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Spin-valve effects in a semiconductor field-effect transistor: A spintronic device
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We present a spintronic semiconductor field-effect transistor. The injector and collector contacts of this
device were made from magnetic permalloy thin films with different coercive fields so that they could be
magnetized either parallel or antiparallel to each other in different applied magnetic fields. The conducting
medium was a two-dimensional electron @®EG) formed in an AlSb/InAs quantum well. Data from this
device suggest that its resistance is controlled by two different types of spin-valve effect: the first occurring at
the ferromagnet-2DEG interfaces; and the second occurring in direct propagation between contacts.
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The idea of electronic devices that exploit both the chargel5-nm thick and had a 5-nm GaShb cap layer to prevent oxi-
and spin of an electron for their operation has given rise talation of AISb. Two parallel ferromagnetic permalloy
the new field of “spintronics,” literally spin electronics®>  (NiggFey,) contacts[see inset of Fig. ®], one 5um wide
The two-component nature of spintronic devices is expectefcontactA) and the other Jum wide (contactB), were pat-
to allow a simple implementation of quantum computing al-terned using electron beam lithography. They were placed 1
gorithms as well as producing spin transistors and spin-basedm apart and stretched across a 2f-wide Hall bar pro-
memory devices:? However, this new field has yet to have duced by optical lithography. The different aspect ratios of
any real impact on the semiconductor microelectronics inthese contacts ensured that they had different coercivities
dustry since no implementation of a spintronic device hagvith an easy axis of magnetization along their long aXes.

appeared in the form of a semiconductor field-effect transisThis allowed them to be magnetized either parallel or anti-
tor (FET). parallel to each other in different ranges of external magnetic

Spin-polarized electron transport from magnetic to nonield. To ensure good ohmic behavior between the confacts
magnetic metals has been the subject of intense investigatigild B and the 2DEG, the top GaSb and AISb layers were
since the early 70s when Tedrow and Mesefvdgmon- €tched away selectively in the area of the contacts using
strated the injection of a spin-polarized current from ferro-Microposit MF319 developef. Any oxide on the InAs sur-
magnetic nickel to superconducting aluminum. This papeface, which could act as spin scatterer, due to the paramag-
was subsequently extended to include spin-dependent trangetic nature of oxygen, was removed by dipping the sample
port between other materials. The investigation ofin (NH4),S. This is known to passivate the InAs surface with
ferromagnetic-ferromagnetic/paramagnetic matétralse-
sulted in the important discovery of the giant magnetoresis-
tance effect:” Work on ferromagnetic-semiconductor sys-
tems has so far been more limited. Alvarado and Rehaud
have demonstrated spin-polarized tunneling from a ferro-
magnet into a semiconductor by analyzing luminescence in-
duced by a tunneling current between a nickel tip and a
GaAs surface in a scanning tunneling microscdgaM).
Similar experiments were conducted by Sueekal® and
Prinset al*°

In this paper, we present results from a spintronic semi-
conductor FET based on thbeoreticalideas of Datta and
Das!! In their proposed FET, resistance modulation is

ARA,B (II'IQ)

AR (Q)

achieved through the spin-valve effEcby varying the de- ol® | DT

gree of spin precession that occurs in a two-dimensional 0

electron gag2DEG) between identical ferromagnetic con-

tacts. In our device, resistance modulation is also achieved G, 1. () Change in resistance of conta&sndB with exter-
through the spin-valve effect but by having ferromagneticha| magnetic fieldH, averaged over 4 up sweepsd. andHc
contacts with different coercivities and varying an appliedcoercive fields oA andB. Inset: schematic of device: black pads —
magnetic field. We show that the low-field magnetoresismagnetic contact,B; dark gray — NiCr/Au ohmic contacts; light

tance of the device results from two types of spin-valve efyyray-Hall bar mesab) Change in device resistance at 0.3 K aver-
fect. a ferromagnet-semiconductor contact resistance; andaed over 9 sweepsip—solid, down—dashed linggnd 4.2 and
direct effect between the magnetic contacts. 10 K averaged over 2 up sweeps. Gray line: schematic showing the

