VOLUME 83, NUMBER 1 PHYSICAL REVIEW LETTERS 5dLy 1999

Observation of Spin Injection at a Ferromagnet-Semiconductor I nterface
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Spin injection at a ferromagnet-semiconductor interface is observed by projecting the spin-
polarized current in the ferromagnet onto the spin-split density of states of a high mobility two-
dimensional electron gas (2DEG). For a given polarization of carriers in the 2DEG, reversing
the magnetization orientation of the ferromagnet modulates the interface resistance. Equivalently,
reversing the polarization of the 2DEG carriers by reversing the bias polarity gives the same resistance
modulation. Interface resistance changes of order 1% at room temperature indicate interfacial current
polarizations of order 20%.

PACS numbers: 75.25.+z, 73.40.Qv, 73.50.-h, 73.61.—-r

The injection and detection of spin-polarized carriers apump-probe technique. Pulses of circularly polarized
a ferromagnet-semiconductor interface is recognized as dight were used to generate a population of spin-polarized
important problem in condensed matter physics [1], withcarriers, and polarization analysis of reflected probe pulses
one focus of interest centered on the creation of a spingave a measurement of the carrier spin lifetime [8]. Spin
injected high electron mobility transistor (HEMT) [2]. diffusion lengths of order severalm were also measured,
Spin injection across a ferromagnet-nonmagnetic metadnd it was shown that an electric field could push the
interface [3] provided a cornerstone for the field of spin-spin-polarized carriers over distances of ordéf um,
dependent transport in metals [1], and spin injection atarger than typical source-drain separations. Similar photo
a ferromagnet-superconductor interface has recently beexcitation experiments used a polarization analysis of
demonstrated [4]. Despite considerable effort, howeverphotoluminescence in a GalnAs quantum well to measure
the goal of generalizing spin injection to a ferromagnet-spin diffusion in a GaAs overlayer [9].
semiconductor system has remained elusive. While these experiments address aspects of spin-

Spin-dependent transport in a two-dimensional electromlependent transport in semiconductor systems, the
gas (2DEG) is uniquely interesting because a spin-orbimissing ingredient is the use of a ferromagnetic film to
effect causes a spin splitting of the density of states. Théject and/or detect spin-polarized carriers. In this Letter,
Fermi wave vectorkr = /27n; of the 2DEG carriers we describe a direct observation of the injection and
is of order 10° cm™! for typical carrier densities of detection of a spin-polarized current from a ferromagnetic
order n; ~ 10> cm™2, and the Fermi velocityvy ~  film into a 2DEG. A recent theory [10] predicted that
107 cm/s is weakly relativistic. An electric field =  spin-polarized current flow across a ferromagnet-2DEG
E.% perpendicular to the plane of the 2DEG transformsjnterface could be detected by an appropriate measure-
in the frame of the carriers, as an effective magnetic fieldnent of the interface resistand® of a simple diode
H* with components in the:-y plane. This magnetic structure [Figs. 1(a) and 1(b)]. In the formalism of
field can interact with the spin magnetic moment of thespin-dependent transport, a unique conductance is defined
carriers, uwg, and split the conduction band into spin for each spin subband of the ferromagfg) and semi-
subbands separated by an effective Zeeman enkggyx  conducting 2DEG(S). For example, carriers moving in
upH*. When the source of, is a gradient of the a quasi-one-dimensional semiconductor channel have suf-
confining potential, the appropriate spin-orbit Hamiltonianficiently low density that the conductangg ;, with i =

is [5] . 1 or |, is proportional to the carrier densityg ; [10], and
Hso = alcd X k) - 2, (1) the spin-orbit effect of Eq. (1) causes the densities to

where o are the Pauli matrices, and describes the differ, ns; # ng). Carriers with momentumtk, have

strength of the spin-orbit coupling. Values dfso =  Spin polarization along-$ [Fig. 1(c), diagram (i)], and

