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Field effect in InAsÕpermalloy hybrid transistors

G. Meier, T. Matsuyama, and U. Merkt
Universität Hamburg, Institut fu¨r Angewandte Physik und Zentrum fu¨r Mikrostrukturforschung,

Jungiusstraße 11, D-20355 Hamburg, Germany
~Received 9 April 2001; revised manuscript received 25 October 2001; published 13 March 2002!

We measure the static and dynamic resistance of metal-oxide-semiconductor field-effect transistors with
ferromagnetic source and drain contacts deposited on InAs at liquid helium and elevated temperatures. The
field effect is examined as a function of the applied gate voltage in external magnetic fields applied in plane
either parallel or perpendicular to the current direction. In the parallel configuration the resistance exhibits
strong evidence for spin-polarized transport via an oscillatory gate-voltage dependence of the resistance jumps
at the irreversible magnetization reversals of the ferromagnetic electrodes. Furthermore, transport measure-
ments in external magnetic fields aligned perpendicular to the substrate surface are performed up to strengths
of 14 T to investigate the properties of the semiconductor channel, i.e., charge-carrier concentration, electron
mobility, and weak localization.
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I. INTRODUCTION

The investigation of the possible role of electron spin
solid-state devices on semiconductors is a highly attrac
and vivid field of research because of both basic phys
questions and technological aspects.1 An important step in
this direction was the proposal of Datta and Das in 1990
build an analogue to the electro-optical modulator for el
tron spins in a low-dimensional electron system of
semiconductor,2 which nowadays is addressed as spin fie
effect transistor. In their proposal Datta and Das envisage
ballistic device incorporating a one-dimensional electr
channel in a semiconductor that admits of a tunable Ras
effect. Two ferromagnetic electrodes exhibiting 100% s
polarization with fixed collinear magnetizations serve as
jector and detector of spin-polarized electrons in their dev
In principle, all basic components inevitable for the prepa
tion of such a spin transistor are now available. One imp
tant prerequisite is the possibility to control spin polarizati
via spin-orbit interaction in form of the Rashba effect. Tw
dimensional electron systems~2DES’s! on InAs are promis-
ing candidates to satisfy this condition because they pos
a strong spin-orbit interaction originating from two bas
contributions, which are due to bulk inversion asymme
and structure inversion asymmetry, respectively.3,4 While the
first contribution is owing to the zinc-blende structure of t
crystal itself the latter consists of two parts, which can
tuned at will. The latter two are caused by the strong elec
field perpendicular to the plane of the 2DES and the as
metric penetration of the electron wave function into the b
riers confining the 2DES, respectively. In heterostructu
the second part is found to be the dominating one,5 while in
single-crystal samples with inversion layers at their surfa
the electric-field contribution plays the important role.6 The
Rashba effect lifts the spin degeneracy of the ene
dispersion7 and generates a spin precession by an angu
52m* aL/\2 with the effective electron massm* , the chan-
nel lengthL, and the Rashba parametera. Because of its
importance for a possible realization of a spin transistor s
eral groups have investigated the gate-voltage dependen
0163-1829/2002/65~12!/125327~7!/$20.00 65 1253
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the strength of the spin-orbit coupling and thus of the Ras
parameter for quantum wells in heterostructures4,5,8,9as well
as for inversion layers on bulk InAs.6 A marked gate-voltage
dependence is found in both systems.

The control of the spin state would be of no relevance
spin coherence could not be guaranteed in the channel. W
the help of optical detection several experiments have pro
convincingly10,11 that this condition is easily fulfilled for
GaAs. Due to the stronger spin-orbit interaction in InAs t
electron-spin coherence time is smaller in comparison w
GaAs,12 but still large enough for the realization of a ballist
device with a channel length in the sub-mm range. Besides
control and coherence of the spin states a sufficient num
of spin-polarized charge carriers has to be provided b
source electrode.2 One approach for injection and detectio
of defined spin states are ferromagnetic electrodes.13 Due to
exchange coupling they can provide a surplus of one type
charge carriers, say, spin-up or spin-down electrons at
Fermi energy. A perfect electrode material would provi
100% spin polarization at the Fermi energy as can be
pected from Heusler alloys.14,15 For materials like Fe and
permalloy, that are presently employed, the efficiency of s
injection is comparatively low but recent experiments ha
shown that injection of spin-polarized carriers is feasible.16,17

A recent optical experiment has proven that a spin-polari
current can be injected from a Fe layer into a GaAs quan
well through a Schottky barrier with a spin-injection effi
ciency of 2%.18