The device consisted of a 2DEG formed in a 15 nm-wideexpected sum of the two spin-valve effects. The arrows indicate the
InAs well between two AISb barriers. The top barrier wasdirection of the field sweep. All traces are offset for clarity.
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sulfur and decelerate the oxidation procEssloreover, it  have a similai ¢4 to the characterization Hall bar since they
has been shown to improve the tunneling properties in STMhave similar carrier concentrations and zero-field spin split-
studies of InAs® It is also expected to remove any Sb resi- ting.
due which is known to be present after etching AISb with the Weak antilocalization was not observed after sulfur pas-
MF319 developet* Within 5 min of passivation, a film of sivation since a reduction in mobility causes a reduction in
50 nm of permalloy was evaporated followed by 20 nm ofthe inelastic scattering lengtfy and can therefore break the
Au in order to protect the permalloy from oxidation. A net- condition for observation of weak antilocalizatioh, (com-
work of extended NiCr/Au contactsshown as 1-8 in Fig. parable or larger thah,y). For our characterization Hall bar
1(a), inset, patterned by optical lithography, was used towe estimated,=1 um by fitting the weak localization part
connect contacté and B with external circuitry. A layer of  of the magnetoresistané&From the ratio of the mobilities
polyamide insulated this network from the device surfacewith and without sulfur passivation we estimaltg~0.1
Nonmagnetic NiCr/Au ohmic contacts used for four-terminal um<|q after sulfur passivatiofi
device characterization were patterned at each end of the In order to determine the magnetic properties of the con-
Hall bar. For basic nonmagnetic characterization an identicaactsA andB we performed four-terminal magnetoresistance
Hall bar without magnetic contacts was prepared on the sam@easurements at 0.3 K using a constant ac current of 100
wafer. pA. For contactA the current was applied between positions
A reduction in mobility of the device 2DEG fronu 2 and 6[see inset in Fig. ()] and the voltage drop between
=49 t0 0.09 s V1! (at 0.3 K) was observed after re- contacts 1 and 5 was recorded by lock-in amplification tech-
moval of the AISb barrier in the regions of contagt&ndB  niques. Similarly for contacB the current was applied be-
and subsequent dipping of the device in ()$. A reduc- tween positions 3 and 7 and the voltage drop was recorded
tion in mobility (from 3.6 to 0.5 Ms V™! at 0.3 K was  between positions 4 and 8 of the contact. These measure-
observed in a reference sample, having no magnetic contactsients are shown in Fig.(d with the magnetic field being
after removal of the AISb barrier above the InAs well overapplied along the long axis of the contadtsand B. The
the whole surface of the Hall bar. We believe that the reducsharp minimum in each curve corresponds to the switching
tion in mobility in the device is partly due to lateral etching of the magnetization of the contact and therefore occurs at its
of the AISb barrier layer located between the magnetic coneoercive field:® For contactA we measured a coercive field
tacts after dipping in (NB,S. It is known that (NH),S  Hca=3.5 mT and for contadB, Hcg=8.5 mT.
attacks GaSbh and AISb chemicallylt is also possible that In order to observe the spintronic properties of the device,
inhomogeneous band bending at the sulfur-passivated sumagnetoresistance measurements were carried out in mag-
face produces greater charge scattering than an oxide sumetic fields applied parallel to the plane of the 2DEG and
face. along the easy axis of the conta&sand B at temperatures
The spin transport properties of the 2DEG are importantanging from 0.3 to 10 K. A constant ac current oftA was
to the operation of the device. There are two parts to this: applied between positions 1 and<ee inset in Fig. ()] of
2DEG in an InAs quantum well is diamagnetft!®and has  the magnetic contacts and the voltage drop between positions
strong spin precessidfi?* This spin precession results from 5 and 8 was recorded. Figurgbl shows these measure-
the Rashb® term in the spin-orbit interaction. In transport, ments, plotted as the change in the magnetoresistaiRce
the combination of multiple elastic scattering from non-
magnetic impurities and spin-precession results in a random- AR=R(H)—R(H=0), 1)
ization of spin orientation and can give rise to weak
antilocalization’* This effect was observed in our character-

