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Field effect in InAs/permalloy hybrid transistors
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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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[. INTRODUCTION the strength of the spin-orbit coupling and thus of the Rashba
parameter for quantum wells in heterostructfirés’as well
The investigation of the possible role of electron spin inas for inversion layers on bulk InAsA marked gate-voltage
solid-state devices on semiconductors is a highly attractivelependence is found in both systems.
and vivid field of research because of both basic physical The control of the spin state would be of no relevance if
questions and technological aspecisn important step in  spin coherence could not be guaranteed in the channel. With
this direction was the proposal of Datta and Das in 1990 tdhe help of optical detection several experiments have proved
build an analogue to the electro-optical modulator for elecconvincingly:®!* that this condition is easily fulfilled for
tron spins in a low-dimensional electron system of aGaAs. Due to the stronger spin-orbit interaction in InAs the
semiconductof,which nowadays is addressed as spin field-electron-spin coherence time is smaller in comparison with
effect transistor. In their proposal Datta and Das envisaged GaAs!? but still large enough for the realization of a ballistic
ballistic device incorporating a one-dimensional electrondevice with a channel length in the sulm range. Besides
channel in a semiconductor that admits of a tunable Rashbeontrol and coherence of the spin states a sufficient number
effect. Two ferromagnetic electrodes exhibiting 100% spinof spin-polarized charge carriers has to be provided by a
polarization with fixed collinear magnetizations serve as in-source electrodeOne approach for injection and detection
jector and detector of spin-polarized electrons in their deviceof defined spin states are ferromagnetic electrdtie to
In principle, all basic components inevitable for the preparaexchange coupling they can provide a surplus of one type of
tion of such a spin transistor are now available. One imporeharge carriers, say, spin-up or spin-down electrons at the
tant prerequisite is the possibility to control spin polarizationFermi energy. A perfect electrode material would provide
via spin-orbit interaction in form of the Rashba effect. Two- 100% spin polarization at the Fermi energy as can be ex-
dimensional electron systeni8DES’S on InAs are promis- pected from Heusler alloy$:*® For materials like Fe and
ing candidates to satisfy this condition because they possegermalloy, that are presently employed, the efficiency of spin
a strong spin-orbit interaction originating from two basic injection is comparatively low but recent experiments have
contributions, which are due to bulk inversion asymmetryshown that injection of spin-polarized carriers is feastfi¥.
and structure inversion asymmetry, respectivéiyvhile the A recent optical experiment has proven that a spin-polarized
first contribution is owing to the zinc-blende structure of thecurrent can be injected from a Fe layer into a GaAs quantum
crystal itself the latter consists of two parts, which can bewell through a Schottky barrier with a spin-injection effi-
tuned at will. The latter two are caused by the strong electriciency of 2%
field perpendicular to the plane of the 2DES and the asym- Here, we describe experiments on the electron transport in
metric penetration of the electron wave function into the barmetal-oxide field-effect transistorsMOSFET'S on bulk
riers confining the 2DES, respectively. In heterostructuresnAs with ferromagnetic permalloy electrodes that are mag-
the second part is found to be the dominating ®mévile in  netized by external magnetic fields applied along or perpen-
single-crystal samples with inversion layers at their surfaceslicular to the current direction. We focus on the gate-voltage
the electric-field contribution plays the important rBl&he  dependence of the channel resistance, i.e., on the field effect,
Rashba effect lifts the spin degeneracy of the energwhich yields clear signatures of spin-valve and spin-
dispersion and generates a spin precession by an adgle precession effects. We discuss our experimental findings
=2m* aL/#? with the effective electron mass*, the chan-  within the framework of a model for spin-polarized ballistic
nel lengthL, and the Rashba parameter Because of its transport. This model accounts for the finite width of our
importance for a possible realization of a spin transistor seveontacts by incorporating obligue modes as it is adequate for
eral groups have investigated the gate-voltage dependence 2DES'’s. Although we are confident that the interpretation of
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FIG. 2. Sketch of the surface geometries f@rheterostructures
%nd (b) bulk crystals. While the etched surface of heterostructures
provides a complicated three-dimensional situation for the magnetic
domain structure, for the single-crystal devices the semiconductor