Here, we describe experiments on the electron transpo
metal-oxide field-effect transistors~MOSFET’s! on bulk
InAs with ferromagnetic permalloy electrodes that are m
netized by external magnetic fields applied along or perp
dicular to the current direction. We focus on the gate-volta
dependence of the channel resistance, i.e., on the field ef
which yields clear signatures of spin-valve and sp
precession effects. We discuss our experimental findi
within the framework of a model for spin-polarized ballist
transport. This model accounts for the finite width of o
contacts by incorporating oblique modes as it is adequate
2DES’s. Although we are confident that the interpretation
©2002 The American Physical Society27-1
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the data in the framework of this model is correct we like
note already at this point that in principle an alternative
planation in terms of weak localization/antilocalization m
exist. Detailed analyses and control measurements of
gate-voltage, the temperature, and the magnetic-field de
dence of the weak localization effects suggest that they
rather unlikely to explain the observed phenomena.

II. PREPARATION

In this investigation we employ permalloy (Ni80Fe20)
source and drain contacts onp-type InAs ~100! single crys-
tals, which exhibit native 2DES at their surfaces. Permal
is used as electrode material since it possesses a conside
degree of spin polarization of approximately 40% at t
Fermi energy14 and no magnetostriction effects due to t
compensation of the Ni and the Fe contribution. The 18-n
thick permalloy contacts with a protective cap layer of 9 n
Au were deposited by thermal evaporation at a pressur
1028 mbar. Energy dispersive x-ray analysis~EDX! of the
electrode structures confirmed the composition of 80%
and 20% Fe. A four-terminal setup of 100-nm-thick Nb lea
patterned by electron-beam lithography was deposited b
magnetron sputtering19 and optically defined wiring is use
for electrical contacts. Superconducting Nb leads allow
definite and precise four-terminal measurements despite
native inversion layer that resides all over the InAs surfa
The metal-oxide semiconductor field-effect transistor~MOS-
FET! is completed by a gate oxide~350 nm! grown by
plasma enhanced chemical vapor deposition~PECVD! and a
gate contact consisting of 40 nm Al and 10 nm Au bo
thermally evaporated. Figure 1 shows a sketch of the sou
and drain-contact geometry. The voltage probes on top of
permalloy contacts are prepared in close proximity to
channel. This virtually eliminates resistance effects wh
might occur in the metallic contacts themselves, e.g.,
anisotropic magnetoresistance~AMR!. The asymmetric fer-
romagnetic contacts permit switching of the magnetization
definite external magnetic-field strengths.13,20 This is essen-
tial to obtain defined magnetization configurations in t
magnetic domains next to the channel.

As argued in the introduction, InAs is the semiconduc
of choice because of its strong and tunable spin-orbit in
action. In particular, we choosep-type InAs single crystals

FIG. 1. Geometry of the permalloy (Ni80Fe20) source and drain
contacts as well as of the superconducting Nb probes that en
definite four-terminal measurements.
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on which native inversion layers establish 2DES’s at th
surfaces under the gate oxide. InAs forms Ohmic contact
virtually all metals, i.e., there is no Schottky barrier as fou
in most GaAs/metal contacts. Thus the resistance of the c
tact itself is small compared to a diodelike contact which
the case for GaAs. An important advantage, especially
comparison with heterostructures, is the contact shape
heterostructures the contact between ferromagnetic meta
2DES is a narrow area located at the side of the etched m
structure as depicted in Fig. 2~a!. It is only a few nanometers
wide. Due to the etching process the quality of t
ferromagnet/2DES interface is difficult to control. For inve
sion layers on InAs single crystals the situation is more
vantageous in this respect as sketched in Fig. 2~b!. Here, the
contact geometry is flat and the contact area is large.
quality of the contact is much easier to control since phys
and chemical polishing and an optionalin situ rf cleaning
process directly prior to the deposition of the ferromagne
metal are feasible.19 A disadvantage of the planar device
its less well defined channel length. Provided their sheet
sistances become comparable, the source and drain con
and the 2DES underneath them compete for the current
towards the channel. In our device, however, the ratio of
sheet resistances gives rise to a quasiedge injection of
current. On the other hand, the planar geometry and
simple shape of its ferromagnetic contacts guarantee a
cromagnetic behavior which is well understood21 and can be
simulated22,23 and measured.13 Thus the magnetic behavio
can be well controlled whenp-type InAs single crystals are
employed as substrates.

