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Observation of spin Coulomb drag in a two-

dimensional electron gas

C.P. Weber', M. Gedik", J. E. Moore', J. Orenstein', ), Stephens” & D. D. Awschalom”

An electron propagating through a solid carriex spin angular
mamenium in adsdition te its mass and charge. OF late there has
been considerable interest in developing electronic devices hased
on the transport of spin that |:\F€| tential advantages in
dissipation, size and speed over charge- devices', However,
these advantages bring with them sdditional complexity. Becanse
each electron carries a single, fived value {—e) of charge, the
electrical current carried by a gas of electrons is simply pro-
partional to its total msmentom, A fundamental consequence is
that the dharge current is not affected by interactions that con-
serve total momentm, notably collisons among the electrons
themsefves®, In contrast, the dectron’s spin abong a given spatial
alirection can take on two valees, £k/2 comventionmaly T, ), so
theat the spdn current and momentum need not be proportional.
Although the transport of spin polariztion is not proteced by
momenium conservation, it has been widely amumed that, like
tthe charge current, spin current is unafected by ebedron—electron
(e~e) interactions. Here we demonstrate experimentally not only
tht this sxsumption is invalid, but alss that over o broad range of
temperiture and electron density, the flawof spin polariztion ina
two-dimensianal gas of electrons is controlled by the rate of ee
collisinns.

Iny this vk, spin diffusion is charscterized by the transient spin
grating techmigue’, whidh is hased on the optical injection of spin-
polarized clectrons, The mao-dimensional electron gas ( 2DEG)
resides in a Gads quantuwm wadl, in whicdh the carrers are donated
T S irvaparities dopad into the GaalAs barder layers, Near-bandgap
llummination of the Gads evcites electrons whos: initial spin is
etermined by the bediciny of the light'. If the Gaas is ewited by
twer fcir-collinear, colsvent beams of light with orthogemsl Im..n
|>-u|unmum. them i the regiom where the bears interfie
varies sinseadally from plus one to mines one. The opt
wave generales 2 wasie of electron-ipin polanmtion with the ame
spatial Frequency, which n turm generates 2 sinusoidal varmation
|grating} in the index of refraction through the Kerr effect. The
wavevector of the injected spin-density wave is in the plane of the
205G, and the spin polanmation is orented perpendicular to this

e,

Thee time cvodution of the transient spin grating directhy reveals the
mature of spin trarsport and relaxation in the electronic systermn,
functioming like a time-dormain wersion of neatron scattering, We
mezsure the spin pelarizatiom by detecting the diffraction of 2 probe
beam off the grating. A sensitive coberent detection acherme
[ Bethonds) enabled acquisition of the ~ 150 grating decays reguired
tor claracterize the spin dynamics for sach sample thronghour the
termperature—winevecton ( T-)) pararmeter space.

I this Letter we present results for theee quantum sl
samples, with dectron concentrations of 7.8 x 100, 4.3 % 10" and

1.9% 10" em ¥, comesponding b0 Ferma temperatures of 400, 220

ard MOE, respectively. Figure | shows the initial decay rate of

the spin grating as function of T in the most heavily dn|\-r| sam|i='\
for several grating wavevectors from @4 % 10" t0 253 100 em .
The dependence on T can be described in terms of three regions.
For 10K < T-=30E, the decay rate varies slowly, For
SOE <2 T<0 WOK, the decay rate increases vapidly with deoreasing
T, and for T <2 SOE, it reaches o dhosdy varying plateaw

Wi begin by discussing the decay rate where it varies shady, that is,
P v 50 B aand absoneee 100 B I the gl Tregion, the spin dynarmics

2y e

W

TE
Figure 1 | Spin-graotisg decay ot vasiows wavevectors (g) and temperatures.
AT) e the samnple with Ferm| temperatore 400 K. 8o pancl, the inital
deciy eute, 1.4, af the spin grating 43 « fanction af T fuk ihettam 1 tap)
w00 L LA 0 Y and 25 % 10 em !, Tnset. the

¥ rade of the spin grating as a fanction of g Peimisare 3, — 7, 157,
is nhumed Trams decay of homsogenous g = 03 spin exciation. Error l-lm
I=d. b are the size of the poinis except as shanen. Lower points and line, room
temperature. The Fine is a fit of the data o gy = 7, = D% giving a spin
Aiffusien length £ = [Ir" = 0.81pm and & “spin mean-fres-path’
[=20n /vy = s nm. The ahservaten of difusive motion s imernly
somsistent, as { i much snsaller than both I, and the smallest grating