2ak = 2 to 5 meV have been measured by analyzing th&arriers moving with opposite momentumsk,, have
beat pattern of Shubnikov—De Haas oscillations [6,7]. AsPin polarization along+$ [Fig. 1(c), diagram (ii)]. For
variable fieldE. can be applied using a gate voltage [2], INAs heterostructures, the net spin polarization=
and the corresponding changes in the valuexofvere  (gs; — gs.1)/(1/2)(gs1 + gs4) is aboutP = 10% [7].
experimentally measured in an, @a_,As/InAl,_,As The conductance of each spin subband of a transition
HEMT [6]. metal ferromagnet is proportional to the density of states
Recently, the excitation of spin-polarized carriers intonear the Fermi levelEr. For a single domain ferro-
the conduction band of GaAs, and their subsequenfagnetic film with magnetization alongy, the simple
detection, was demonstrated by a synchronous optic&land model of Fig. 1(c), diagram (jii), shows that the

0031-900799/83(1)/203(4)$15.00 © 1999 The American Physical Society 203



VOLUME 83, NUMBER 1

PHYSICAL REVIEW LETTERS

5JuLy 1999

i

Insulator AlGaSb, 250 A
(b) FM: Py 860 A

<—2DEG: InAs, 150 A

Insulator: AlGaSb, 2000 A
Buffer: AISb, 3 pm

Substrate: GaAs

(©) 4 £ o0) b E (k<0) bEM=+M)  AEM=-M)

~1 eV{

NE NE) N B NAE) NB) N E T E NE)
2DEG 2DEG F F
FIG. 1. (a) Top view of the measurement geometry. Current

direction in the 2DEG is reversed by swapping V~ and 1.
(b) Cross section of the 2DEG heterostructure. (c) Schematic
of the density of states of the 2DEG for different current
directions, and of the ferromagnet for different magnetization
orientations [10]. Diagrams are not drawn to scale. N, ;(E)
denotes the density of states with carrier spin i = 1,| measured
aong the y axis.

conductance of spin-down carriers is greater than that
of spin-up carriers, gr * Nr|(Er) > gr; * Npi(Er).
When the magnetization orientation is reversed, the con-
ductance of spin-up carriers is larger than that of spin-
down, g1 > gr, [Fig. 1(c), diagram (iv)]. For Permalloy
(NiggFey», Py), the difference of subband conductance
is given by the net polarization n = (gr1 — gry)/
(1/2)(gr1 + gr,) with values of about n = 40% [11].
Spin subband conductances are orthogonal and intermix
only by spin flip scattering. Assuming negligible interfa-
cia spin flip scattering, the interfacial conductance 1/R;
of our structures is large when spin-up conductances on
both sides of the interface are large [Fig. 1(c), diagrams
(ii) and (iv)] or when both spin-down conductances are
large [diagrams (i) and (iii)]. The interface conductance
is otherwise small [diagrams (i) and (iv), and diagrams (ii)
and (iii)]. The difference of resistance depends on details
of the structure but is proportional to a product of the po-
larizations [10]:
AR; _ 2(gst — gsi) (r1 — gry) _ nP 2
R; (gs1 + gs1) (grp + gry) 2
Experimentally, the difference AR; can be measured by
fixing a direction of bias current and changing the mag-
netization M of F from +3§ to —3, or by fixing the mag-
netization orientation and reversing the direction of bias
current between +% and —%. By contrast, when the mag-
netization orientation is orthogonal to the spin quantization
axisin the 2DEG (M parald to the direction £ of current
in ), the spin subband conductances are intermixed and
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one therefore expects AR; = 0 for fixed bias current and
changes of magnetization orientation from +% to —%. The
prediction of Eq. (2), and the qualitative manifestations of
the interfacial effect, are valid for any kind of interfacia
transport. A quantitative interpretation varies for two- and
one-dimensional transport in the 2DEG and depends on
mechanisms of interfacial transport and definitions of the
conductances gs; and gr ;.

The cross-sectional view of Fig. 1(b) depicts our high
mobility heterostructure grown by molecular beam epitaxy
[12]. The 2DEG isconfined to a15 nmthick layer of InAs
doped by an As soak, which is covered by a25 nm barrier
of Aly.¢Gay4Sh and capped with a3 nm thick layer of InAs
for passivation. The carrier density, mobility, and sheet
resistance at 296 K (77K) were determined from a Hall
measurement tobe 1.47 X 102 em™2 (9.0 X 10'! cm™?),
23500 cm?*V s (63500 c?V~ls7!), and 181 Q/
O (109 Q/07), respectively. Mesaisolation of the 2DEG
channel was achieved by optical lithography and an Ar ion
mill, with atypical mesaheight of 76 nm. A selective wet
etch was then used to dissolve the InAs cap, and to remove
asmall amount of InAsfrom the edge of the mesain order
to avoid accidental electrical contact. By maintaining the
integrity of the barrier in the vicinity of interfacial contact,
spin splitting of the 2DEG is preserved and the transport
model described schematically by Fig. 1(c) is valid.

