
DOI: 10.1126/science.1195816
, 1801 (2010);330 Science

, et al.Jörg Wunderlich
Spin Hall Effect Transistor

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): December 23, 2010 www.sciencemag.org (this infomation is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/330/6012/1801.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

 http://www.sciencemag.org/content/suppl/2010/12/20/330.6012.1801.DC1.html
can be found at: Supporting Online Material 

 http://www.sciencemag.org/content/330/6012/1801.full.html#ref-list-1
, 4 of which can be accessed free:cites 28 articlesThis article 

 http://www.sciencemag.org/cgi/collection/app_physics
Physics, Applied

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2010 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

D
ec

em
be

r 
23

, 2
01

0
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/330/6012/1801.full.html
http://www.sciencemag.org/content/suppl/2010/12/20/330.6012.1801.DC1.html
http://www.sciencemag.org/content/330/6012/1801.full.html#ref-list-1
http://www.sciencemag.org/cgi/collection/app_physics
http://www.sciencemag.org/


16. D. Gstoehl, A. Brambilla, L. O. Schunk, A. Steinfeld,
J. Mater. Sci. 43, 4729 (2008).

17. J. E. Miller et al., J. Mater. Sci. 43, 4714 (2008).
18. C. Perkins, A. W. Weimer, AIChE J. 55, 286 (2009).
19. P. Singh, M. S. Hegde, Chem. Mater. 22, 762 (2010).
20. W. C. Chueh, S. M. Haile, ChemSusChem 2, 735 (2009).
21. W. C. Chueh, S. M. Haile, Philos. Trans. R. Soc. London

Ser. A 368, 3269 (2010).
22. S. M. Haile, W. C. Chueh, U.S. Patent application

20,090,107,044 (2009).
23. S. Abanades et al., J. Mater. Sci. 45, 4163 (2010).
24. H. Kaneko et al., Energy 32, 656 (2007).
25. Materials and methods are detailed in supporting

material at Science Online.
26. C. Li, L. Minh, T. C. Brown, J. Catal. 178, 275 (1998).
27. M. Roeb et al., Int. J. Hydrogen Energy 34, 4537 (2009).

28. Fuel production rate is compared with other
thermochemical processes by normalizing the average
fuel production rate (as defined in the text) by the
mass of the material, including inactive support used
to prevent material sintering. The rate for oxygen
evolution is not included.

29. G. B. Haxel, J. B. Hedrick, G. J. Orris, “Rare earth
elements—Critical resources for high technology”
(U.S. Geological Survey Fact Sheet 087-02, Reston, VA,
2002).

30. This work was funded in part by NSF (CBET-0829114),
the Initiative for Renewable Energy and the Environment
(under subcontract from the University of Minnesota),
and the Swiss National Science Foundation (contract no.
200021-126512). Additional travel support was provided
by the International Materials Institutes program of NSF

under award no. DMR 08-43934. We thank the technical
staff of the Solar Technology Laboratory of the Paul
Scherrer Institute for supporting the experimental
activities at the High-Flux Solar Simulator. W.C.C.
designed the experiments, and C.F. designed the solar
reactor. Samples were prepared by M.A. and D.S. W.C.C,
C.F., P.F., and D.S. executed the experiments. S.M.H. and
A.S. supervised the project.

Supporting Online Material
www.sciencemag.org/cgi/content/full/330/6012/1797/DC1
Materials and Methods
Figs. S1 to S3

15 September 2010; accepted 23 November 2010
10.1126/science.1197834

Spin Hall Effect Transistor
Jörg Wunderlich,1,2*† Byong-Guk Park,1* Andrew C. Irvine,3* Liviu P. Zârbo,2 Eva Rozkotová,4

Petr Nemec,4 Vít Novák,2 Jairo Sinova,5,2 Tomás Jungwirth2,6

The field of semiconductor spintronics explores spin-related quantum relativistic phenomena in
solid-state systems. Spin transistors and spin Hall effects have been two separate leading directions
of research in this field. We have combined the two directions by realizing an all-semiconductor
spin Hall effect transistor. The device uses diffusive transport and operates without electrical
current in the active part of the transistor. We demonstrate a spin AND logic function in a
semiconductor channel with two gates. Our study shows the utility of the spin Hall effect in a
microelectronic device geometry, realizes the spin transistor with electrical detection directly
along the gated semiconductor channel, and provides an experimental tool for exploring spin
Hall and spin precession phenomena in an electrically tunable semiconductor layer.

