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Ahstract

An investigation is performed o detect the opticnl orientation of eleciron spins and their relaxation in g-lype Gafs, Flecinon sping ane
criented by a circularly polarized light, When the photo-induced spin-polarizesd cammisrs are pushesd by an exiemal hiss in the device, an
opticnlly spin-indoced mansverse voltnge (V) is observed, The Wy resulting from spin current having two current contribuations (spin drift
and spin diffusion cuments) is assumed to be proportional to the spin current or spin rejaxation and is a measuire of the net chargs
accumulntion on the tansverse edges of the sample device for the spin-polonzed casmiers. The observed spin polnrization-dependent
volinge signal is found to decrense caxponcatially with the applied elecric field. Itis also found thot the sigeal decrenses with increasing the
lattice wmperanwe, The resalts are discussed in comparison with o quontitative evaluation of the spin relnxation frequency of the photo-
orienied elecirons onder drift in w-type zinc-blends semiconductors. The spin relaxation mechonizm is also discossed.
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Tntriduction

Spintronics (Awschalom et al, 20412; Zutié, Fabhian and
Sarma, 2004, Miah, 2008a), or spin physics (Diyvakonow and
Ehaetskii, 30087 in luondamental and a brosder sense, having
its root in magnctotransport or magnctoclectronics has heen
known  since  the  discovery  of  the arisovropic
magnetoresistance offect in 1357 by W, Thuanas (Dyvakonow
and Khaetskii, 2008). It is a revolutionary new class of
clectronics based on the spin degree of freedom of the
eleciron 1 additeon 1o o in place of the charge amd 15 an
cmerging rescarch  ficld in condenscd  matter  physics.
However, recent interest has been mofivated by suceesslul
examples of metal-based spantromc devices, such as read
heads for hurd disc drives and magnetoresistive random
acecss memory, hazed on ferromagnetic metals in whicl, as
[irst sugpested by Mol (1936), the electrical current is
carried by independent majority and minogity spin channclz.
These  first  metallic spintronic deviees  (possive
companents), discoverad i 1985 (Bubich 22 2l [available
a5 the [rst commercial produect in 19594 (Daeghion e al,
19947], were sandwiched structures consisting of altemating
lerromapmete and nonmmeneie metal loyers whose elecinic
resistance depends strongly on the relative orientation of the
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mugnelizations n e magnetc lavers controlled by oan
extermyl magnetic fizld.

The first semiconductor spintronic {active) deviec was
suggesied by Datta and Thas (19900, They proposed an
electronic analozmue of an electro-oplical modulator which
was later tormed as “gpin fleld effect rransisior™ (apin-FET],
in 3 two-dimengional (210) electran gas contacted with two
lermunagnetic electrodes (one as a source [or the myecton of
spin polarized clectrons and the other a5 an analyser or
detector for eleciron-spin polarieation), The Datta-Das span-
FET iz a scheme to control the clectromic spin with an
cleetric field via the gate while it is travelling through the
2D iranspont clanmel. Since (hen, their proposal has been
belicved o be the most promising and led to an intcnsc
foscus on realizing  the  semicomductor-based  spintrome
devices, However, due 1w the experimentl dilliculties in the
cificient spin injection for a suceessful detection, the Dhatta-
Das spin-FET is yeof to he implemented in an efficient way.
O the otber hand, the oplimgzaton of the eleciron spin
litetimes and the detection of spin coherence arc the major
challenges in the field of quantum compitation,
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Semiconductor spinironics was greatly mntivated by the
obscrvations of long spin lifetime () or spin diffusion
length (&) (6=2 pm obtaincd by optical (Kikkawa and
Awschalom, 1998) and 6,=1.7 gm hy cloemrical [(Miah,
2HER} measurements) in semiconductors. However, one of
the important  requiremcnts  necessary  in develaping
semiconductor spintronmie devices 15 the delection of span
currenl {or spin relaxaton)d i oa semdconductor (i,
2008u). For a reliuble detection, the etficient transport of
spin-polanized  carriers  throwgh a  semiconductor  over
rcasonable distances within device dimensions is requaired.
Thiz is bocanse i spin relaxes ton fast, the distance ravelled
by an clectron without bosing its spin state will Te too sloe
tor pierforn any practical purpose.

