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Experimental Observation of the Inverse Spin Hall E�e
t at Room TemperatureBaoli Liu,1, ∗ Junren Shi,1, 2, ∗ Wenxin Wang,1 Hongming Zhao,1Dafang Li,1 Shou
heng Zhang,3 Qikun Xue,1, 2 and Dongmin Chen1, 21Beijing National Laboratory for Condensed Matter Physi
s,Institute of Physi
s, Chinese A
ademy of S
ien
es, Beijing 100080, China2International Center for Quantum Stru
tures, Chinese A
ademy of S
ien
es, Beijing 10080, China3Department of Physi
s, Stanford University, Stanford, CA 94305, USAWe observe the inverse spin Hall e�e
t in a two-dimensional ele
tron gas 
on�ned in Al-GaAs/InGaAs quantum wells. Spe
i�
ally, we �nd that an inhomogeneous spin density indu
edby the opti
al inje
tion gives rise an ele
tri
 
urrent transverse to both the spin polarization and itsgradient. The spin Hall 
ondu
tivity 
an be inferred from su
h a measurement through the Einsteinrelation and the Onsager relation, and is found to have the order of magnitude of 0.5(e2/h). Theobservation is made at the room temperature and in samples with ma
ros
opi
 sizes, suggestingthat the inverse spin Hall e�e
t is a robust ma
ros
opi
 transport phenomenon.Ele
tri
ally 
ontrolling spins has been a major themefor the re
ent studies of the spin ele
troni
s, promising fu-ture information pro
essing devi
es integrating both the
harge and spin operations [1, 2, 3℄. As one of the mostelementary transport pro
esses involving both spins and
harges, the spin Hall e�e
t (SHE), i.e., the transversespin transport indu
ed by an ele
tri
 �eld, is the fo
usof the re
ent theoreti
al studies [4, 5, 6, 7℄. Experimen-tally, both the spin a

umulation measurements [8, 9, 10℄and the ele
troni
 measurement [11℄ have demonstratedthe 
onvin
ing eviden
e for the existen
e of SHE. Ele
-tri
al measurement of the spin 
urrent has also been re-ported [12℄.
In this Letter, we experimentally investigate the re
ip-ro
al e�e
t of SHE � the inverse spin Hall e�e
t (ISHE),in semi
ondu
tors. ISHE 
omplements the SHE, demon-strating the possibility of 
harge transport driven by thespin degrees of freedom. Be
ause ISHE is 
losely re-lated to SHE by the general prin
iple of Onsager relation,whi
h di
tates the symmetry of the transport 
oe�
ientsfor the SHE and its re
ipro
al, our study also providesa supplemental eviden
e for the existen
e of SHE. More-over, it also provides an a

essible way to quantitativelydetermine the spin Hall 
ondu
tivity of a sample.
It is instru
tive to have a general theoreti
al analy-sis for the relevant phenomena. For an isotropi
 two-dimensional (2D) system with the time-reversal symme-try (e.g., non-magneti
 systems), the set of the equa-tions des
ribing the ma
ros
opi
 near-equilibrium (lin-

ear) 
harge and spin transports 
an be written as,
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, (1)where jc
tr (js

tr) denotes the 
harge (spin) transport 
ur-rent, and n(x) (Sz(x)) is the lo
al number (spin) den-sity of the 
arriers, respe
tively. q is the 
harge of the
arrier; ẑ is the unit ve
tor perpendi
ular to the 2D 
on-du
ting plane, and the transport (di�usion) 
oe�
ientsare denoted by D with the appropriate supers
ripts andsubs
ripts (s denotes spin, c denotes 
harge, H denotesthe transverse Hall transport). The external �elds areimposed by the ele
tri
 potential φ(x) and the Zeeman�eld hz(x). For simpli
ity and without loss the gener-ality, only the transport indu
ed by the z-
omponent ofthe spin density is 
onsidered. The validity of Eq. (1) 
anbe established through the general 
onsiderations of sym-metries, as well as the 
onstraint that the transport 
ur-rents must vanish when the (spin) density distribution isin the equilibrium against the external �elds (i.e., n(x) =
n0 − (∂n/∂µ)hqφ(x) and Sz(x) = S0

