthL
(0.4mm<L,2 mm) and the ferromagnetic contact str
widthsF1, F2 (0.5mm<F1, F2<3 mm) were measured in
the temperature range from 0.3 to 10 K. Five samples h
channel widthW52 mm, one hasW54 mm. We find results
that are reproducible in two senses: for different devices w
the same channel length and for the same device measur
different cooling cycles.

Detailed magnetoresistance changes measured at d
ent temperatures by sweeping the appliedB field over the
range of61000 G have been reported elsewhere.12 In these
experiments, since the coercive fieldsBc1 and Bc2 of both
contacts are smaller than 1000 G, the magnetization confi
ration of the NiFe contacts was switched between para
and antiparallel configurations~Fig. 1~b!!. Magnetoresistance
changes in accordance with the simple picture shown in F
1~c! ~that shows! DR(B)/R05@R(B)2R0#/R0 for the anti-
parallel configuration were observed on devices with a b
listic 2DEG channel withL50.45mm. With an increase in
temperature, the normalized resistance change at the
positionDR/R0 drops continuously from its low temperatur
maximum value of 0.2% and disappears forT.10 K. It is
different from magnetoresistance features caused by the
isotropic magnetoresistance of permalloy electrodes or

e.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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fringe field induced local Hall effect. Both effects are know
to survive at high temperatures.23,24 From the normalized
change in resistance at peak positionDR/R0 , we estimate
polarization ofh'4.5% for current through the interface
This value is of the same order as that calculated in
theory for spin injection.18

On devices with larger 2DEG channel lengthsL, dips
instead of peaks are observed. We found a systematic c
nel length dependence of the normalized resistance chan12

that demonstrates the importance of transport in the 2D
channel. Recently, two models were established.12,25The first
is based on combined effects of spin precession and sca
ing events that provides a qualitative explanation.12 The
second25 explains the unexpected result as a combined ef
of quantum coherence and spin-flip processes in mesosc
disordered systems. Quantitative agreement with our da
found using the second model. Note that, in both models,
assumption of spin-polarized transport within the channe
essential, which confirms our observation of spin inject
across the hybrid junction.

Based on these data, we illustrate in Fig. 5~a! the rela-
tionship between the magnetoresistance and the rela
magnetization directions of the contacts for a hybrid dev
with a mesoscopic 2DEG channel. To further confirm t
picture, we report here the results from a new experim
The idea behind it is shown in Fig. 5~b!. For a device with a
quasiballistic 2DEG channel, if switching the direction
magnetization of both FM electrodes subsequently result

FIG. 5. ~a! Hybrid devices with quasiballistic conducting channels show
negative magnetoresistance features.~b! By reversing theB field after one of
the FM electrodes is switched, a memory effect of the magnetoresistan
expected.
Downloaded 07 Aug 2009 to 192.38.67.112. Redistribution subject to AIP
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the negative magnetoresistance feature shown in Fig. 5~a!,
then by reversing the external magnetic field after one of
FM electrodes is switched, a MR structure, like that sho
in Fig. 5~b!, can be expected. This kind of experiment is a
interesting in the sense that we can check whether a hy
device can provide two stable resistance states in the abs
of external magnetic field due to spin injection. We call it t
memory effect of a hybrid device, whose source–drain re
tance ‘‘remembers’’ the magnetization of one of the FM ele
trodes.

The measured magnetoresistance in a device withL
51.8mm and ferromagnetic contact strip widths (F1,F2
52,3mm) at 0.4 K is plotted in Fig. 6. The upper trace
measured by sweeping theB field between61000 G, within
this range both FM electrodes subsequently switch. T
lower trace is measured under the same experimental co
tions but with theB field reversed at about2100 G. A clear
memory effect is observed. We would like to note that t
dip structure observed in the upper trace is slightly noi
than the earlier measurement on the same device,12 however
the main feature is well preserved, which demonstrates
reproducibility of our hybrid device. For a simple estima
the difference between the two stable resistance statesB
50 is proportional toh2. The difference between the tw
stable resistance states atB50 observed in our device is
quite small due to the small spin injection rateh, but it is
well defined compared with the noise level in our expe
ment. It demonstrates that the memory nature of the fe
magnet is well reserved in the hybrid device due to s
injection. We note that for hybrid devices with either
ballistic18 or a diffusive 2DEG channel,14 theory predicts sig-
nificant enhancement ofh by inserting a thin tunneling bar
rier at the interface.

is

FIG. 6. ~a! Negative magnetoresistance as well as a magnetoresistance
that shows the memory effect measured for a hybrid device with a qu
ballistic channel at 0.4 K. The solid~dotted! lines correspond to the upward
~downward! sweep direction of theB field.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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IV. CONCLUSION

We demonstrated both theoretically and experiment
that spin injection across a hybrid FM/2DEG junction
characteristically different from that across the well know
FM/M junctions. We show that the hybrid device keeps t
gating functionality of the semiconductor. Magnetoresista
changes due to switching of the magnetization direction
the FM electrodes have been observed in hybrid devices
find that spin injection allows the hybrid device to form tw
stable resistance states in the absence of an externalB field.
It is a memory effect that is due to the nature of the fer
magnet electrode. We conclude that hybrid devices have
potential to combine functions of both the ferromagnet a
the semiconductor. The main challenge is to enhance the
injection rate.
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