The detection of spin current in semiconductors has besn
obtained mostly by optical methods with varyng Jegrees of
success [Awschalom et ol 2002; Miah, 2000a; Miuh,
2000k biah, 200Mc; Lvchenko and Kiscley, 1992; Kato ef
al., 2I0M). However, an clectrical means of detocting spin
current of spin relaxation in semiconductors is desirable Tor
possible device applications. An elecirical detection of spin
current in semionduciors  has recently  been reported
(Dyakooov and Khaeskn, 2008, Lou er af, 2007, Mizh,
2T, Miah and Gruy, 2008). lor example, Loo e al
(2007} detected spin trunsport in a lateral formomagnetic
melal-Gads semicomiuctor device in the prescnoe of an
exiemnal magnetic tield at low temperaturcs. Inoa provioos
stdy (Miah, 2T}, the spin current in (sads was deteched
via the photo-induced anomalous Hall effect (AHE) (Miah,
H09d). Here an investigation o probe  the  oplical
orientation of electron sping and their relaxation in n-Lype
GaAs has been reporiad,

Spin oFtenialiog

The wpenerabon of spin-polarized carmiers, or  spin
polurization, usually mesns creating a noncquilibrivm spin
population. In optical excitation or pumping, the production
of o cwrier population with a net spin hy the dircct
absorption of circularly  polarized Tight
(g’ = ff":f]h-':lfu'li".l 5 @ comsequence of the oplical
selection rules (Ao = 21 for o) for the heavy-hole (HH)
and light-hole (TH) valews 1w conduction band {CB)
transificns (Fig, 1). For oplical pumping of bulk zinc-hlende
semiomductors, such ws Gads, with photon cnergy just
above the energy bandgap (£), because of the sclectinn
rules poverning oplical trunsitions from HH, or LH, states io
Ch slales, right circularly polarizarion
i ={i’+1'f|}}f-u"£_‘.| gencrates a density of spin-down
elecirons (7 ) which is three times the density of spin-up
electrons (7 ). and vice versa for left circularly polarized

light {u'=(f—4‘_i~)fu“i] (Pikus and Titkov, 1984),
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Hence, the initial electrom spin polarization P00,00
gencrated by a o7, or a o, heam in a Finc-blende hulk

sermiconductor, defincd as
Fir.e)={n (rt)—n {r. )} (n (r ) +n (7 1)), is 205
(), provided that the phodon energy is Tow enough o
aviad esciting carmers oo Uee split-oll (500 band. The
polarization pumped with energies larper than the 30 bund
o CB energy gap ( g, - = E, + Ay, ) decreases because

of cxciting carmicrs from the 50 band. (ptical pomping with
a #"(7) light orients clectron spinz along the dircction
parallel  {antiparallcl} to the dircetion of the light
propagation, ic. along —20z) (Fig. 1. Optically excifed haole
spin relaxation is cxoemely fast (= 100 =), therefore their
polarization is effectively zoro and need oot be considered.
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Fig. 1. Optical selection rules for the transitions [rom the
heavy-haole (TIH), lighi-bole (LI} and split-off
(S0 vabence bands (VEB) (v conductivn band {(CE).
The allowed transilions for o° (L = +1) and o
(Svm; = «1) are shown by (he red apd green lines
respectively, where o'(o) is for  rightilell)
circularly polarized light. The numbers near the
lines  rpepresent tbe relative  frunsition
probabililivs. On the right, an £ vs. & diagram of
the energy bands of {zaAs at k=0 shows the energy
gap (Ey) and the spin-orhit splitting '[l"-"m-} of ihe
valence handz, The S0 band o CB eoergy pup
il =F +A,. The degencrule stales
(energy levels) al k=0 are lubelled on the left by
their m; quanium numbers, The small up (7) and
down arrows in CB indicule the electron’s spin
orientalion,