2.5 i, Upper paints and lin . The line has dupe = 1,
cuerespanding to haBistic, eather than diflusive, spin-mstion with s velociny
af 230 0 ems !
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ean be accurately deserbed m temms of ndependent processes of spain
diffusiom and = relaxation. Tn this dm'nrtmn the decay raee
varies with g quadratically, a5 5, =7 ' +Ip, where [ is rllrs[vm
diffusiom coefhidient and 7, is ||1|'s|s1n relaxatiom time”. In the inset tn
Tig, | we plot 5, — 7, " wersus g at 295K (loweer points
{upper points}, on logarithmic axes. Here 17, is independently
determined from the decay rate of the civoular dichreism induced by.a
circulady polarized pump beam” (see Supplernentary Informaticn).
Acomparison of the 295 K data with aline of shope two shaws that the
dicay af the ;mnng 18 el dimeribed by diffusive dyramics, with
Iy, w1300 s ™" and 7, = S0ps,

Next, we examine the spin-grating dynamics at T< 50k As
shrwm in Fig. | inset, the fratial decay sates at 55 are Hiear in g at
e lniggher veamnesseetins, The charnge in power kv exporent froem tao
o ome incdicates that 2 crossover from diffuave o balliste dynamc
takes place 25 the ample empantune i« lowered. In the ballistic
regimie, electrons propagate 2 disgance comparable 10 the grating
winrelength, A, without scattering and the initial decay rate is thi:
reciprocal of the time required foran electron meving with the Fermi
welocity (v in erse 0 distance Al2w,

Although the grating’s initial decay rate ssturates near vegwhen T
reaches 50K, its fime dependence continues to change as T is
lenveered further, Figure 2 shows the grating amplitude s function of
time foor several h:mrxr.uunwhctu.wn SE and 10K, measured with
a grating wavevector of 1.5 % 10" cm " {the Tindicated is the lattice
temperature, which & below the eectron temperature, as will be
iscnssed later). A oscillatory stricture appears in the docay cwres,
becoming incresingly pronounced @ T decrcses. The growth of
Elwese oacillativns i o corsequendce of the incresse of the men-free-
path, §, in the regime where f = 1.

Ta :Lm.nmnc 12, from data such as those in Fig. 2, we wse an
wipression for the tme depmdence of 2 span fuctistion that &
applicable thmisghout the difusivehallstic crossover regme. 1f a
spin polarization wave is introdoced at @ =0, its sobsequent tme
deperidence is the Fourier transborm of Sig,w) o i — Dgaif] ',
wihiere X g} i the dynarmic spin diffusivity: In the limie g =k,

A
[EP R . ¢ L S— )
v = LAP g

Spin grating smpbtute (1)

o 1 W oa -] L]
fipst
Figure 2 | Time dependence: of the spin grating's amplitude. The lines are
af the dala L 5)geo). The values of [ determined froms these fits are
cwch panel, Owing 1o bser heating. the tenyperatars Tl the
elecirom gas is higher than he latiior lemperadures indicated,
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where equation | 1) extrapalates from the small-g bmat® o the
hallistic w'gmw I atte ing, to fit the Brnmg decay curves in the

plasezu regime, we found that equation (1) & nnr.;um-snﬂvu-m tr

m'nh.'t data. Tt is necessary to 2dd to the Fourier transform of
Sligae) 2 small, showdy docaying .'sqwm-nrl.ll with relative initial
amplitude .1 and characteristic time 25 pr. W specalate thar
this showexponenitial may originate from 2 small fraction of lncalized
electromns. The solid Fines thoough the data points in Fig, 2 show
e resules of the fitting procedure, with Ating parameters | v and
e it and timwe constant of the sho exponenitial. Despite the
eemmplicating prisence of the sowegponential, we believe that the fits
ive an accurate indication of [, a5 this is the only parameter thar
utermines the rate at which the escillations are damped. Finadly, the
spin diffusion coefficient i determined from the relation Dy, = vg 12,

The temperature dependence of 1, veee] fromn our analysis of
the span-grating dynamics i shown in 3 fior quantum wells of
different dlectromn densaty. For the two bower-density samples {muddle
and |ower panelsh, the dmamics were diffusive at all T, consistent
with their |r|m'| mehility. To chamcterize charge fransport i the
same set of samples, we performed 4-probe measurements of the 21
charge conductance, ar,, carier density, n. and mobility, g, on chips
from the same set of wafers. Together, these meswrements allmus o
test e assumption that the scattering processes. that control spin
diffusiom and charge conduction are the same, The link bebwon
conductance and diffusion coefficient is the Finstein rdation,
Ik = ¥y, where o, and x. are the spin conductance and

