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We have investigated the magnetization reversal and magnetoresigtéRgbehavior of a lateral
spin-injection device. The device consists of a two-dimensional electrof2§as) system in an

InAs quantum well and two ferromagnetic @fe,) contacts: an injectofsource and a detector
(drain). Spin-polarized electrons are injected from the first contact and propagating through InAs are
collected by the second contact. By engineering the shape of the permalloy film distinct switching
fields (H.) from the injector and the collector have been observed by scanning Kerr microscopy and
MR measurements. Magneto-optic Kerr effddfOKE) hysteresis loops demonstrate that there is a
range of magnetic fiel20—60 Og¢, at room temperature, over which magnetization in one contact
is aligned antiparallel to that in the other. The MOKE results are consistent with the variation of the
magnetoresistance in the spin-injection device. 1899 American Institute of Physics.
[S0021-897€09)07009-1

I. INTRODUCTION two permalloy contacts, allowing the magnetizations of the
contacts to be aligned antiparallel each other. We discuss
One of the most interesting uses of ferromagnetic thirthese results in conjunction with the magnetotransport mea-
films is as a source of spin-polarized carriers. In particularsurements in this device.
spin-dependent electron transport in semiconductors where
ferromagnetic thin films are used to inject an imbalance of
spin-polarized electrons opens an opportunity towards a ne\Nr EXPERIMENT
class of devices? There has been intensive work on the In the sample a two-dimensional electron da8®EG)
injection of spin-polarized electrons from a ferromagneticwas provided by a 15 nm wide InAs quantum well with AISb
nonmagnetic metal, inducing interesting effects associatefarriers. The top AlSb barrier layer was protected from oxi-
with spin accumulatiod* The bipolar spin transistor by dation by a 5 nm GaSb layer. Ferromagnetic contacts
Johnsof is a device based on the injection. However, therg(Nig,Fe,;A,B) were deposited in the middle part of a hall
have been few investigations on magnetotransport irbar as shown in Fig. 1. The contacts were defined by electron
ferromagnet—semiconductor systems. The possibility obeam lithography and contacted to the external circuitry with
spin-polarized tunneling from a ferromagnet into a semicon-a network of extended NiCr/Au contacts patterned by optical
ductor was first demonstrated by Alvarado and ReRatb  lithography. The connections of contadsand B with the
measured the degree of circular polarization of the luminesextended NiCr/Au contacts were also made from permalloy.
cence induced by the tunneling current from a nickel tip toHowever, we have to note that only the contaétand B
GaAs using a scanning transmission microscope. Similar exwere in contact with the semiconductor surface. The rest was
periments were conducted by Sueakaal® as well as Prins isolated from the surface with a layer of polyamide which
et al” Datta and Dasproposed the idea of a spin-polarized was deposited on the device except for a window where the
field effect transistor(spin-FET) which would apply the ferromagnetic contacts were located. The ferromagnetic con-
spin-injection concept to ferromagnetic films on semicon-tacts were deposited by evaporation of permalloysgig,) .
ductors. In such a device the current modulation results fronThe contactA was 5um wide and the contad® 1 um wide,
spin precession due to spin—orbit coupling in narrow gapand both 500 A thick, and 25 and 30n long, respectively.
semiconductors while magnetic contacts are used to inje¢ 200-A-thick layer of Au was deposited on the top of the
and detect spin-polarized electrons. permalloy contacts in order to protect them from oxidation.
In this article we present the magnetization reversal reThe distance between two parallel contacts jsni (see Fig.
lated to magnetotransport in the lateral spin injection devicel). To ensure a good ohmic contact between the ferromag-
studied previously by Gardelit al® This device is based on netic contacts and the InAs layer, the top GaSb and AlSb
the idea of a spin-polarized field effect transistor. Kerr mi-layers were etched away selectively in the area under the
croscopy demonstrates distinct switching field.) in the  contacts by dipping the sample in MF319 develdpeior to
the deposition of the contacts. This process was followed by
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FIG. 2. Microscopic MOKE hysteresis loops for permalloy contaéts
(dashed lingand B (solid line) measured by scanning Kerr microscopy at
room temperature. The arrows denote parallel and antiparallel orientations
of the contactsA andB, corresponding téd., andH.g, respectively.