Materials and methaods

Investiguled devices were fabricated on moderately (s
=1x10" em™") silicon-doped  (e-type) bulk  GaAs.
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Transparent Au/GeTd  contacls were deposited on the

subsirates, A gold wire was bonded 1o the centre of each of

[our contacts, The detail of the contact formation
mechanism was reporied elsewhers (Mizh, 2000c). We
optically cxcite (with cxcitation cncrgy of — 4 mW) the
sample (placed in & cryostat for  low-temperanine
mcasuremenis) by circularly polarised picosecond pulses
fram a mode-locked Tisapphive laser with a repetilion rate
of 76 MHz, The polarization of (e pulsed beam was
orslulated vsing a photo-elasie modulator (FEM) at lock-in
relerence [requency of 42 kHz. The excitstion photon
encrgy was tned (A = (L8 um) slightly above the hand gap
of GaAs, A NDW (neutral density wheel) was used to vary
the optical power level. The laser heam was focnsed on o oa
—) g (FWHM) spod at the surface of the sample with a
lens. A lock-in amplifier was used for measoring the spin
polarization-dependent voltage signal in the Hall goometry.
For the low temperature measurements, the samples were
housed in & temperature-regulated cryostal. A scheme of the
experimental semp  along with an illusieation of  Lhe
geometry of sample device 35 shown in Fig. 20 The round
are at the cenire (x=10, y =0, =00 of the sumple shows the
light Besun spol. The direction of the circulurly polarized
light beam (LB} propagation from the PEM is along —z. The
eleclron  spin-oricntation is along -z () for right (efit)
circulurly polarized light o™ (o7,
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Fig. I. A scheme of the experimental selup along wilh un
illustration of the geometry of sample device (NTW:
Mewlral depsity wheel; P: Polarizer; PEM: Photo-
clastic modulator; T2 Lens; BS: Laser beam spot;
sl Lapoki-in: Look-in amplificr). The red round area
at the centre {x = 0, y =, x=0) of (he smple shows
Lhe light besm spod, The direction of the circularly
polarized light beam (LB} progagation from the
FEM is slong -z, The penerativn of spins is along -3
iz} for right (left) civeularly polariesd lighi o' (o). A
typical scan for o sample for £ = L1 KV cm™ at 120
K is shown in (b}

Eesulls und discussion
Experimental data

When the photo-induced spin-polanzad cariers are dragzed
by an extemal ias in a sample, an oplizlly spin-indwced
iransverse vollage (We) is observed. The Vi 15 proportionad
1oy the spin current or spin relaxation und is o mewsure of the
nel churge accumulution on the transverse cdpes of the
sample for the generated spin-polarized carriers. The origin
aof Vg iz similar to the AHE, which has heen knoan for a
long fime in ferromagnetic metals and i (he presence of an
external magnetic feld,

Fig. 3 shows the elecine field dependence of Vs for
dilferent lattce temperatures (1), A tvpical scan for a
sample for £ = 2.1 kV cm™ at 120 K is given in Fig. Zh. The
voltuge signal decreases about exponcntially with increasing
the strength c-f.E. Thiz cxponential dependence can he seen
from the following cxpression for the spin polarization-
depondent ransverse electric field (Wiah, 2008 denvedd
Fronm the: spin deift-diffusion model (Miah, 2008d),
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Fig, 3. Applicd clectric ficld dependence of  the

trapsverse  signal  for  different  crvstal
temperatures (circle: 3(H K, triangle up: 120 K,

triangle down: 4 K, square: 12 K and
diamond: 4 K}
E; =0, o5 -0 )i+ ja 1P(3) ()

where § = uE/(2D ) is the longitudinal clectric-ficld
parameder, £ 15 the diffusion coeflicient. g is the drifo
mability, J=nelE is the drilt current, j, =nel) /A,
is the diffusion current, p(¥) = pyexpl—¥/A;) is the
density of soin polarization i the sieadv stale and o the
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initial density of spin polarization (o, p at the point of spin
generation, y=0), A, ==+ {57 +1/8 1] is the
spin diffusion length in the presence of the applied electric
ficld, ag is the Dmde conductivity, mg iz the anomaloos Hall
conductivity,, As can be secn from B, (1), the fransverse
field Eg has two coment contribufions (spin drift and spin
dilfuzion currentz) contabuling (o the (odal spin curnent,
When E is very large (&0 1/8)), UAs=0, and the
diffusion cwrenl 15 zero, so that only the drift current
contributes to Ex. This effect is illustrated in Fig. 4, where
the reduced drift and diffusion corrents are plotted as a

function of the clectric field and temperature, calculated for
(7aAs in the nondegenerate regime.