. . ) . surface and the ferromagnetic contacts are flat. The dotted circles in
the data in the framework of this model is correct we like t0(3) and ellipses in(b) indicate the linear and planar contact area,

note already at this point that in principle an alternative ex-ggpectively.
planation in terms of weak localization/antilocalization may

exist. Detailed analyses and control measurements of then which native inversion layers establish 2DES's at their
gate-voltage, the temperature, and the magnetic-field depegyrfaces under the gate oxide. InAs forms Ohmic contacts to
dence of the weak localization effects suggest that they argirtually all metals, i.e., there is no Schottky barrier as found

Nb

FIG. 1. Geometry of the permalloy (h}Fe,y) source and drain
contacts as well as of the superconducting Nb probes that enab
definite four-terminal measurements.

rather unlikely to explain the observed phenomena. in most GaAs/metal contacts. Thus the resistance of the con-
tact itself is small compared to a diodelike contact which is
Il. PREPARATION the case for GaAs. An important advantage, especially in

comparison with heterostructures, is the contact shape. In

In this investigation we employ permalloy (fFe,)  heterostructures the contact between ferromagnetic metal and
source and drain contacts @rtype InAs (100 single crys-  2DES is a narrow area located at the side of the etched mesa
tals, which exhibit native 2DES at their surfaces. Permalloystructure as depicted in Fig(a). It is only a few nanometers
is used as electrode material since it possesses a considerajgle. Due to the etching process the quality of the
degree of spin polarization of approximately 40% at theferromagnet/2DES interface is difficult to control. For inver-
Fermi energy® and no magnetostriction effects due to thesjon layers on InAs single crystals the situation is more ad-
compensation of the Ni and the Fe contribution. The 18-nmvyantageous in this respect as sketched in Fig). Here, the
thick permalloy contacts with a protective cap layer of 9 nmcontact geometry is flat and the contact area is large. The
Au were deposited by thermal evaporation at a pressure Gjuality of the contact is much easier to control since physical
10"8 mbar. Energy dispersive x-ray analy$BDX) of the  and chemical polishing and an optiorial situ rf cleaning
electrode structures confirmed the composition of 80% Nprocess directly prior to the deposition of the ferromagnetic
and 20% Fe. A four-terminal setup of 100-nm-thick Nb leadsmetal are feasibl&’ A disadvantage of the planar device is
patterned by electron-beam lithography was deposited by digs less well defined channel length. Provided their sheet re-
magnetron sputterirtg and optically defined wiring is used sistances become comparable, the source and drain contacts
for electrical contacts. Superconducting Nb leads allow usind the 2DES underneath them compete for the current flow
definite and precise four-terminal measurements despite thewards the channel. In our device, however, the ratio of the
native inversion layer that resides all over the InAs surfacesheet resistances gives rise to a quasiedge injection of the
The metal-oxide semiconductor field-effect transisddOS-  current. On the other hand, the planar geometry and the
FET) is completed by a gate oxidé50 nm grown by  simple shape of its ferromagnetic contacts guarantee a mi-
plasma enhanced chemical vapor deposit®PBCVD) and a  cromagnetic behavior which is well understdbend can be
gate contact consisting of 40 nm Al and 10 nm Au bothsimulated®?® and measuretf Thus the magnetic behavior
thermally evaporated. Figure 1 shows a sketch of the sourcean be well controlled whep-type InAs single crystals are
and drain-contact geometry. The voltage probes on top of themployed as substrates.
permalloy contacts are prepared in close proximity to the
channel. This virtually eliminates resistance effects which
might occur in the metallic contacts themselves, e.g., the
anisotropic magnetoresistant@MR). The asymmetric fer- In the absence of a magnetic field, the source-drain resis-
romagnetic contacts permit switching of the magnetization atance as a function of the gate voltage is depicted in Fig. 3.
definite external magnetic-field strengffig® This is essen- From these data a specific contact resistance between ferro-
tial to obtain defined magnetization configurations in themagnet and 2DES of I3 () cn¥ is estimated indicating a
magnetic domains next to the channel. high contact quality. The observ&{V,) curve is typical for

As argued in the introduction, InAs is the semiconductorMOSFET's. In the depicted regime above the threshold volt-
of choice because of its strong and tunable spin-orbit interage Vg=—17 V the resistance decreases with increasing
action. In particular, we choogetype InAs single crystals, gate voltage/q and concomitantly increasing carrier concen-