Ty = 400 K

7= BEO K

Drjem? 5|
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o 100 200 O
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Figure 3| Comparisan of mation of spin and chorge, for semples with the
Fermi temperatures (Te) shown. [hots | maln panels), spin-difusion
weeliiclents 7, devermined from optical measuremenis. Black lines,
quasipasticle diffusian caclficients Py determined fram transport dals.
Tnsets, Tl Red lines, D, predicied from spin Couln
taking, ¥, = Xo
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susceptibility, respectively. IF the spmand dharge sattermsg mtes
were the same (that s, a. = a, |, then 1, would cqual (v, 10
{ref. 71, where I, .’r:{r‘;m and p=Nz(l —e "7 iz the
nawn-interacting susceptibiliny (see Supplementary I'n’ﬁ1m|.|tir|n; F,
is the Fermi cnergy, Ny & the density of states at Fy, and by is
Beltzrmann's comstant ). Ph\.w.l“y N is rlwqu.mparhch dlﬂ:nsln'n
cocfficient’, approaching wky fe and wheTe in the degencrate
and men-degenerate regimes, respectively. [, caleulated from the
4-probe transport data and plotted in Fig. 3 is considerably lager
than [, a4l Tand for each of the samples. The ratio i fr greater
than can b acoounted for by mar-body enbancerment of te spin
ausceptibility, & the Factor xhy, B lew than 14 in this range of
electrom density™.

Tlee contrast in the diffuson coefficients of clusge and spin is
surprizng, 2 the asumpton [ = 10, 5 wadely wsed i moddling
spin rarsport in armiconductors, However, this asumption fils o
takee inbe aceount e collisions, whose rate cn be much fter than
thnse of impurity or phonon scattering. The e-escattering evenés can
be igr in the Tiption of r|!'1rg;- transport because they
enserve tntal momentam. 'Hmm'lw.'hu'yr.ln havea profound effect
om spin transport, as illustrated in Fig, 4. For the oollision depicted
etween dectrons with oppasite span, the charge current is consenast
while the spin cument reverses divection,

L¥ Arviicor aned Vignale hive propesaed that the microscopic process
alowam in Fig 4 can change the nature of macrescopic spin transport,
Seen macrrscopically, s—ecollisions transfer momenturm between the
apin-up and apin-down population, cresting a force damping thiir
relative motion that these authors term ‘spin Coulomb drag”
(SO Spin diffusion, which raquires a counterflone of the spin
populations, i damped by SC0 while dharge diffusion s oot | The
recently observed ' span Hall effect also imalves the counterflow af
spin populations, and o should be damped by SC According e
¥ Ammen and Vignale', the reduetion ol £, relative i 1, 15

I X' 1
B X
D (>, i+lnlfe @

where g i, s the charge resistance and oy 8 the spin drag
resistance, parameterizing the rate of momentum exchange between
spin T oand | electrons. 1P Amico and Vignale, and Hensherg and
[emsen®, have calewlated g (T) for 2 20EG weing the random phase
approimation, obtanimng resdts that depend anly on the electron
ety of the quantum well

Exuation (1) predicts that depite the complex T dependences of
the individual diffusion coeffcients, their mtio depands primarily on
the single factor, foy | /e We test this Wdirtinn in Fig. 5, without
imerking any assumptions or adiustable parameters, by plotting
DrdI3, (e imverse of equation (2] versus |pylfp for each of the
three samiples measured in this stody, The transport coefficients are
taken directhy from our messurements, while g wes calenlated using,
eqquation {23 of ref, 14, The resulting graph reveals. the simple linear
dependence of DTy on oy |fe predicied by equation (2} over a

B N
dj,v"' ﬁ-é) Ao

—_—

Figure 4 | A representation of e-e scattering that dees not conserve spin-
eurrent. Reloee the callision the spis-currenl, |, i pasitive afler, it i
megutive. The charge curreat, I, docs sut change. Calours carrespuad ta
i sdades
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large range of |oy | £, implying that SC13 s indeed the origin of the
large suppression of [, relative to Ty, The fact that the dope is
slightly greater than urity is consistent with the expectation that the
marmy-hody enhancement of i, relative to g, is small in this dmsty
regime™. Finally, the fact that [ /73, extrapolates eo near unity 25
|y | fp — 0 indicates that the spin and charge diffusion codfficients
approech each other in the Timit that the spin drag resistance
heomies smaller than the ordinary resistance, This result provides
independent evidence that the spin grating and four-probe tech-
it used in this work accuratey messure aquilibeium spin and
chaunge trrsport coefficients, respectivey