Two major themes in semiconductor spin-
tronics research, the spin transistors and
the spin Hall effects, have followed dis-

tinct and independent scientific paths (1, 2). In
the transistor case, the target device concept of
a ferromagnetic spin injector and detector con-
nected by a semiconductor channel was estab-

lished from the outset by Datta and Das (3). The
ensuing research has focused on the fundamental
physical problems related to the resistance mis-
match between the transistor’s components and
to the spin manipulation in the semiconductor via
spin-orbit coupling effects (4–15). By contrast, in
the spin Hall effect case, much of the related in-

triguing quantum-relativistic physics (16–19) has
been established before the first experimental
observations (20, 21), but the field is still striving
to turn the phenomenon into a concrete device
functionality.We demonstrate the applicability of
the spin Hall effect in a new type of spin
transistor.

The active semiconductor channel in our de-
vices is a two-dimensional electron gas (2DEG)
in which the spin-orbit coupling induced spin
precession is controlled by external gate electrodes
and detection is provided by transverse spin Hall
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Fig. 1. (A) Schematics of the measurement setup
with optically injected spin-polarized electrical
current propagating through the Hall bar and
corresponding experimental Hall effect signals at
crosses H1 and H2. The Hall resistances, RH =
VH/IPH, for the two opposite helicities of the inci-
dent light are plotted as a function of the focused
(∼1 mm) light spot position, i.e., of the position of
the injection point. Increasing x corresponds to
shifting the spot further away from the Hall de-
tectors. (The focused laser beam is indicated by
the yellow cylinder in the schematics.) The optical
current IPH is independent of the helicity of the
incident light and varies only weakly with the
light spot position. The applied bias voltage VB =
−15 V, the laser intensity is 1000 W/cm2, and the
laser wavelength is 870 nm. (B) Same as (A) for
measurement geometry in which electrical cur-
rent is closed before the first detecting Hall cross
H1. (C) Schematics of the diffusive transport of
injected spin-polarized electrons and Monte-Carlo
simulations of the out-of-plane component of the
spin of injected electrons averaged over the 1-mm
bar cross section assuming Rashba field a = 5.5
meV Å, Dresselhaus field b = −24 meV Å, and
different values of the mean free path l.
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effect voltages (22) measured along the 2DEG
Hall bar. For spin injection, we use an optical
method described in (22) that permits all three
components of the spin transistor to be realized
within an all-semiconductor structure. The op-
tical injection method is less scalable than elec-
trical injection from ferromagnetic contacts, yet
it does not require any magnetic elements or ex-
ternal magnetic fields for the operation of the
device. Because of the nondestructive nature of
the spin Hall effect detection, one semiconductor
channel can accommodate multiple gates and
Hall cross detectors and is therefore directly suit-
able for realizing spin logic operations.

Semiconductor heterostructures used in our
experiments, described in detail in (23), com-
prise a modulation p-doped AlGaAs/GaAs hetero-
junction on top of the structure, 90 nm of intrinsic
GaAs, and an n-doped AlGaAs/GaAs heterojunc-
tion underneath. In the unetched part of the wafer,
the top heterojunction is populated by holes,
whereas the 2DEG at the bottom heterojunction
is partly depleted. The n-side of the coplanar p-n
junction is formed by removing the p-doped sur-
face layer from a part of the wafer, thereby pop-
ulating the 2DEG. At zero or reverse bias, the
device is not conductive in the dark due to charge
depletion at the lateral p-n junction. Counterprop-
agating electron and hole currents can be gener-
ated by illumination at subgap wavelengths (22).
Because of the optical selection rules, the out-of-
plane spin polarization of injected electrons is de-
termined by the sense and degree of the circular
polarization of vertically incident light.

The n-region is patterned by electron-beam
lithography into a 1-mm-wide Hall bar along the
½110� crystallographic axis. The effective width
of individual Hall contacts for local spin detection
is 50 to 100 nm, and separation between neigh-
boring Hall crosses is 2 mm. Electrical gates con-
trolling the spin currents are placed between one
or more pairs of the Hall crosses. The gates are
realized by the p-type surface layer areas of the
heterostructure, which were locally masked and
remained unetched during the fabrication of the
n-channel Hall bar (24). The laser beam is focused
to a ∼1- to 2-mm spot at the lateral p-n junction or
near the junction on the p-side of the epilayer.
For further details on the fabrication of the series
of devices used in our study, employed experi-
mental techniques, and the theory of the measured
spin-dependent Hall signals, see (23). All exper-
imental data presented below were measured at
4 K. As illustrated in (22, 23), our ungated and
gated devices operate also at high temperatures.