Ill. EXPERIMENTAL RESULTS
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FIG. 3. Total resistance versus gate voltag& atl.5 K.
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tration ng.** Due to surface roughness scattering at the distance (nm)
oxide/semiconductor interfat&® the electron mobility de-
creases from about 20000 éw~!s ! at low gate voltages
monotonically to about 9000 ¢V 1s ! at higher ones.
Accordingly, we evaluate mean free paths of about 230—100
nm which are comparable to the nominal channel length of
our device, which is the edge to edge spacing between the
source and drain electrode. Thus we can tune the electron g
mean free path from the quasiballistic to the diffusive re- .
gime. We emphasize that both mobility and carrier concen-. FIG. 4. () Calculated stray-field componeBy, for the magne-
tration are strictly monotonic functions of the gate voltage in“za.tlon. of a perTa”Oy electrode at point P wit h a saturation mag-
. netization ofMg=800 kA/m. (b) Micromagnetic simulation of a
the range of gate voltages examined here. In order to dete[-

. . ermalloy electrode pair of the experimental device geomktry
mine the dependence of the electron density and the Rasha 545 nm andv=1 4m atB,=+40 mT. Right next to the chan-

parameter on the gate voltage, an analysis of Shubnikov—dg| the magnetic moments and thexis enclose an angle of ap-
Haas oscillations was performed. Strong magnetic fieRls ( proximately 45° in this example.
<14 T) were applied perpendicular to the surface of the
present sample as well as to similar samples on the samge have performed to investigate a possible influence of
wafer® Period in 1B and beating pattern of the oscillations other magnetoresistance effects. Most important, we care-
yield electron density and Rashba parameterfully examined a possible role of fringe-field effetts®
respectivelyt"®®°From the Rashba paraméteve calculate caused by the magnetization of the permalloy electrodes. In
for the nominal channel length df=150 nm a maximum the inset of Fig. 48) the principal geometry of our device
change of the spin precession anglé=1.1 7 at the high- with the 2DES and the ferromagnetic thin film lying in es-
est voltageV,=+30 V. Thus, one expects one-half of an sentially the same plane, which is the surface of the InAs
oscillation in the spin-controlled resistance according to theerystal, is visualized. Because of symmetry reasons the per-
model of Datta and DaSAt this point we would like to  pendicular component of the magnetic stray figjdvirtually
mention that in their model the oscillations are expected fovanishes. On the other hand, ignoring extremely weak dia-
charge carriers which exhibit 100% spin polarization and arenagnetic shifts of the electric subbarfdghe 2DES is only
injected with their spins aligned in thez plane(see Fig. 1. influenced by perpendicular magnetic fields. The data in Fig.
Only for this alignment the electrons occupy a mixed state4(a) present calculated strengths of the perpendicular field
with respect to the Rashba Hamiltonian and the spin itseltomponentB, for two thicknessesa of the permalloy
becomes involved in the interference process. In other wordslectrodes® An angle of 45° between thg axis and the
an oscillatory resistance is expected only if there is a coméirection of the magnetization vector is set for the calcula-
ponent of the magnetization in the electrode that is parallel téion. This is a reasonable assumption in externally applied
the current direction. This situation, in which the magneticmagnetic fields in the mT regime along thedirection as
field is applied along the direction, is addressed as spin- shown in Fig. 4b). The values of the field componeB,
transistor configuration in the following. When the magneti-become virtually independent of the channel width when it
zation is perpendicular to the current direction the electronexceeds the film thicknessvga). In fact, for our film thick-
are injected into an eigenstate with respect to the Rashbaesses oh=18 nm the effective field, is virtually zero
Hamiltonian and therefore the spin inside the semiconductoover most of the channel length Only right next to the
is conserved. This situation with the magnetic field appliedcontacts the field strength does not vanish. It amounts to 80
along they direction we call the spin-valve configuration. No mT in a distance of 10 nm from a contact. This result is
oscillatory resistance effects are expected then. In the expersupported byu-Hall magnetometry of ferromagnetic struc-
ments the two configurations are realized via the direction ofures of the geometry used in this waork.
the externally applied magnetic field and the resulting align- To further support that fringe fields cannot play a signifi-
ment of the magnetizations in the ferromagnetic electrodescant role in our devices complementary experiments in ex-
Before we describe the measurements in the spin-valveernal perpendicular magnetic fields have been carried out to
and spin-transistor geometry we first turn to experiments thamimic the effect of fringe fields and to examine, in particular,
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resistance recorded simultaneouslyfat1.5 K. The magnetic field
FIG. 5. (a) Source-drain resistance for various gate voltagess applied perpendicular to the current directidly). The inset
versus strengtB, of an external magnetic field applied perpendicu- shows the amplitude of the irreversible jump in the total resistance
lar to the plane of the 2DES. The inset shows a blow-up of thegt 23 mT.
low-field data at zero gate voltage. The steplike structures are due to