III. EXPERIMENTAL RESULTS

In the absence of a magnetic field, the source-drain re
tance as a function of the gate voltage is depicted in Fig
From these data a specific contact resistance between f
magnet and 2DES of 1027 V cm2 is estimated indicating a
high contact quality. The observedR(Vg) curve is typical for
MOSFET’s. In the depicted regime above the threshold v
age Vg5217 V the resistance decreases with increas
gate voltageVg and concomitantly increasing carrier conce

ble

FIG. 2. Sketch of the surface geometries for~a! heterostructures
and ~b! bulk crystals. While the etched surface of heterostructu
provides a complicated three-dimensional situation for the magn
domain structure, for the single-crystal devices the semicondu
surface and the ferromagnetic contacts are flat. The dotted circle
~a! and ellipses in~b! indicate the linear and planar contact are
respectively.
7-2
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FIELD EFFECT IN InAs/PERMALLOY HYBRID TRANSISTORS PHYSICAL REVIEW B65 125327
tration ns .24 Due to surface roughness scattering at
oxide/semiconductor interface25,26 the electron mobility de-
creases from about 20 000 cm2 V21 s21 at low gate voltages
monotonically to about 9000 cm2 V21 s21 at higher ones.
Accordingly, we evaluate mean free paths of about 230–
nm which are comparable to the nominal channel length
our device, which is the edge to edge spacing between
source and drain electrode. Thus we can tune the elec
mean free path from the quasiballistic to the diffusive
gime. We emphasize that both mobility and carrier conc
tration are strictly monotonic functions of the gate voltage
the range of gate voltages examined here. In order to de
mine the dependence of the electron density and the Ra
parameter on the gate voltage, an analysis of Shubnikov
Haas oscillations was performed. Strong magnetic fieldsB
<14 T) were applied perpendicular to the surface of
present sample as well as to similar samples on the s
wafer.6 Period in 1/B and beating pattern of the oscillation
yield electron density and Rashba parame
respectively.4–6,8,9From the Rashba parameter6 we calculate
for the nominal channel length ofL5150 nm a maximum
change of the spin precession angleDu51.1 p at the high-
est voltageVg5130 V. Thus, one expects one-half of a
oscillation in the spin-controlled resistance according to
model of Datta and Das.2 At this point we would like to
mention that in their model the oscillations are expected
charge carriers which exhibit 100% spin polarization and
injected with their spins aligned in thex-z plane~see Fig. 1!.
Only for this alignment the electrons occupy a mixed st
with respect to the Rashba Hamiltonian and the spin it
becomes involved in the interference process. In other wo
an oscillatory resistance is expected only if there is a co
ponent of the magnetization in the electrode that is paralle
the current direction. This situation, in which the magne
field is applied along thex direction, is addressed as spi
transistor configuration in the following. When the magne
zation is perpendicular to the current direction the electr
are injected into an eigenstate with respect to the Ras
Hamiltonian and therefore the spin inside the semicondu
is conserved. This situation with the magnetic field appl
along they direction we call the spin-valve configuration. N
oscillatory resistance effects are expected then. In the exp
ments the two configurations are realized via the direction
the externally applied magnetic field and the resulting ali
ment of the magnetizations in the ferromagnetic electrod

Before we describe the measurements in the spin-v
and spin-transistor geometry we first turn to experiments

FIG. 3. Total resistance versus gate voltage atT51.5 K.
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we have performed to investigate a possible influence
other magnetoresistance effects. Most important, we c
fully examined a possible role of fringe-field effects27,28

caused by the magnetization of the permalloy electrodes
the inset of Fig. 4~a! the principal geometry of our devic
with the 2DES and the ferromagnetic thin film lying in e
sentially the same plane, which is the surface of the In
crystal, is visualized. Because of symmetry reasons the
pendicular component of the magnetic stray fieldBz virtually
vanishes. On the other hand, ignoring extremely weak d
magnetic shifts of the electric subbands,29 the 2DES is only
influenced by perpendicular magnetic fields. The data in F
4~a! present calculated strengths of the perpendicular fi
component Bz for two thicknessesa of the permalloy
electrodes.30 An angle of 45° between thex axis and the
direction of the magnetization vector is set for the calcu
tion. This is a reasonable assumption in externally app
magnetic fields in the mT regime along thex direction as
shown in Fig. 4~b!. The values of the field componentBz
become virtually independent of the channel width when
exceeds the film thickness (w@a). In fact, for our film thick-
nesses ofa518 nm the effective fieldBz is virtually zero
over most of the channel lengthL. Only right next to the
contacts the field strength does not vanish. It amounts to
mT in a distance of 10 nm from a contact. This result
supported bym-Hall magnetometry of ferromagnetic struc
tures of the geometry used in this work.31