The ferromagnetic layer was e-beam deposited from a
single source of NiggFey» in apressure of 107° Torr, and
the top wire was patterned by optical lithography and lift-
off. The thickness of the metal layer was about 86 nm,
dlightly larger than the mesa height in order to ensure
electrical connectivity. Results from eight devices were
comparable, and the data presented here are from asingle,
representative sample. The area of the interface was
56 um?. A control sample was made using nonmagnetic
Auasthe F layer, having interfacial area64 um?. For this
sample, the Au was thermally deposited from a Au source
with purity of 5-9's, and the film thickness was 80 nm.
A thin layer of nonmagnetic Ti, about 10 nm thick, was
used to promote adhesion of the Au to the semiconductor
surface.

In a standard four-probe configuration for measuring
interface resistance [Fig. 1(a)], the voltage drop across the
metal/2DEG interface was measured for an imposed bias
current, with positive current flowing from F to the 2DEG.
The interface resistance was first measured using a linear
fit to current-voltage (7-V) traces over a voltage range of
order 0.1 V centeredat V = 0. For the Py (Au) sample, R;
was20 (120 Q) at 295 K, increasingto 110 Q (290 Q)
a 75 K. Therelatively low values of R; suggest that the
AlGaSh barrier is a high transmission tunnel barrier or that
tunneling is not the dominant transport mechanism. The
magnetization orientation of F was controlled by using a
two axis Helmholtz coil to apply an external magnetic field
H inthe plane of the 2DEG, along £§ or =%. Thesample
was cooled in an Oxford He flow cryostat with optical
access.
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Differences of the interface resistance AR; ais
ing from spin-dependent transport were measured by
manipulating the magnetization orientation and, sepa-
rately, the polarity of bias current. The I-V characteristic
showed small deviations from Ohmic behavior for R; in
the experimental range 50 pA = 1 = 1 mA, but values
of AR;/R; were independent of bias in this range [13].
The interface resistance, measured at a fixed bias current
of +1.0 mA for four temperatures, is plotted as a function
of externally applied magnetic field H, in Fig. 2(a). The
observed relative change AR;/R; = 0.91% is indepen-
dent of temperature. The coercivity of the F film was
measured in situ by Kerr photometry [14] at T = 291 K,
focusing a HeNe laser probe beam on a portion of the film
remote from the interface. The Kerr rotation of the
reflected beam is proportional to the voltage output of the
sensing photodiode and is shown in Fig. 2(b). Whereas
the coercivity H. of an unpatterned Py film deposited on
quartz is about 4 Oe, the coercivity of our microfabricated
Py film, deposited on AlysGay4Sh, is seen to be about
35 0Oe. The interface resistance plotted in Fig. 2(a)
changes abruptly at the same field. The observation
of hysteresis in the field dependent interface resistance
measurement, with a coercive field value that matches the
measured H. of the Py, confirms that the change AR; is
associated with the magnetization orientation +M3$ or
—M?$, and is not associated with any other effect of the
magnetic field.

As explained above, when the magnetization direction
is orthogonal to the spin quantization axis in the 2DEG,
the spin subband conductances are intermixed and R;
is independent of the magnetization direction. Thus,
for fixed bias current and changes of magnetization
orientation from +3% to —x, the interface resistance
should be constant, AR; = 0. This is confirmed with
the data of Fig. 2(c), taken for field sweeps adong *+x
a T =75K. An upper bound for the magnitude of
any hysteretic feature is 0.1%, at least 9 times smaller
than the 0.9% resistance change of Fig. 2(d). More
generally, as a function of magnetization orientation in
the x-y plane, AR; should have a cos(6) symmetry (6 =
0 corresponds to +%). This was verified by taking data
in angular steps of ten degrees.