Fig. 4, Drift and diffusion currents (reduced by the
quanlily mef).) us a [unction of the electric field
and lemperuiure in the nondegenerate electron
slalistical regime

As can be seen (g 3). the spin polarization-dependant
iransverse signal increases with docreasing tomperature, in
consistence with the studics by Sanada e al (2002}, These
suthors studied spin relaxation of photo-oricnted electrons
during transport in (FaAs at low temperatures by e time-
resnlved photolumincscence  polanzation  messuremenls.
They showed that the polarzation under drfl increased with
decreasing crystul lemperature. The result is also conzistent
with the Faraduy rotation measurements for the spin lifetime
1, (Kikkawa and Awschalom, 1998).

As can he also scen, Vi for all temperalures decneases wilh
E. The decay of Vi with E might be due w the enhanced
clectron spin relaxation af higher elecine Oelds. The spin
relaxation rate hecomes considerably lurger [or higher
ficlds. When the electrons were injected with o high E, a
significant reduction in the spin melaxation is ohserved.
Increasing E leads 1w larper charge und spin accurmulations
near sample boundaries, but polarization decreases because
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of shormer ¢, for larger B, The suppression of 1, wilh
increasing E implies thal spin decay increases with I 15
congistent with other observations (Awschalom et al.
2002y, From the wanation of Vi 11 1s revealsd that Lhe
pelarization suppresses exponeoially.

The pbserved =pin depolanization is considerably enhancod
duc to the cnhanced spin relaxation as a result of increase of
the clectron temperature [Tk As expected, elecioon spin al
Iower  femperateres  (Comparsd e thal  at higher
lemperalures) disappears al higher fields. (ur ficld-
dependences agree with those of the transport cxperiment
reporicd by Higele er all (1998), where anthors showed thar
the photo-oricnted spins conld travel withoot losing thei
initial spin oricntation as long as F was helbow | KV em ' and
the spin relaxation rate increased rapidly with F, and the
polarization disappeared at 3.5 KV em ', Tt iz nated that the
photoclectron sping in their study were generated with a

much higher optical poraer (10 A,
]
Apin relaxation mechanismn

The origin of Deld-dependent  ellcient eleciron =pin
relasation I R-type Gads 1s discussed based on the
Dyukooov—Ferel  (DP)  spin relaxation  mcchanism
(Dyvakonov and Perel, 19710, The DF mechanism is doe tn
S0 coupling in semiconductors lacking inversion symimetry.
In HI-Y semicondoctors, the degencracy in the conduction

hand is lified for & #0) duc o the ahsence of AVErEI
symmeiry. Without inversion symmectry the  momenim

states of up-spin (T) and down-spin (1) spin electrons are
nol degenerate, ic. EET # Eﬂ . where H{T{E“j is the

momenmm-dependent electron energy with spin of Trl).
The resulting energy difference, for electrons with the same
wave vector & bt different spin states, plays the role of un

intrinsic k -dependent magnetic field, koown as elleclive
mugnctic field (Fikus and Tithov, 1984),

hik)y=eeh® ! \I.’zem *E |k (k2 —kDitep] (@)

where f s the rednced Planck constant (Planck constam
divided by 2x) and o 15 a dunensionless, material-specific
purameter which gives the magnitude of the 50 splitting and

is approximately given by Ll 4n(m™* m, )/ /3-n .
wherz I = Al E= + A}, E, is the enerpy bandgap, A is the
S0 splicting of the valence band, =% 5 Lhe electron’s
cffcctive mass and m_ is a constant close in magnitlude 1o

Iree electron mass wy, indoced by the presence of Lhe
Dresselhaws 500 intcraction in & zinc-blende  struciume
(Dressclhaos, 1955), acting on the spin with 1 maprnitude

and orientation depending on k| which results in spin
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precession with Larmor frequency €2 (k) during the time
between  collisions,  aceording o the
dg.l"tfl=ﬂl (k)=8, where L (K)=(e/m*)h(k)
ad § i electron spin - polurzation veclor.  The
commespondimg Hamilwoiun tecm (DF amilwoiam) due o
spim-orhital spliting of the conduction band descobing the
precession of clectrons in the conduction band  is
H (k) = (RI2)F 12 (K), where & is the vector of