resolution limitations of the magnetic field sweé€p) The normal- direction. In the downsweep as well as in the upsweep of the
ized resistance difference is evaluated for various field strengths iﬂwagnetic field irreversible jumps in the resistance are clearly
order to mimic the influence of the switching magnetization. observed. We focus on these resistance jumps and attribute
) ) them to irreversible magnetization changes of the magnetic
a possible role of quantum corrections to the conductancgectrodes. The smooth background behavior of the resis-
due to weak localizatiof¥. Figures %a) and §b) show the tance is presumably due to the reversible part of the magne-
result of this investigation. In the relevant range of magnetijzation change. The amplitude of the resistance jump28
field strengths of up to 250 mT, that in the presence of stray\T js shown in the inset of Fig.(8). Within the error bar
fields are realized only very close to the ferromagnetiGndicated there is no significant gate-voltage dependence.
source-drain contacts, the differenRéB,) — Ry is virtually
constant in the whole regime of gate voltages. Hence weak
localization cannot explain oscillatory resistance effects. An-
other contribution could be the AMR effect of the permalloy
electrodes which, however, is independent of the gate volt-
age and hence should definitely be absent in gate-modulated
measurements.

We now proceed to describe our experiments in spin-
valve and spin-transistor geometry, respectively. The ex-
pected resistance changes due to spin-polarized transport
with ferromagnetic electrodes not exhibiting 100% spin po-
larization are smalf~3> and we cannot expect their direct
observation on th&(V,) curve. To make these effects vis-
ible we measure the resistance of the device at a fixed gate
voltage when the magnetization of one of the electrodes is
switched with respect to the other. The latter becomes pos-
sible as a consequence of their geometrical asymrietty
that is evidenced in Fig. 1. FIG. 7. Normalizeda) total and(b) dynamical resistance curves

We first discuss the results for the spin-valve experimentsat T=1.5 K. The magnetic field is applied parallel to the current
In Fig. 6(a) the source-drain resistance is plotted versus thelirection B|x). The traces are successively offset for clarity with
strength of the magnetic field when it is applied along ¥he the respective zeros indicated.
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{-5 To conclude with the experimental data a typical tempera-

o 5 ture dependence of the jump amplitude is shown in Fig. 9.
v, (V) v, (V) While fringe field Hall effects persist up to temperatures well
above 100 K2’ the jump amplitude vanishes already at about
FIG. 8. Amplitudes of the normalized irreversible changeabf 4 K. This rapid decrease may be caused by a corresponding
the total normalized source-drain resistadd®/R, and(b) the dy-  decrease of the spin coherence length, which is affected in
namical resistancéRgyy,/Rqyno. Filled circles denote jumps at the quasiballistic regime by spin-orbit coupling and thus by
+9.0 mT in upsweeps, open triangles and open circles jumps ifnomentum scattering. The temperature dependence of the
downsweeps at 12.0 and—24.4 mT, respectively. The errors are \yeak |ocalization effects in Figs. 5 has been measured on the
comparable to the symbol sizes. same device and differs from that for the jump amplitude in
Fig. 9 inasmuch as weak localization survives up to tempera-

This is expected for this geometry where the spin state of thg,res of at leas9 K and shows a different curvature as a
injected charge carriers represents an eigenstate with respgghction of temperature.