z + (∂Sz/∂hz)µhz).Equation (1) fully des
ribes the near-equilibrium
harge and spin transport, for both the di�usion indu
edby the (spin) density inhomogeneity and the transport in-du
ed by the external �elds. Within this framework, theinverse spin Hall e�e
t is des
ribed by jc
tr, H = σISHẑ×Fswith the spin for
e being de�ned as the gradient of Zee-man �eld Fs = gµB∇hz(x) [13, 14℄. It 
an be relatedto the transverse 
harge di�usion indu
ed by the spindensity inhomogeneity:

jc
tr, H = −qDcs

H ẑ × ∇Sz(x) (2)
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2via an Einstein relation that relates the inverse spin Hall
ondu
tivity σISH with the 
orresponding di�usion 
on-stant Dcs
H :

σISH = (q/gµB)(∂Sz/∂hz)µDcs
H . (3)Moreover, the Onsager relation di
tates the duality be-tween ISHE and SHE [14℄:

σSH = σISH, (4)where σSH is the spin Hall 
ondu
tivity (js
tr, H = σSHẑ×

E).Equations (2)�(4) outline the general theoreti
alground for our experimental s
heme: if we 
an observeand experimentally establish the ISHE di�usion pro
essdes
ribed by Eq. (2), then the ISHE and SHE 
an be re-lated to su
h a measurement by the Einstein relation (3)and the Onsager relation (4). We stress that the theoreti-
al ground of our experimental s
heme is the dire
t resultof the general prin
iples of the non-equilibrium thermo-dynami
s, and should be valid for any ma
ros
opi
 near-equilibrium transport phenomena, regardless the mi
ro-s
opi
 details of the system. On the other hand, buildinga mi
ros
opi
 transport theory 
onsistent to these generalprin
iples is a nontrivial issue yet to be fully 
lari�ed [14℄.The experimental setup for observing the ISHE dif-fusion pro
ess is shown s
hemati
ally in Fig. 1(a). A
ir
ularly polarized laser light spot is employed to 
re-ate an inhomogeneous spin density with Gaussian spa-tial pro�le [15℄. An overall gradient of spin density along
x-dire
tion is naturally generated when the light spotis 
uto� by the edges of the 2DEG 
hannel, resultingin asymmetri
 distribution of spin density. The ele
tri

urrent due to the ISHE 
an then be measured along y-dire
tion. In su
h a setup, the transverse ele
tri
 
urrentis maximized when the the light spot is 
entering at anedge of the 
hannel, and reverses its dire
tion when 
en-tering at the opposite edge. The 
urrent vanishes whenthe light spot is moved to the 
enter of the 
hannel, asthe spatial distribution of spin density is symmetri
 inthis 
ase. This 
hara
teristi
 behavior of ISHE 
an berevealed by s
anning the light spot along x-dire
tion toobserve the dependen
e of the ele
tri
 
urrent on the po-sition of light spot. In theory, we �nd that total trans-verse ele
tri
 
urrent is:

Iy = −qγDcs
H∆Sz , (5)where ∆Sz = (1/L)