To further support that fringe fields cannot play a sign
cant role in our devices complementary experiments in
ternal perpendicular magnetic fields have been carried ou
mimic the effect of fringe fields and to examine, in particul

FIG. 4. ~a! Calculated stray-field componentBz for the magne-
tization of a permalloy electrode at point P with a saturation m
netization ofMS5800 kA/m. ~b! Micromagnetic simulation of a
permalloy electrode pair of the experimental device geometryL
5150 nm andw51 mm atBx5140 mT. Right next to the chan
nel the magnetic moments and thex axis enclose an angle of ap
proximately 45° in this example.
7-3
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G. MEIER, T. MATSUYAMA, AND U. MERKT PHYSICAL REVIEW B 65 125327
a possible role of quantum corrections to the conducta
due to weak localization.32 Figures 5~a! and 5~b! show the
result of this investigation. In the relevant range of magne
field strengths of up to 250 mT, that in the presence of st
fields are realized only very close to the ferromagne
source-drain contacts, the differenceR(Bz)2R0 is virtually
constant in the whole regime of gate voltages. Hence w
localization cannot explain oscillatory resistance effects. A
other contribution could be the AMR effect of the permall
electrodes which, however, is independent of the gate v
age and hence should definitely be absent in gate-modu
measurements.

We now proceed to describe our experiments in sp
valve and spin-transistor geometry, respectively. The
pected resistance changes due to spin-polarized tran
with ferromagnetic electrodes not exhibiting 100% spin p
larization are small33–35 and we cannot expect their dire
observation on theR(Vg) curve. To make these effects vis
ible we measure the resistance of the device at a fixed
voltage when the magnetization of one of the electrode
switched with respect to the other. The latter becomes p
sible as a consequence of their geometrical asymmetry13,20

that is evidenced in Fig. 1.
We first discuss the results for the spin-valve experime

In Fig. 6~a! the source-drain resistance is plotted versus
strength of the magnetic field when it is applied along thy

FIG. 5. ~a! Source-drain resistance for various gate voltag
versus strengthBz of an external magnetic field applied perpendic
lar to the plane of the 2DES. The inset shows a blow-up of
low-field data at zero gate voltage. The steplike structures are du
resolution limitations of the magnetic field sweep.~b! The normal-
ized resistance difference is evaluated for various field strength
order to mimic the influence of the switching magnetization.
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direction. In the downsweep as well as in the upsweep of
magnetic field irreversible jumps in the resistance are cle
observed. We focus on these resistance jumps and attri
them to irreversible magnetization changes of the magn
electrodes. The smooth background behavior of the re
tance is presumably due to the reversible part of the mag
tization change. The amplitude of the resistance jump at123
mT is shown in the inset of Fig. 6~a!. Within the error bar
indicated there is no significant gate-voltage dependen

s

e
to

in

FIG. 6. Typical raw data of~a! the total and~b! the dynamical
resistance recorded simultaneously atT51.5 K. The magnetic field
is applied perpendicular to the current direction (Biy). The inset
shows the amplitude of the irreversible jump in the total resista
at 23 mT.

FIG. 7. Normalized~a! total and~b! dynamical resistance curve
at T51.5 K. The magnetic field is applied parallel to the curre
direction (Bix). The traces are successively offset for clarity wi
the respective zeros indicated.
7-4
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This is expected for this geometry where the spin state of
injected charge carriers represents an eigenstate with re
to the Rashba Hamiltonian. Interestingly, in the dynami
responseRdyn reproduced in Fig. 6~b! no irreversible resis-
tance changes are observed. As this signal is measured
lock-in technique with respect to the gate voltagef
5333 Hz,DVg50.5 V) it should most directly display the
response of the 2DES. AMR effects do not show up in t
signal because AMR does not respond to a gate volta
Weak localization effects, which exhibit a rather consta
behavior with respect to the gate voltage~see Fig. 5!, should
consequently be rather small in the dynamical resistance
discussed in the next section, the resistance in the spin-v
configuration is in fact not expected to be sensitive to el
tron density thus explaining the results of Figs. 6~a! and 6~b!.