25um

FIG. 1. An optical micrograph showing permalloy contaédt@nd B. The
connections between the contaétsand B with the extended NiCr/Au are

also shown.C indicates a contact pad which is a part of the structuresensuring that at certain magnetic fields they are magnetized
connecting with NiCr/Au contacts for_MR measurements. Thg dots in theeither parallel or antiparallel to each other. An examination
center of the contacts denote approximate laser beam spot size for MOKE . .
measurements. of the magnetization reversal behavior of the two permalloy
contacts has been carried out to confirm the effect using the
magneto-optic Kerr effeddMOKE). Figure 2 shows micro-
passivates the InAs surface with sulphur and decelerates tis¢opic MOKE hysteresis loops obtained when magnetic
oxidation process of INAY Within 5 min of passivation the fields were applied parallel to the long axis of the contécts
sample was inserted in the evaporator for the deposition c&nd B, indicating that the wire axis is the easy direction of
the permalloy contacts. Finally, the exposed window in thethe magnetization and that there are two distinct switching
polyamide was covered with cross-linked polymethyl-fields (H.a=20Oe,H g=600Og in the hysteresis loops for
methacrylatg PMMA). contactsA and B, respectively. These results are in qualita-

Micron-scale magneto-optic Kerr effe@OKE) studies  tive agreement with previous wotkdemonstrating that per-
have been performed to assess magnetization reversal in thealloy wires have their easy axis of magnetization along the
two permalloy contacts. MOKE hysteresis loops were obdong axis of the wire due to the magnetic shape anisotropy
tained at room temperature by scanning Kerr microséépy_ and a marked increase in the easy-axis switching field is
Two objective lense$x20, numerical aperture: 0.55 50, observed, as the wire width decreases. This is due to buck-
NA: 0.85) were used to focus the probing laser bean# ling of the magnetization perpendicular to the wire, leading
um, ~1-um spot size, respectivelyn the permalloy con- to the formation of domain walls perpendicular to the
tacts. Figure 1 displays an optical photograph showing thavire.">**These walls prevent reverse domains from moving
two permalloy contacté and B. The connections between along the wire when the wire width is smaller than the buck-
the contactsA and B with the extended NiCr/Au are also ling wavelength. It is unlikely that the domain configuration
shown. Dots in the center of the contacts denote the approxPf the contactsA and B in zero applied field is a single
mate laser beam spot size. Magnetoresistance measureme@i@nain due to edge domains which dominate switching be-
were carried out in an applied magnetic field parallel to thehavior in ferromagnetic patterned structutés?
2DEG and along the long axis of the permalloy contakts The MOKE hysteresis loops for the conta¢tsB) are
andB at a temperature varied between 300 mK and 10 K. Acompared with that of a contact padX35xm? C in Fig. 1)
constant ac current of LA was applied between positions which is a part of the structures connecting with the NiCr/Au
@ and (@ and a voltage drop was recorded between posicontacts for MR measurements and which shows a much
tions(® and@) using lockin amplification techniques as seensmaller switching field Ki;~3 Oe). Our previous work
in Fig. 1. The change in the magnetoresistance is defined @&f¢monstrated that a hysteresis loop from a focused beam in
AR=Ry—Ry_o, WhereRy, is the resistance at a given mag- the center of a ferromagnetic wire represents its magnetic
netic field. properties except for the edge areas, where the spatial varia-
tion in the demagnetizing field is significant due to the free
poles. We also found that the junction is crucial in determin-
ing the magnetization reversal and switching fi€idn fact,

The device was designed to operate as a spin valvet was found that the switching fields at the junctions in the
Spin-polarized electrons were injected from one ferromagédevice, formed by the electrode (fyfre,)) and the perpen-
netic contact, and propagating through the InAs 2DEG, werdicular arm (NjoFe,o), are smaller than those in the center
collected from the other contact. The two permalloy contact®f the two contacts. Nevertheless, it is clear from Fig. 2 that
have been designed to show two different switching fieldsuch a design provides the contatsB) with two distinct

Ill. RESULTS AND DISCUSSION
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only a small percentage of the electrons propagate without
spin scattering contributing to the observed signal.