∫ L

0
dy∆Sz(y) is the overall gradi-ent of the spin density along x-dire
tion, averaged overthe y-dire
tion of the 
hannel. ∆Sz(y) ≡ Sz(x =

right edge, y) − Sz(x = left edge, y) is the di�eren
e ofspin density at the right and the left edges of the 
han-nel for given y, L is the length of the sample, and
γ = Rc/(Rc + RI) with Rc and RI being the resistan
eof the 2DEG 
hannel and the measurement 
ir
uit, re-spe
tively [19℄.
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(b)Figure 1: (a) The s
hemati
s of the experimental setup: aninhomogeneous spin density with Gaussian spatial pro�le is
reated in a 2DEG 
hannel using a 
ir
ularly polarized lightspot with normal in
iden
e. The transverse ele
tri
 
urrentindu
ed by ISHE is measured in the y-dire
tion. (b) Thelithography image of the devi
e: a multi-terminal Hall bar(indi
ated by the gray region) with a 400µm × 120µm main
hannel and six 150µm × 20µm arms, from whi
h we obtainone wide measurement 
hannel by utilizing the main 
hannelof the Hall bar (w = 120µm, L = 400µm), and three narrowmeasurement 
hannels formed from three pairs of the arms(w = 20µm, L = 300µm), as indi
ated in the image. The redlines indi
ate the s
anning paths of the light spot for obtainingthe results presented in Fig. 2, and the ele
tri
 
urrent ismeasured through the ele
trodes 1 − 2 for the wide 
hannel,and the ele
trodes 3− 4 for the narrow 
hannel, respe
tively.The sample is grown by mole
ular beam epi-taxy (MBE) on the semi-insulating (001) GaAs sub-strate. 20 periods GaAs(2nm)/AlGaAs(6nm) superlat-ti
es are �rst grown on the substrate, followed by 15nmAl0.24Ga0.76As. 2DEG formed in a 13nm In0.19Ga0.81Asquantum well, whi
h is sandwi
hed between the barriersof 30nm GaAs and 39nm Al0.24Ga0.76As. Si δ-dopinglayers are buried in GaAs and Al0.24Ga0.76As barrierswith 10nm and 4nm spa
er layers, respe
tively. The stan-dard Hall measurement gives the ele
tron 
on
entration
n = 4.2 × 1012cm−2 and the mobility µ = 5000cm2/V · sat the room temperature. Multi-terminal devi
e of Hallbar geometry is patterned using the standard photo-lithography and wet et
hing, and the ohmi
 
onta
ts aremade with annealed AuGe/Ni. By utilizing the main
hannel of the Hall bar and its six arms, we obtain onewide 
hannel and three narrow 
hannels suitable for theproposed experiments, as shown in Fig. 1(b). All themeasurements are performed at the room temperature.Another sample with the same geometry is also preparedon (110) GaAs substrate. Both samples yield the similarresults, and only the results for the (001) sample will be
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Figure 2: The light-spot-position dependen
e of the ISHE 
ur-rent indu
ed by a 
ir
ularly polarized light, shown as bla
kdots. The blue-square 
urve shows the the intensity of re-�e
ted light: the region o

upied by the 
hannel has the lowerre�e
tivity due to the additional absorption of light by the2DEG. It thus provides a dire
t se
tional pro�le of the 2DEG
hannel along the s
anning path, as well as the pre
ise de-termination of the position of the light spot relative to the
hannel. Red 
urve shows the theoreti
al �tting to the line-shape of ele
tri
 
urrent with the form des
ribed in the text.The results for both a narrow 
hannel (upper panel) and awide 
hannel (lower panel) are shown.presented in the following.In the experiment, a tunable 
ontinuous-wave Ti-Sapphire laser is employed for the inter-band ex
itationwith 20mW average pump power at the wavelength of
830nm. Its polarization is modulated by a photo-elasti
modulator (PEM), whi
h yields a periodi
ally os
illat-ing polarization between right- (σ+) and left- (σ−) 
ir-
ularly polarized light with a period of 50kHz and a
onstant light intensity, resulting in a modulated spindensity and a 
onstant 
arrier density [16℄. The laserlight is fo
used to spot with full-width at half maximum(FWHM) of 8.0µm through an obje
tive (N.A. = 0.38),and is normal to the sample. The spatial distribution ofthe z-
omponent spin density had been independently