The situation is totally different for the spin-transist
configuration with the external magnetic field applied alo
the current direction (Bix). Again, we observe distinc
jumps in the normalized total resistance (R2R0)/R0 with
zero-field resistanceR0. They are evident in Fig. 7~a!. A
surprising feature is a gate-controlled change of their sig
e.g., seen when the traces for gate voltages 0 and12 V are
compared. Strikingly, unlike in the perpendicular case,
normalized dynamic resistance (Rdyn2Rdyn,0)/Rdyn,0 now
exhibits irreversible jumps too. Both, the simultaneou
measured irreversible jumps in the total and in the dynam
resistance are located at the same field values that corres
to irreversible magnetization changes of the permal
electrodes.13,20As can already be seen directly from the ra
data in Fig. 7~b! there is a significant gate-voltage depe
dence of the jump amplitudes. In the gate-voltage reg
aroundVg50 the amplitude is clearly larger than at high
and lower gate voltages. In Figs. 8~a! and~b! the normalized
amplitudesDR/R0 andDRdyn /Rdyn,0 of the jumps are plot-
ted versus gate voltage. More or less pronounced, they
show oscillatory behavior. The signals are most distinc
lower voltages and clearly weaker at higher ones.

FIG. 8. Amplitudes of the normalized irreversible changes of~a!
the total normalized source-drain resistanceDR/R0 and~b! the dy-
namical resistanceDRdyn /Rdyn,0 . Filled circles denote jumps a
19.0 mT in upsweeps, open triangles and open circles jump
downsweeps at212.0 and224.4 mT, respectively. The errors ar
comparable to the symbol sizes.
12532
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To conclude with the experimental data a typical tempe
ture dependence of the jump amplitude is shown in Fig
While fringe field Hall effects persist up to temperatures w
above 100 K,27 the jump amplitude vanishes already at abo
4 K. This rapid decrease may be caused by a correspon
decrease of the spin coherence length, which is affecte
the quasiballistic regime by spin-orbit coupling and thus
momentum scattering. The temperature dependence of
weak localization effects in Figs. 5 has been measured on
same device and differs from that for the jump amplitude
Fig. 9 inasmuch as weak localization survives up to tempe
tures of at least 9 K and shows a different curvature as
function of temperature.

IV. DISCUSSION

In this section we interpret our experimental results
spin injection and detection as well as modulation of the s
precession by a gate voltage. First, theoretical expectat
for transport experiments with switching magnetizations
the ballistic regime are discussed. We compare the mode
Datta and Das with an extended model taking into accou
truly 2DES with oblique modes, ferromagnetic electrod
exhibiting restrained spin polarization, and spin filtering d
to band-structure mismatch at the surfaces.33–35,37

In the pioneering work of Datta and Das the conductan
G is expected to exhibit oscillations as a function of t
strength of the Rashba effect, i.e., as a function of the g
voltage. Already from the simple ansatzG}cos2(u/2) for the
conductance2 a sign reversal ofDG can be expected at th
hysteretic magnetization changes. There, the direction
tween spin polarization and magnetization is changed b
phasep and the resulting conductance jump can alter its s
according to the differenceDG}cos2(u/2)2cos2@(u1p)/2#
5cosu.

In principle, the above description is only valid for th
strictly one-dimensional case but more recent theoret
work36 has demonstrated that the essential features pred
by Datta and Das2 survive for finite channel widths. In fact
in the real case one has to bear in mind the boundary co
tions at the ferromagnet/semiconductor interface for majo
and minority spin subbands and the two-dimensional na
of the electron system.37 In a ballistic Landauer-Bu¨ttiker
model,33,34,38 we take both into account and calculate t
dependence of the conductance on the carrier density
spin-valve and spin-transistor configuration in the tw
dimensional case.37 Figure 10~a! and~b! shows for both con-
figurations the calculated conductance for parallel and a

in

FIG. 9. Typical temperature dependence of a jump amplitu
7-5
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parallel alignment as well as the corresponding conducta
difference 2(G↑↑2G↑↓)/(G↑↑1G↑↓) versus the carrier con
centration. The large oscillations in the conductances are
to Fabry-Pe´rot interferences not treated by Datta and D
They occur as a consequence of the two closely spa
ferromagnet/semiconductor interfaces. The tiny structure
the conductance differences result from the distinct num
of modes that are summed up in our two-dimensional mo

The conductance difference for the spin-transistor c
figuration is totally different and sign changes are calcula
as a function of the electron density as can be seen in
10~b!. Thus the main features of the one-dimensional mo
of Datta and Das2 persist in the two-dimensional situation. A
first glance, this is astonishing as in the two-dimensio
case also oblique modes with respect to thex direction con-