to the Rashba Hamiltonian. Interestingly, in the dynamical
responseRyy, reproduced in Fig. @®) no irreversible resis-
tance changes are observed. As this signal is measured by a
lock-in technique with respect to the gate voltagé ( In this section we interpret our experimental results as
=333 Hz,AVy=0.5 V) it should most directly display the spin injection and detection as well as modulation of the spin
response of the 2DES. AMR effects do not show up in thisprecession by a gate voltage. First, theoretical expectations
signal because AMR does not respond to a gate voltagdor transport experiments with switching magnetizations in
Weak localization effects, which exhibit a rather constantthe ballistic regime are discussed. We compare the model of
behavior with respect to the gate volta@gee Fig. 5, should Datta and Das with an extended model taking into account a
consequently be rather small in the dynamical resistance. Asuly 2DES with oblique modes, ferromagnetic electrodes
discussed in the next section, the resistance in the spin-vahexhibiting restrained spin polarization, and spin filtering due
configuration is in fact not expected to be sensitive to electo band-structure mismatch at the surfates>®’
tron density thus explaining the results of Fig&)@and Gb). In the pioneering work of Datta and Das the conductance
The situation is totally different for the spin-transistor G is expected to exhibit oscillations as a function of the
configuration with the external magnetic field applied alongstrength of the Rashba effect, i.e., as a function of the gate
the current direction B||x). Again, we observe distinct voltage. Already from the simple ansaBz:co<(6/2) for the
jumps in the normalized total resistancB~R;)/Ry with conductancea sign reversal oAG can be expected at the
zero-field resistanc&,. They are evident in Fig.(d. A  hysteretic magnetization changes. There, the direction be-
surprising feature is a gate-controlled change of their signgween spin polarization and magnetization is changed by a
e.g., seen when the traces for gate voltages 0-aBd/ are  phaserr and the resulting conductance jump can alter its sign
compared. Strikingly, unlike in the perpendicular case, theaccording to the difference Goccos(6/2)—cos (6+ m)/2]
normalized dynamic resistanceR{y,— Rgyno)/Rayno NOW  =co0s6.
exhibits irreversible jumps too. Both, the simultaneously In principle, the above description is only valid for the
measured irreversible jumps in the total and in the dynamicastrictly one-dimensional case but more recent theoretical
resistance are located at the same field values that correspomwdrk®® has demonstrated that the essential features predicted
to irreversible magnetization changes of the permalloyby Datta and Dassurvive for finite channel widths. In fact,
electrodes®?°As can already be seen directly from the rawin the real case one has to bear in mind the boundary condi-
data in Fig. Tb) there is a significant gate-voltage depen-tions at the ferromagnet/semiconductor interface for majority
dence of the jump amplitudes. In the gate-voltage regimend minority spin subbands and the two-dimensional nature
aroundVy=0 the amplitude is clearly larger than at higher of the electron systerfl. In a ballistic Landauer-Biiker
and lower gate voltages. In FiggaBand(b) the normalized model®*343 we take both into account and calculate the
amplitudesAR/R, and ARy n/Rgyno Of the jumps are plot- dependence of the conductance on the carrier density for
ted versus gate voltage. More or less pronounced, they adipin-valve and spin-transistor configuration in the two-
show oscillatory behavior. The signals are most distinct atlimensional cas¥. Figure 1@a) and(b) shows for both con-
lower voltages and clearly weaker at higher ones. figurations the calculated conductance for parallel and anti-

IV. DISCUSSION
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T T T T tribute to the current. However, spin precession can only be

80 obtained when the injected electron is a superposition of
410 spin-up and spin-down eigenstates. In case of tilted injection

8 the transmission coefficients as well as the directions of the

60 Ho5 7T, momentum vectors of the spin-up and the spin-down eigen-
= m_ 21; g states are no longer equal. Hence a mixed state, which pro-
oy 00 B duces significant spin interference due to the Rashba effect,

© 40 cvene, .. L cannot efficiently be injected into the 2DES. Furthermore, in
MERRA AR PN g the present devices a small angle selection is ensured by the

R ratio of coherence length and channel length which is not far

20 40 - from unity in the relevant gate-voltage regime. Therefore the

. | ' ' effective channel length for electrons injected under a more

0 , , , N significant angle with respect to theaxis becomes longer

00 05 10 15 20 than the spin-coherence length and its contribution to the

n, (10%em™) ballistic current becomes correspondingly less.
15 In the framework of the above theoretical description we
now turn to the analysis of the experimental data of Figs. 6
10 and 7. As discussed in Sec. Ill reproducible and discrete

changes of the total and the dynamical resistariReand
Rgyn OCcur at the switching fields in both configurations. The