In Fig. 1, we show experimental results on a
control device in which we did not pattern the
gate electrodes. These measurements extend pre-
vious demonstration of the spin injection Hall
effect in similar ungated structures (22). In the
previous work, we observed that injected spin-
polarized electrical currents produce Hall effect
signals that are proportional to the out-of-plane
component of the local spin polarization. We also
demonstrated that spins precess along the chan-

nel, resulting in a spatially varying magnitude
and sign of the Hall signals on several succes-
sive Hall crosses. Because of the limited number
of discrete detection points, these experiments did
not provide a detailed picture of the spin pre-
cession of injected electrons. To better visualize
the effect, we use here the optical activity of the
device presented in Fig. 1, which extends over a
several-micrometer range from the lateral p-n
junction into the unetched p-type side of the epi-
layer. By shifting the focused laser spot, we can
smoothly change the position of the spin injec-
tion point with respect to the detection Hall crosses.
This results in damped oscillatory Hall resistance,
RH = VH/IPH, measured at each of the two suc-
cessive Hall crosses labeled as H1 and H2 in
Fig. 1, placed 6 and 8 mm from the lateral p-n
junction. (VH is the Hall voltage and IPH is the
photocurrent.) The oscillations at each Hall cross
and the phase shift between signals at the two
Hall crosses are consistent with a micrometer-
scale spin precession period and with a spin-
diffusion length that extends over more than one
precession period.

Experiments in Fig. 1 are performed in two
distinct electrical measurement configurations. In
Fig. 1A, we show data obtained with the source
and drain electrodes at the far ends of the p- and
n-type sides of the lateral junction, respectively.
In this geometry, spin-polarized electrical currents
reach the detection Hall crosses, similar to exper-
iments performed in (22). In Fig. 1B, the elec-
trical current is drained 4 mm before the first

detection Hall cross H1. In this case, only pure
spin current (25–27) reaches crosses H1 and H2.
The experiments in Fig. 1 demonstrate that in our
2DEG microchannel, we can realize the Hall
effect detection of injected spin-polarized elec-
trical currents, as well as pure spin currents. [For
additional measurements of ungated devices,
see (23).]

The conventional field-effect transistor func-
tionality in our 2DEG channel achieved by the
p-layer top gate is demonstrated in Fig. 2A, where
we show the gate voltage dependence of the
channel current and mobility underneath the gate.
At zero gate voltage, we detect only a small re-
sidual channel current consistent with the partial
depletion of the 2DEG in the unetched part of
the heterostructure. By applying forward or re-
verse voltages of an amplitude less than 1 V, we
can open or close the 2DEG channel, respectively,
at negligible gate-channel leakage current. With-
in the range of measurable signals, we detect gate
voltage induced changes of the channel current
by five orders of magnitude while the mobility
changes by two orders of magnitude. The main
effect of the gate voltage on the channel current
is therefore via direct charge depletion or accu-
mulation of the 2DEG, but mobility changes are
also important. With increasing reverse gate volt-
age, the mobility decreases because the 2DEG is
shifted closer to the ionized donors on the other
side of the AlGaAs/GaAs heterojunction and be-
cause screening of the donor impurity potential
by the 2DEG decreases with depletion.
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Fig. 2. (A) Schematics of the measurement setup corresponding to the conventional field-effect tran-
sistor and experimental dependence of the electrical current (blue) through the channel and mobility
(black) underneath the gate on the gate voltage. (B) Schematics of the setup of the spin Hall transistor
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realization of the spin Hall effect transistor.
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The main result of our work (Fig. 2B) is the
sensitivity of the measured Hall signal at the
cross placed behind the gate on the voltage ap-
plied to the gate electrode. To exclude any po-
tential gate voltage dependence of spin-injection
conditions in our device, we performed the ex-
periments with the electrical current drained be-
fore the gated part of the channel (Fig. 2B). The
data show two regimes of operation of our spin
transistor. At large reverse voltages, the Hall sig-
nals disappear as the diffusion of spin-polarized
electrons from the injection region toward the
detecting Hall cross is blocked by the repulsive
potential of the intervening gate electrode. Upon
opening the gate, the Hall signal first increases,
in analogy to the operation of the conventional
field-effect transistor. We emphasize, however,
that while the optically generated current IPH is
kept constant, the electrical current in our
experiments in the manipulation and detection
parts of the transistor channel remains zero at all
gate voltages. The onset of the output transverse
electrical signal upon opening the gate is a result
of a pure spin current. The mechanism by which
the spin current generates the output signal can-
not be ascribed to a normal charge Hall effect
because of the absence of magnetic field and
charge current underneath the cross.