measured by the time and spatially resolved Kerr ro-tation spe
tros
opy in su
h system, and was found tohave the Gaussian pro�le. The sample position is pre-
isely 
ontrolled by a motorized translation stage with
0.1µm unidire
tional repeatability (Physik Instrumente,M-126.DG). By moving the sample, the 
enter of thelight spot is s
anned a
ross the 
hannel. The positionof the light spot on the sample is pre
isely determinedthrough the simultaneous measurement of the intensityof re�e
ted light from the sample surfa
e, whi
h providesa dire
t pro�ling of se
tional geometry of the 
hannelsalong the s
anning paths. The ele
tri
 
urrent is mea-sured dire
tly by the lo
k-in ampli�er, whi
h e�e
tively�lters out the ele
tri
 
urrent indu
ed by e�e
ts not re-lated to spins su
h as the Dember e�e
t and the pho-tovoltai
 e�e
ts, as the PEM only modulates the spindensity but keeps the 
arrier density 
onstant.Figure 2 presents the main results of this study. Forboth the wide and the narrow 
hannels, the light-spot-position dependen
e of the ele
tri
 
urrent shows the
hara
teristi
 N -shape: it peaks at the two edges withthe opposite signs, and vanishes at the 
enter of the
hannel. The same behavior is observed in other s
an-ning paths and 
hannels as well. The behavior is 
on-sistent with what the theory expe
ts from the ISHE dif-fusion pro
ess, Eq. (2). For a more quantitative analy-sis, we noti
e that the spin di�usion length of the sam-ple ∼ 1µm is mu
h smaller than the size of the lightspot, thus the spin density Sz(x) ex
ited by the 
ir-
ularly polarized light 
an be 
onsidered to be propor-tional to the lo
al light intensity: Sz(x) ∝ I(x). Theintensity pro�le of a laser light spot is well des
ribedby the Gaussian shape I(x) = I0 exp

[

−(x − x0)
2/2σ2

],where σ is related to the FWHM of the laser spot by
σ = FWHM/2

√
2 ln 2 ≈ 3.4µm. The ISHE 
urrent hasthe form Iy ∝ ∆Sz ∝ exp

[

−x2
0/2σ2

]

sinh
(

x0w/2σ2
) ,where x0 is the 
enter position of the light spot, and wis the width of the 
hannel. The form �ts the line-shapeof the experimental data well. For the narrow 
hannel,the �tting yields w = 22.5± 0.2µm and σ = 3.9± 0.1µm,
onsistent with the independently determined values w =

21µm (determined from the intensity of re�e
ted light,blue square 
urves in Fig. 2) and σ = 3.4µm. Forthe wide 
hannel, it yields w = 125.8 ± 0.3µm (vs.the independently determined value w = 123µm) and
σ = 6.2 ± 0.2µm, and the somewhat over-estimated σ isdue to the less sharp boundary of the edges (see the bluesquare 
urve in the bottom panel of Fig. 2). The good
orresponden
e between the experiment and the theoryprovides a strong eviden
e for the existen
e of the ISHE.While the observation 
an be naturally asso
iated withthe ISHE di�usion pro
ess, it is ne
essary to rule outother possibilities that may give rise the same behavior.We present the following points in order: (i) the fa
tthat the same behavior is observed in a number of dif-ferent 
hannels and in a 
ouple of di�erent samples rules
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Figure 3: The ele
tri
 
urrent measured with the linearly po-larized light (bla
k dots). The ele
tri
 
urrent measurementis lo
ked-in to the modulation of the light intensity (
arrierdensity). The blue squares indi
ate the intensity of re�e
tedlight.out the possibility that it is 
aused by the asymmetryor inhomogeneity of the 
hannels; (ii) the fa
t that theele
tri
 