=
®
_ 0> jm result of the measurement in the spin-valve configuration
= 00 % (B|ly) is shown in the inset of Fig. (). The resistance
% ' 2 changes versus the gate voltage are virtually constant and
05 @ especially exhibit no change of sign. The data of the inset of
T2 Fig. 6(a) normalized with the resistance of Fig. 3 can directly
—_— e be compared to the theoretical result in Fig(a0In the
-— 1.0 relevant density regime well above inversion threshaid (
| . | =0.7x 10" cm™?) the theoretical and the experimental data
%.o 05 1.0 15 2_61'5 are in good correspondence and virtually unaffected by the
n, (10'%em?) gate voltage. Both exhibit no change of sign. The reduced

amplitude of the experimental data could be attributed to real

FIG. 10. (a) Calculated conductance for the spin-valve configu- materials and interfaces which could not be accounted for in

the model.

ration in the parallelG,; (dotted ling and in the antiparalleG;
(light solid line) situation for channel length =150 nm, channel
widthw=1 um, and permalloy parametefRef. 39. The range of  gamplitudes of the dynamical resistances in Fidp) &s these
carrier concentration from 0:710' to 2.0x10* em™? corre-  should most directly display the response of the 2DES itself.
sponds to a gate voltage regime of 0-26 V. Also plotted is thegzsed on the phase shit¥=1.1 = that has been estimated
normalized conductance difference@( —G;)/(G;;+Gy)). (b))  apove, we expect the conductance differeAd@ecosé to

Results for the spin-transistor configuration. The course of the oMz in through just one maximum and minimum in the entire

ductance difference represents the original result of Datta and De}%terval —B5=V,<+30 V. In this regime we observe at
<sVgs .

(Ref. 2 when averaged over the individual modes. Full circles are T . .
: least one full oscillation for two of the resistance changes in
experimental data.

Fig. 8b). An important feature in comparison to the result of
Fig. 1Qb) is that both experimental and theoretical data ex-
parallel alignment as well as the corresponding conductandeibit sign changes of conductance and resistance. However,
difference 2G;; —G;)/(G;;+G; ) versus the carrier con- the quantitative agreement is rather poor, e.g., the observed
centration. The large oscillations in the conductances are dygeriod of the oscillation is too short. At present we can noth-
to Fabry-Peot interferences not treated by Datta and Dasing but speculate that the transition to the diffusive regime
They occur as a consequence of the two closely spacegduces the jump amplitude at higher gate voltages to zero
ferromagnet/semiconductor interfaces. The tiny structures iand thus pretends a full oscillation in Fig(b8 Also, the
the conductance differences result from the distinct numbecurrent distribution between the permalloy films and the in-
of modes that are summed up in our two-dimensional modelersion layer in the InAs underneath them may elongate the
The conductance difference for the spin-transistor connominal channel length and thus act in the same direction.
figuration is totally different and sign changes are calculated As mentioned in the introduction, in principle an alterna-
as a function of the electron density as can be seen in Figive explanation in terms of modulation of weak localization
10(b). Thus the main features of the one-dimensional modeand antilocalization due to magnetic stray fields may exist.
of Datta and Daspersist in the two-dimensional situation. At But the distinct temperature dependence of the jump ampli-
first glance, this is astonishing as in the two-dimensionatude (see Fig. 9 and the weak localization supports the
case also obligue modes with respect toxtadirection con-  above interpretation. While we cannot rule out weak local-

In the spin transistor configuratiom|x) we consider the
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ization effects in fringe fields, the experimental data hint at awith the picture of precessing spins due to the Rashba effect,
minor role of them for the resistance jumps at the irreversiblghe oscillatory behavior only appears when the magnetization

magnetization changes. of the contacts points in the current direction. Also, the tem-
perature dependence of the oscillations provides evidence
V. CONCLUSION that we may have achieved in principle the spin-transistor

) ~action envisaged ten years ago by Datta and Das.
To conclude, we have observed oscillatory changes in the

resistance of MOSFET's with ferromagnetic contacts in the

spin-transistor geometry, i.e., when the external magnetic ACKNOWLEDGMENTS
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