The initial increase of the detected output
signal upon opening the gate is followed by a
non-monotonic gate voltage dependence of the
Hall voltage (Fig. 2B). This is in marked contrast
to the monotonic increase of the normal electrical
current in the channel observed in the conven-
tional field-effect transistor measurement in Fig.
2A. Apart from blocking the spin current at large
reverse gate voltages, the intermediate gate elec-
tric fields are modifying spin precession of the
injected electrons and therefore the local spin
polarization at the detecting Hall cross when the
channel is open. This is the spin manipulation
regime analogous to the original Datta-Das pro-
posal of a spin transistor. We further demon-
strated the presence of this regime in our device
by comparing two measurements shown in Fig.
2B: one where the laser spot is aligned close to
the lateral p-n junction on the p-side (red solid
line), and the other with the spot shifted by ~1 mm
in the direction away from the detecting Hall
crosses (black dashed line). The reverse voltage
at which the Hall signals disappear is the same
in the two measurements. For gate voltages at
which the channel is open, the signals are shifted
with respect to each other in the two measure-
ments and have opposite sign at certain gate volt-
ages, and the overall magnitude of the signal is

larger for smaller separation between injection
and detection points, all confirming the spin pre-
cession origin of the observed effect. [For addi-
tional measurements of gated devices see (23).]

One of the important attributes of our non-
destructive spin detection method integrated, to-
gether with the electrical spin manipulation, along
the semiconductor channel is the possibility of
fabricating devices with a series of Hall cross
detectors and also with a series of gates. In Fig. 3,
we demonstrate the feasibility of this concept
and of the ensuing logic functionality on a spin
Hall effect transistor structure with two gates, the
first placed before cross H1 and the second be-
fore H2. The scanning electron micrograph of
the device is shown in Fig. 3A. The measured
data plotted in Fig. 3B demonstrate that Hall
cross H1 responds strongly to the electric field
on the first gate, with gate voltage characteristics
similar to those observed in the single-gate de-
vice in Fig. 2. As expected for the relative posi-
tions of the injection point, of Hall cross H1, and
of the two gates in the device, the dependence
of the signal at cross H1 on the second gate is
much weaker. By contrast, Hall cross H2 re-
sponds strongly to both gates (Fig. 3C). Before
the spin can reach the detecting Hall cross H2, it
is manipulated by two external parameters. This
is analogous to the measurement in Fig. 2B in
which the position of the injection point played
the role of the second parameter. The analogy be-
tween results in Figs. 2B and 3C further demon-
strates the spin origin of the functionality of our
transistor structures.

In Fig. 3D we demonstrate a simple AND
logic functionality by operating both gates and
by measuring the Hall electrical signal at cross
H2. Intermediate gate voltages on both gates rep-
resent the input value 1 and give the largest elec-
trical signal at H2 (positive for s− helicity of the
incident light), representing the output value 1.
When we apply to any of the two gates a large
reverse (negative) gate voltage, representing in-
put 0, the electrical signal at H2 disappears, i.e.,
the output is 0. Note that additional information
is contained in the polarization dependence of
the detected Hall signals, as illustrated in Fig. 3D.

Proceeding to the theoretical analysis of the
measured data, we first characterize the transport
regime in which our devices operate. The 2DEG
mobilities in the etched, n-type part of the wafer
and underneath the p-layer gates are ≲3 × 103

cm2/Vs, corresponding to a mean-free path ≲102

nm. This is much smaller than the precession
length and the length of our 2DEG channel, i.e.,
the experiments are done in the diffusive,
strong-disorder weak spin-orbit coupling regime.
As explained in (22), the Hall effect and the spin-
precession effect can be decoupled in this regime.
The Hall effect measures the local out-of-plane
component of the spin polarization of carriers
and originates from the spin-orbit coupling in-
duced skew scattering. [See (23) for quantitative
estimates of the Hall signals that are consistent
with experiment.] In the following analysis, we
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focus on the spin-precession and spin-diffusion
lengths. The possibility of observing and using
spin precession of an ensemble of electrons in
the diffusive regime is demonstrated by our nu-
merical Monte Carlo simulations (22, 28) shown
in Fig. 1C.