urrent has the opposite signs at the oppositeedges of the 
hannel indi
ates that the transport mustbe driven by the gradient of the non-equilibrium den-sity (either 
harge or spin). This rules out the trans-port me
hanisms that are driven by the non-equilibriumdensity itself, for instan
e, the 
ir
ular photo-galvani
 ef-fe
t [17, 18℄, for whi
h the ele
tri
 
urrent is indu
ed bythe spin density, and �ows along a �xed dire
tion resultedfrom the redu
ed symmetry of the sample; (iii) the 
ir-
ularly polarized light employed in the measurement ex-
ites the 
harge density as well as the spin density. Thisrises the possibility that the phenomenon is indu
ed bythe gradient of the 
harge density instead of the spindensity, i.e., the modulation of the 
ir
ular polarizationmay indu
e a modulation of the 
harge density, whi
h inturn generates an ele
tri
 signal pi
ked up by the lo
k-inampli�er. While this is highly improbable in theory be-
ause the sample has the time-reversal symmetry whi
hprohibits the 
harge Hall transport, the possibility 
anbe expli
itly ruled out by a 
ontrolled experiment: inFig. 3, the linearly polarized light is employed to ex
ite apure 
harge density. It is evident that the in
riminating
N -shape 
hara
teristi
s seen in the 
ir
ularly polarizedlight measurement (Fig. 2) 
an no longer be observed.All summarized, we 
on
lude that the ele
tri
 
urrentmeasured in Fig. 2 
an only be indu
ed by the gradientof spin density, as predi
ted by Eq. (2).Finally, we 
an quantitatively determine the (inverse)spin Hall 
ondu
tivity based on su
h a measurement. For
20mW light power, the total inje
tion rate (I.R.) of spinsis estimated to be 3.9×1014 spins/s [20℄. The total num-ber of the inje
ted spins Stot = I.R.×τs ≈ 3.9×104 spinswith a spin relaxation time τs ≈ 100ps. By using

Eq. (5), the magnitude of the ISHE di�usion 
onstant
an be estimated by Dcs
H ≈

√
2πImax

y σL/(eγStot) (assum-ing w ≫ σ), and yields values Dcs
H (20µm) ≈ 0.87cm2/sand Dcs

H (120µm) ≈ 0.4cm2/s, respe
tively [21℄. By ap-plying the Einstein relation Eq. (3), σSH ≈ (ne/kT )Dcs
H(∂Sz/∂hz ≈ gµBn/kT ), we get the spin Hall 
ondu
tiv-ity (in the unit of 
harge 
ondu
tivity): σSH(20µm) ≈

0.59(e2/h) and σSH(120µm) ≈ 0.27(e2/h), respe
tively.The spin Hall 
ondu
tivities determined from the twodi�erent 
hannels yield 
onsistent values (within a fa
-tor of 2), indi
ating the self-
onsisten
y of our method ofanalysis. We note that all the parameters involved in theestimate 
an in prin
iples be pre
isely determined. Ourexperimental s
heme 
an thus provide an a

essible wayto measure the spin Hall 
ondu
tivity.In summary, we have observed the ISHE di�usion pro-
ess, experimentally establishing one of the elementarypro
esses of the spin-
harge transports. Be
ause ISHEis 
losely related to SHE by the general prin
iple of On-sager relations, the observation provides a supplementaleviden
e for the existen
e of the spin Hall e�e
t. More-over, our experimental s
heme provides an a

essible wayto quantitatively determine the spin Hall 
ondu
tivity ofthe system, implying the wider appli
ation of the te
h-nique in the future studies of the spin-
harge transports.Finally, the fa
t that the measurement is 
arried out atthe room temperature and in samples with ma
ros
opi
sizes suggests that ISHE is a robust ma
ros
opi
 trans-port phenomenon � a universal property that presents invarious systems.We gra
efully a
knowledge the useful dis
ussions withQian Niu and Yugui Yao, and the assistan
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es. This work was sup-ported by the Knowledge Innovation Proje
t of the Chi-nese A
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