FIG. 10. ~a! Calculated conductance for the spin-valve config
ration in the parallelG↑↑ ~dotted line! and in the antiparallelG↑↓
~light solid line! situation for channel lengthL5150 nm, channel
width w51 mm, and permalloy parameters~Ref. 39!. The range of
carrier concentration from 0.731012 to 2.031012 cm22 corre-
sponds to a gate voltage regime of 0–26 V. Also plotted is
normalized conductance difference 2(G↑↑2G↑↓)/(G↑↑1G↑↓). ~b!
Results for the spin-transistor configuration. The course of the c
ductance difference represents the original result of Datta and
~Ref. 2! when averaged over the individual modes. Full circles
experimental data.
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tribute to the current. However, spin precession can only
obtained when the injected electron is a superposition
spin-up and spin-down eigenstates. In case of tilted injec
the transmission coefficients as well as the directions of
momentum vectors of the spin-up and the spin-down eig
states are no longer equal. Hence a mixed state, which
duces significant spin interference due to the Rashba ef
cannot efficiently be injected into the 2DES. Furthermore
the present devices a small angle selection is ensured by
ratio of coherence length and channel length which is not
from unity in the relevant gate-voltage regime. Therefore
effective channel length for electrons injected under a m
significant angle with respect to thex axis becomes longe
than the spin-coherence length and its contribution to
ballistic current becomes correspondingly less.

In the framework of the above theoretical description
now turn to the analysis of the experimental data of Figs
and 7. As discussed in Sec. III reproducible and discr
changes of the total and the dynamical resistancesR and
Rdyn occur at the switching fields in both configurations. T
result of the measurement in the spin-valve configurat
(Biy) is shown in the inset of Fig. 6~a!. The resistance
changes versus the gate voltage are virtually constant
especially exhibit no change of sign. The data of the inse
Fig. 6~a! normalized with the resistance of Fig. 3 can direc
be compared to the theoretical result in Fig. 10~a!. In the
relevant density regime well above inversion thresholdns

>0.731012 cm22) the theoretical and the experimental da
are in good correspondence and virtually unaffected by
gate voltage. Both exhibit no change of sign. The redu
amplitude of the experimental data could be attributed to r
materials and interfaces which could not be accounted fo
the model.

In the spin transistor configuration (Bix) we consider the
amplitudes of the dynamical resistances in Fig. 8~b! as these
should most directly display the response of the 2DES its
Based on the phase shiftDu>1.1 p that has been estimate
above, we expect the conductance differenceDG}cosu to
run through just one maximum and minimum in the ent
interval 25<Vg<130 V. In this regime we observe a
least one full oscillation for two of the resistance changes
Fig. 8~b!. An important feature in comparison to the result
Fig. 10~b! is that both experimental and theoretical data e
hibit sign changes of conductance and resistance. Howe
the quantitative agreement is rather poor, e.g., the obse
period of the oscillation is too short. At present we can no
ing but speculate that the transition to the diffusive regi
reduces the jump amplitude at higher gate voltages to z
and thus pretends a full oscillation in Fig. 8~b!. Also, the
current distribution between the permalloy films and the
version layer in the InAs underneath them may elongate
nominal channel length and thus act in the same directio

As mentioned in the introduction, in principle an altern
tive explanation in terms of modulation of weak localizatio
and antilocalization due to magnetic stray fields may ex
But the distinct temperature dependence of the jump am
tude ~see Fig. 9! and the weak localization supports th
above interpretation. While we cannot rule out weak loc
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ization effects in fringe fields, the experimental data hint a
minor role of them for the resistance jumps at the irrevers
magnetization changes.

V. CONCLUSION

To conclude, we have observed oscillatory changes in
resistance of MOSFET’s with ferromagnetic contacts in
spin-transistor geometry, i.e., when the external magn
field is applied along the current direction. From a care
examination of the temperature- and gate-voltage dep
dence of the observed phenomena we deduce a minor ro
possible parasitic effects in magnetic stray fields. In parti
lar, we considered in detail AMR, local Hall effects, an
weak localization. In the spin-valve geometry with the fie
applied perpendicular to the current we measure no g
voltage dependence of the resistance changes. In accord
hy
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with the picture of precessing spins due to the Rashba eff
the oscillatory behavior only appears when the magnetiza
of the contacts points in the current direction. Also, the te
perature dependence of the oscillations provides evide
that we may have achieved in principle the spin-transis
action envisaged ten years ago by Datta and Das.2
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