0.6
We have modeled the observed change in the magne-
0.4 toresistance AR) as follows:
0.2 AR:ARA+ARB+ARCA+ARCB+AR5, (1)
S o where AR, and ARg are the magnetoresistance changes of
% 0.2 the permalloy contacté and B, respectively, whileARc,
’ and ARcg are those of the interface between the semicon-
-0.4 ductor and the contact&d and B, respectively.ARg results
06 from electrons propagating from the first permalloy contact
’ to the second without spin scattering. In previous wovke
0.8 _2'00 : (') : 260 have found that R, and ARg were much smaller thaAR.

H (Oe) Thus, these contributions are negligible. Therefore in order
to explain the observed signal we took into account only the
FIG. 3. Variation in the magnetoresistanaR) between permalloy con-  contributions from the interface contactd Rca+ARcp)
tactsA andB. The arrow shows the direction of the sweeping magnetic field. gnd the InAs ARg). Taking into account the zero-spin split-
ting in InAs and the fact that it is diamagnetic, the contribu-

switching fields between which the magnetization in onet'on from the interface contacts is a maximum when the

contact is aligned antiparallel to that in the other. In Fig. 2 magnetization in both ferromagnetic contacts is antiparallel

the arrows represent parallel and antiparallel orientations aP the spin orientation in the InAs 2DEG, and a minimum

the magnetization of the contadis,B). The MOKE hyster- when the magnetization in the two ferromagnetic contacts is

esis results show directly that there is a range of mc'zlg;netiE?"’lr"’l.ll‘.al o the spin orientation in the INASRs, however, 'S
field (20—60 O¢ in the device where the magnetization of a minimum when both permalloy contacts are magnetized

the contactsA and B are antiparallel with respect to each pargllel_to each other and a maximum between the two co-
other. ercive fields where the magnetization of the two contacts is

Next we present, in Fig. 3, the variation in the magne_antiparallel to each other. The observed signal is the sum of

toresistance &R) of our spin injection device measured at (N€S€ two contributions.
300 mK when a magnetic field is swept up along the long
axis of the permalloy contacts. Striking peaks were found atV. CONCLUSION

35 and 8.5 Oe, respeciively. Th'.s s_hows the S.W'tChmg of t_he We have investigated the magnetization reversal and
polarization of the electron spin in the device for certain

tic fields which d to th tehing field gnagnetoresistance in a lateral spin injection device with an
magnetic fields which correspond to the switching Nelds Oy ag wo-dimensional electron gd2DEG) and two ferro-
the magnetization of the two permalloy contacts.

. o i . magnetic (NégFe,g) contacts placed Lm apart. We found
From weak antllocalization which was observed in thethat spin-polarized electrons are injected from the first ferro-

four te_rmmal near zero field magnetoresistance m,easu“?ﬁagnetic contact and propagating through InAs are collected
ments in our InAs 2DEG system we were able to estimate %y the second contact. Magneto-optic Kerr effétOKE)

spin dephasing lengthl &) for the electrons in the device. _hysteresis loops demonstrate that there is a range of magnetic
These measurements were made on a standard Hall bar witg?, (20-60 Og over which the magnetization in one con-
out magnetic contacts in magnetic fields applied perpendicuract is aligned antiparallel to that in the other. The MOKE
lar to the 2DEG. Weak antilocalization in such structures is

. o i .~ results are consistent with the variation of the magnetoresis-
caused by the spin splitting of the conduction band which i g

th dominant f spin dephadfibising the fitti Yance. There are two contributions to the magnetoresistance.
e predominant cause of spin dephasihysing the fitting . The first is an interface resistance between ferromagnet and

{pethod descrtlbedt:n Rifé 16 we elthlmated the Spt')r.]l.:jephas'r%%miconductor, resulting from the zero spin splitting in InAs.
ln;eg ngsﬂ)lv,? s | pts. dsmg.t a_ 6T<01 0|1|5y K The second results from spins propagating from one ferro-
o S and an electron densitjis= m magnetic contact to the next contact. This is a maximum

calculateq from the Shubmkov—de Haas OSC'”a.tlonS of the'between the switching fields of the two permalloy contacts.
four terminal magnetoresistance and an effective nmass

=0.04m, (my=electron rest magsfor InAs!’ the spin
dephasing lengthl{y was calculated as 1.g@m. For the ACKNOWLEDGMENTS
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