The numerically obtained spin-precession
period is well described by an analytical formula
derived from the dynamics of the spin-density
matrix (28), LSO = pħ2/m*(|a| + |b|); m* = 0.067
is the electron effective mass in GaAs. There are
two regimes in which spin precession can be ob-
served in the diffusive transport regime. In one
regime, the width of the channel is not relevant
and a spin-diffusion length larger than the pre-
cession length occurs as a result of the single-
particle transport analog of the spin helix state
(9) realized at 2DEG Rashba and Dresselhaus
spin-orbit fields of equal or similar strengths,
a ≈ −b for our bar orientation. When the two
spin-orbit fields are not tuned to similar strengths,
the spin-diffusion length is approximately given
by ∼L2SO=w and spin precession is therefore ob-
servable only when the width w of the channel
is comparable to or smaller than the precession
length (28–30).

The complex design of our semiconductor
heterostructure provides simultaneously the means
for spin injection, electrical gating, and detec-
tion, so we did not rely on further fine tuning of
the internal spin-orbit fields to realize the spin
helix state condition. Instead, we fabricated nar-
row Hall bars whose width is smaller than the
precession length and used a strongly focused
light spot for spin injection. As shown in Fig.
1C, several precessions are readily observable in
this quasi one-dimensional geometry even in the

diffusive regime and for a ≠ −b, and the spin-
precession and spin-diffusion lengths in this re-
gime are independent of the mean-free-path, i.e.,
of the mobility of the 2DEG channel (28).

The strength of the confining electric field of
the 2DEG underneath the gate changes by up to
a factor of ∼2 in the range of applied gate volt-
ages in our experiments. This result implies (22)
comparably large changes in the strength of the
internal spin-orbit fields in the 2DEG channel.
The dependence on the spin-orbit field strength
shown in the above equation and confirmed by
Monte Carlo simulations (28) (and the indepen-
dence on the momentum of injected electrons)
implies also comparably large changes in the
spin-precession length. These estimates corrob-
orate the observed spin manipulation in our spin
Hall effect transistors by external electric fields
applied to the gates.
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Brownian Motion of Stiff Filaments in
a Crowded Environment
Nikta Fakhri,1 Frederick C. MacKintosh,2 Brahim Lounis,3 Laurent Cognet,3 Matteo Pasquali1*

The thermal motion of stiff filaments in a crowded environment is highly constrained and
anisotropic; it underlies the behavior of such disparate systems as polymer materials,
nanocomposites, and the cell cytoskeleton. Despite decades of theoretical study, the fundamental
dynamics of such systems remains a mystery. Using near-infrared video microscopy, we studied
the thermal diffusion of individual single-walled carbon nanotubes (SWNTs) confined in porous
agarose networks. We found that even a small bending flexibility of SWNTs strongly enhances
their motion: The rotational diffusion constant is proportional to the filament-bending compliance
and is independent of the network pore size. The interplay between crowding and thermal
bending implies that the notion of a filament’s stiffness depends on its confinement. Moreover, the
mobility of SWNTs and other inclusions can be controlled by tailoring their stiffness.

Crowding greatly constrains the transversal
mobility of a filament and causes aniso-
tropic diffusion, which is limited to the

filament axial direction. In the case of polymer
solutions or melts, understanding the motion of a
single polymer chain confined by the meshwork
of its neighbors was key to a number of advances
in polymer science. In their seminal work, de

Gennes, Doi, and Edwards (1–3) modeled the ef-
fect of crowding on polymer dynamics by intro-
ducing the concept of a confining tube, together
with preferential motion along the polymer’s axis,
known as reptation because of its resemblance to
the slithering of a snake (Fig. 1A, inset). This
model captured many bulk dynamical properties
of flexible polymer melts and solutions (4), al-

though direct experimental evidence validating
this powerful theoretical intuition came over two
decades later, when reptation of flexible and semi-
flexible filaments was observed directly by imag-
ing fluorescently labeled DNA (5) and actin (6).

In contrast, little is known about the thermal
motion of stiff filaments such as carbon nano-
tubes, biopolymers, and stiff fibers in a network.
In particular, the role of the bending stiffness of
such inclusions remains controversial, with long-
standing conflicting theoretical predictions (7–11).
Doi predicted that rotational diffusion is inde-
pendent of stiffness (7), whereas Odijk concluded
that such diffusion should be enhanced by flex-
ibility (9) and Sato concluded the opposite (11).
Bulk experiments by means of birefringence and
dichroism (12–14) have also given conflicting
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