ization Hall bar(at the center of a weak localization pgak I .
) . . ) magnetic field. At 0.3 K Fig. (b) shows both an up swee
enabling us to estimate the spin dephasing lehgttand the (soﬁd line and a down sw%emashed ling The pr?ncipal P

rZeDIaEtcca;d %ﬁ ro-field spm—splltttmg energ&dE Qf the dewge f [ atures in these sweeps are a peak in magnetoresistance be-
- 'Nese measurements were made In a magnetic N&foon the two coercive fieldslc, andHc and a dip on

applied perpendicular to the 2DEG. ) ) ) \ , o
By fitting the weak antilocalization peak as described in€ither side of this peak. The dip on the low-field side is
deeper than the one on the high-field side. This structure is

Ref. 21 we estimated the spin dephasing tirgego be 9 ps. . L i
For the calculations we used an electron density 6 repeated symmetrically on opposite sides of zero field for the
up and down sweeps.

X 10® m~2, calculated from the Shubnikov-de-Haas oscilla- > . )
By comparing four-terminal resistance measurements

tions, a mobility of x=4.9 nfs V! and the effective .
mass for In Asmﬁ _ O'U“O4n (my=electron rest mass? | made between the conta&sandB with those made between
" 0 0 sd» . .
i 112 the nonmagnetic contacts the interface conducta@¢cevas
was calculated from the expressidg,= (v ) = wherel found to be 10 mS. Furthermore, the spin conductance of the

is the elastic mean-free path apg is the Fermi velocity in X
_ _ 2DEGgs defined as the conductance of a length of the bulk
our system, and found to g=1.8 um. AE at zero mag- o equal td¢y4,% was found to be 2 mS. Therefore,

netic field was calculated using an expression fog) (* . Lo
given in Ref. 21, ¢)~'=((AE)7.)/4%2, where(AE?) is sinceG andgg are comparable we expect a contribution from

both the interface and the 2DEG in the device magnetoresis-
tance. The magnetoresistanceR) of our device will there-
fore have the following contributions:

from its zero-field valueR(H=0)=58&). H is the applied

the Fermi-surface average AfE?, and 7, is the relaxation
time for elastic scattering and was found to bH&AE?)

=0.16 (meV)2. From the expressions fat, andlsq we can
see thatq= 2% v / (AE?) implying thatl 4 is independent
of the mobility. Our device should therefore be expected to AR=ARsA+ARg+ARCA+ARC+ARs 2
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(a) pend upon the extent to which the shape of the up peak in
\ Ul — Fig. 2(b) exactly compensates the dip down between the co-
ASB Tu Tu ercive fields in Fig. 2a). If these are identical there will be
] no high-field dip.
lu T The small amplitude of the device resistance modulation
N H AR/R(H=0)=~0.2% shown in Fig. (b) is consistent with
(b) the above picture. Electrons contributing to the direct spin-
valve effect shown in Fig. ®) have to take fairly direct
i paths between contac#s and B. Those which take paths
; T i T T involving multiple scattering pick up random angles of spin
//' orientation and therefore on average will cancel with each
- - other and not contribute to the effect. The temperature de-
d Plch I'IICB pendence of the magnetoresistance is also consistent with
our picture. The peak between the two coercive fields de-
FIG. 2. (a) Schematic of the interface spin-valve effesRc,  creases in amplitude with increasing temperature and almost
+ARcs. Arrows indicate magnetization direction JandB and  disappears at 10 Ksee Fig. 1b)]. At this temperaturégT
2DEG S.H is the external field which is being swept up from (=0.8 me\j is greater than the zero-field spin splitting and
negative value(b) Schematic of direct spin-valve effecAR;.  therefore thermal activation has sufficient energy to destroy
Dashed lines ira), (b) indicate averaging over the local switching both spin-valve effects shown in Fig(if.
of different magnetic domains iA andB. Alternative mechanisms that could produce the magne-
, toresistance oscillations observed would have to be capable
where AR, and ARg are the magnetoresistance changes ofy. producing the symmetry we see in up and down field
cont.actsA andB, respectivelyARc, andARcg are those of sweepdsolid and dashed lines in Fig(d]; producing fea-
the interface between the 2DEG and conta®tand B, re-  tres of an appropriate shape that align with the contact co-
spectively, and\Rs is the resistance change due to electronsive fields: and persist up to temperatures of 10 K in a
propagating from one ferromagnetic contact to the othebpeg with a zero field resistance of 58Band an inelastic
without spin scattering. . . scattering length one tenth the length of the device. Such
As can be seen by comparing Figdaland 1b) the  fjyctyations are unknown in the literature. Universal conduc-
contributionsAR, andARg (=2 m(2) are 500 times smaller  tance fluctuation§UCF’s) could occur in a device of such
than the magnetoresistance changes\R (=1 (). The  |ow resistance. However, their period in magnetic field