Pauli spin matrices.

relation

The mcreased eleciron momentum af bigher elecine felds
brings aboul a stronger A(K) and conseguently, the

electron precession [requency Lls{E} becomes higher, The
ellective magnei: [eld depends oo the underlying material,
on the peometry of the device, and on & . Momentum-
dependent spin provession described by the DF Hamilwonian
mentioned above, together with momentum  scatienng
characterized by momentum relaxation Gme T (E.) leads
tox DF spin relaxation. Since the magnitwde and direction of
k changes in an uncontrolled way duc to clectron
scaltering with the environment, this provess contrbules W
spin relaxation, namely P spin relaxation, given by (Pikus
and “Titkow, 1984

f.oe =¥i@!BY't E I E,, (3

where T, . s the DP spin lifetimes and f . =1/7T, ;.
is the DF spin reluxation frequency, E, =k T and yis a
dimensionless factor that runges from 008 w 2.7 depending
on e dominunt momentum reluietion  process. For
cxample, for scattering by polar opticald piczoclectric
phonons =8, while scattering by jonized impuritics gives
¥ =1.5, and scattcring by acoustic phonons 2.7 {Futié,
Fabiun and Sarma, 2.

The TP spin relaxation in a balk zinc-blende siruciure
occurs due to the spin precession about E[E} induced by
the presence of the Dresselhaws S0 interaction expressed in
Eq. (3). During transport in the clectric ficld, electrons are
accelerated to higher velociies al higher [elds, wlere T,
incresses shorply due 1o the energy-independent nuture of
the dominant energy relaxation process via the longitudinal
polar optical phonon scattering (Londstrom, 19900, The
resuliing high T. leads 1w enhunced DF spin reluxation
because they have large kinctic energy hebarcen succossive
collisions; approximately the third-order power dependence
ol £, on the electron lemperuture, 1.2 ~ L)

In order to evaluate the DP spin relaxation guantitatively,
wie carry out a calewlation of ¢ a5 a function of E. The
optical-phonon scattering was included in the scattering in
process (¥ =0.8), i.e in the calculation of r, The relation
among drift-ficld, drift velocity, T, and latfice temperatun:
1. was laken [mon (Londsieom, 19900, Fig. 5 shows the
culowlated results, As can be seen, the spin relaxation
frequency increascs with increasing £, 1L 1s also seen that the
spin relaxation frequency is rapid at higher ficlds and is
almost infinite for fickds higher than F=-3 kV cm’. This
might be the result of an increase of the clectron
lemperature ol higher Delds, and consequently, the highes
DI spin relaxaton  frequency, The  observed  field
dependence aprees well with Uwse of the experimental
observations. The resulls are also consisienl with the results
of the simulution performed by others (Bury en al., 2003).
They showed that for relatively low fields up to 1 kV cm™, a
suhstantial amooant of spin polarization iz prescrved for
srveral micm;m at M) K and the DPF spin relaxation
freqlulem::.' increased rapidly for fields higher than 1.5 kW
v, IU1s thes coocluded that DT mechamzm iz ihe
dominomnt spin relaxation mechanizm,

0.8

= 04 -

E=

£

o
= D24
0.0 - - - -
1 2 3 4 5
E (k¥ em™1)

Fig. 5. 5pin relaxation frequency =s a function of
apphed electric fleld at T; =4 K

L onclusion

Un the basis of the AHL, optically oriented electron spins
and their relaxation were detected electrically in a device
tubricuted on m-type GaAs. When the photo-induced spin-
polarized carricrs were dragged by an extermal hias in the
device, an oplicully spin-induced ransverse AHL voltage
was ohserved. The observed AHE voltage signal was a
measure of the spin current or the spin relaxation. It was
found that the spin relaxation strongly depends on the
applicd electric ficld and lattice temperature. The spin
polarization-dependent AHE voliage was found 10 decrease
cxponentially with the applied eclectmic ficld, while it
ingreased  with  decreagsing the  latiice  femperalure. A
quantitative cvaluation of the DF spin relaxation freguency
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of the drifting polarized-clectrons was performed. The
experimental resulls were discussed bused on the DF spin
relaxation mcchanism and were compared  with  thase
obiained I e caloulatbons, A pood wyreement betwesn
them was obtained.
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