Theory aso predicts that an equivalent change of in-
terface resistance will result when the magnetization ori-
entation is fixed along $ and the direction of bias current
is reversed, so that the momentum of the sampled carri-
ers in the 2DEG changes from +k, to —k,. This effect
has been called “spin dependent rectification” [10]. The
data of Fig. 2(d) result from field sweeps along =9 at
T = 75 K for current polarities corresponding to +k, and
—k, achieved by switching the I~ and V™~ leads [refer
to Fig. 1(a); configuration denoted (V™) and (/7)]. The
hysteresis loop R;(H,) is the same for both data sets, with
the sole exception that the symmetry isreversed. Equiva
lently stated, for a given magnetization orientation of
F (Hy, < 60 Ceor H, > 60 Oe), the interface resistance

differs for the two current directions, +k,, and the dif-
ference AR;/ R, has the same magnitude as observed in
Fig. 2(a).

As afinal test of our results, measurements were made
on a sample with a nonmagnetic metal (Au) film in place
of the ferromagnetic one. The dependence of interface
resistance with magnetic field, R;(H,), is shownin Fig. 3.
The value of R; remains constant for field sweeps of
a range comparable with the data of Fig. 2. The null
result, AR; = 0, of this control experiment gives further
validation of the data and verification of our interpretation.

All plausible sources of a spurious effect can be ruled
out. The anisotropic magnetoresistance (AMR) of the fer-
romagnetic film was measured in situ. As magnetic field
isrotated by angle 6 in the sample plane, the symmetry of
the measured AMR is cos(26) but the symmetry of AR; is
cos(#). Futhermore, the magnitude of the AMR of the en-
tire length of the ferromagnetic wire was less than half the
magnitude of AR;, implying any AMR contribution to the
interface resistance is negligibly small. Fringefieldsorigi-
nating at the edges of the ferromagnetic film, which are
known to cause a Hall effect on the carriers in the 2DEG
[15], represent another plausible mechanism. Thesefringe
fields arise from magnetic “poles’ at edges of F parallel
with the § axis when the magnetization is along *%, and
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FIG. 2. Response to magnetic field. Open symbols are for
increasing field and closed symbols for decreasing field.
(@ R; versus field applied along *3$, normalized to R;, for
four temperatures. (b) Kerr rotation measured in situ on a
ferromagnetic film, field applied along +$. (c) AR,/ R; versus
field applied along =%, showing a null result. Note the change
of scae. Average of 20 sweeps. (d) AR;/R;, for current in
the +% and —2x directions, with field applied along *+3.
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FIG. 3. AR,;/R; versus H, for a nonmagnetic metal device.
A null result is observed, AR; = 0.

from poles at edges parallel with the & axis when the mag-
netization is along 9. Asseenin Fig. 1(a), when M is
aong *, the polesarefar from theinterface and the fringe
fields near the interface are negligibly small. When M is
aong *X, the poles are close to the interface and could
create substantial fringe fields. The data of Fig. 2(c) show
small features near the coercive field (H, = 60 Oe for M
along %). Thefeatures may represent spin injection effects
generated when the magnetization reorientation involves
partial alignment along *=$. In any event, we can clearly
give an upper bound of 0.05% to fringe field effectsin our
geometry.

The data are in complete qualitative agreement with the
predictions of the theory of Ref. [10], and a limited quan-
titative analysis can also be made. An order of magnitude
estimate of AR;/ R; can be made using Eq. (2) and polar-
ization values determined by alternative techniques. The
polarization of carrier in Py filmsis » = 0.4 in tunneling
experiments[11], and that of 2DEG carriersin InAsisP =
0.1 in Shubnikov—De Haas measurements [7]. The ob-
served value of AR;/ R; = 0.009 (0.9%) is in reasonable
agreement with the etimate AR;/ R; = nP/2 =~ 0.02.

In summary, we have observed spin injection a a
ferromagnetic-2DEG interface by projecting the spin-
polarized current of the ferromagnet on the spin-split
density of states of the 2DEG. For a given polarization of
the 2DEG carrier spins, determined by the polarity of the
bias current, reversing the magnetization orientation along
the appropriate axis modulates the interface resistance.
Alternatively, reversing the direction of bias current for a
fixed magnetization orientation gives an equivalent inter-
face resistance modulation. While the magnitude of the
observed interface resistance change is relatively small,
the results confirm the presence of interfacial currents
with spin polarization of order 20% and realization of a
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spin-injected HEMT s plausible. Theory predicts that
the polarization of carriers in an appropriate 2DEG will
be enhanced by spin injection [10], and the source-drain
modulation of an optimized spin-injected HEMT can be
expected to be of order 1%—10%.
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