results in Fig. 1b) cannot therefore be attributed to changes(y . —H. =5 mT) is consistent with a phase coherent area
in the magnetoresistances of the contacts themselves. The ® A

. . . of ~1 (um)?, which is two orders of magnitude larger than
part of the |_nterface resistanceRc, + ARGg, which results that estimated from the inelastic scattering length of the de-
from the spin-valve effec? and therefore has a dependencevice (.~0.1 um). In addition UCE’s are not seen in mag-
on applied field, will have the schematic form shown in Fig. g o M- g

. . : netic fields applied parallel to a 2DE®?’ Also, since the
2(a). Its shape derives from both the spin properties of the. . ;
2DEG and the difference in coercive fields of the cont#cts Tield was applied along the easy axis of the contacts A and B

andB. It is a maximum when the magnetizations of Contactsthere should be no stray fields with a significant component

, - perpendicular to the 2DEG. The most likely origin of the
AgndB_are parallel to each other an_d _annparallel to the Splrgmall amplitude random modulations appearing in the data
orientation of the 2DEG. It has a minimum value when the

maanetizations i and B are both parallel to the Spin ori- and the differences in shape between up and down magnetic
gnetiz: Oth parat P field sweeps is the complex pattern of domain formation in
entation in the 2DEG and an intermediate value when th

T . 'fhe contactsA and B and their pattern of switching as a
contact magnetizations are antiparallel. The part of the re3|§- . f | field
tance contribution from direct propagation between contactsuncuon 0 ex_terna 1eld. . .
In conclusion, we have provided evidence that we ob-

AandB, AR;, which results from the spin-valve efféwil served experimentally two kinds of spin-valve effect in a

have the form shown schematically in Figbp This resis- spintronic FET. The first effect results from the ferromagnet-

tance Is a minimum when both ferromagr)enc contacts ASDEG interface resistance and the second effect results from
magnetlzgd p"?‘ra”e' to each other and. maximurm between thsepins propagating from one ferromagnetic contact to the
two coercive fields where the magnetization of .the ‘WO Foné)ther. The combination of these effects produces a resistance
tacts is antiparallel to each other. The broken lines in Fig.

maximum between the coercive fields of the two contacts

represent a more realistic picture of the magnetoresstancgnd deS in resistance on either side. Both effects are sup-

changes resulting from the two spin-valve effects. They repi:)ressed with increasing temperature as the thermal smearing

resent an average over the local switching of different Magp . omes comparable to the zero-field spin splittin
netic domains in the ferromagnetic contacts. A schematic P pin SpIting.

representation of the sum of the two spin-valve contributions We thank J.A.C. Bland, M. Pepper, and C.J.B. Ford for
to AR is shown as a gray line in Fig(ld), taking the coer- invaluable discussions. This work was funded under EPSRC
cive fields from the contact magnetoresistances in Fig. 1 Grant No. GR/K89344, and the Paul Instrument Fund.
This line has the same shape as the experiment and appe&H.W.B., E.H.L., and D.A.R. acknowledge support from
in the correct place for both up and down field sweeps. Théhe EPSRC, the Isaac Newton Trust, and the Toshiba Cam-
depth and width of the high-field magnetoresistance dip debridge Research Center.
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