Betuming to the T dependence shown in Fig. 3, the solid lires
shonw the predicticn of equation {2} for I, with the factor 3.0, set
edqual to writy As could be anticipated From the discussion of Fig. 5,
ST quuanitatively accounts for the suppressanm of D, rdatme o [0,
over 2 broad range of temperature and electron denaty, 1t 6 clear,
lwwever, that the measured 12, consastently departs from theoey
bel o K. W beliewe that this discrepancy indicates that at low T
the photoescited electron gas does not cool to the Lttice tempera
ture, If the deciron gas retains the heat, (), deposited by the
excitation, its tempevature T, will rise to approximately
(T + 20/@' ", where §=53% 1P éVam “K 7 is the tempera
ture coefficient of the electronic specific heat, We estimate
1 =4.8 % 10"V am ™ %, assuming that each absorbed photon depos-
ite approximatdy 1W0meY (the energy width of the laser pulse)
intn the Fermi sea. The resulting, estimate for the minimam T, is
indeed ~ 35K

Firuadly, we note that SO0 can be higlly sdvantagesus for spin-
tromic applications, as it inceses the distance that a spin padet can
be dragged by an electic field, E, before it spreads owing to
diffusion™. The length [, that a packet of width swewill drift before
it brvadiens by a factor of twe s wepdD, In the absence of 013, the
ration T}, exquals e by, T {where T i Ferm temperature} or ek, T
the degenerate or non-degenerate regimes, espectively, and Lpfwis
|m'|--pcn¢'nt of the undertying seattering rates. In the d--ge'n.'r.m'
regime, for example, Lpdw= eFa'k Ty drifting 2 spin packet
farther than wis onby possible ina strong E limit, where the potential
drop acrres the packet excecds the Fermi energy. Introducing SCT)
sl the counterflow of spin [ and | clectrons without affecti
their co-propagation, mplifying Lo/w by the Botar |- oy TH /o
Clean materials with strong e-e scattering will have the largest values

K i - i
Wulin

Figuirs 5 | Ralaticn Betwees supprissss of spin $ffusisn snd spin drag
risletangi. x-avis, ratin of ) T1| (where pg is the spin drag resistancel,
deiermined from SCI0 theory'", to measured resistiviny, o, y-axis, ratio of
aquasiparticle dilfusinn coefiicient, Ig vo spin diffusion coefficient, Ity
Temperature i an implicid parameter. Fainis are for samples with
T =40k (ved), 220K (green) and 100K (bluc). Points far T = 400K are
nod shewn becawss the ebecirons do notcool belew 40 K. Orangs, points fora
sasaple with Ty 400K, with o incrcased by depusiting a puction of the 5i
dopants intn the wel Line has unity slope and
prediction of rquation 24 for x, = xq Far po

NATUIRE Vol 43727 Grteber 2008

of |y 1 73] 9, and henee be the best madia for propagation of spin

nmation.

Quanvam well characterkstice. The Gameing oAlnets samples were growi i

wills of thicknei

depusited e cagh

nnbasnis thet distance (rom the 20 The cariees (ot nlealio

g and el sang4-probs

with For the samples with = of 78 % A %I and

19w 10" e i well at b temperatire g reached 29000 S2000
and 84000 o™V 57, respeci

Oiptical methids. The two ntesfening beams that geserate the cpnical-hedicin
wiree derve rmm a Tesapphire laern, wisch produces a irain of ogical pulses
e scjaration 118 and centie wivel cagh
Iy fow el imesaren WL -.-I'lD\\ =

& thent paotoinduced ales do ot ;.'n,—'. g
|:'flrr||| e tracspart [ty electeon hale recombination
Spsi. At Jow T the J.lrrlun decay paie imcreased shoely with dhm!smn

Tha prating wavrrsctor was dinreted along
the induced spin grating, we i mn:ddlﬂm c-].
a photodetecsor can
i this scheme is realized by ok lariag the ulum phase
sinusoadally ar 12 kHz Synchranais deeoan wirh a lock
masdulanos requescy leads 1o considerable refecoion of laser notse and siray

light.
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