
Room-temperature electric-field controlled spin dynamics in (110) InAs quantum wells
K. C. Hall, K. Gündoğdu, J. L. Hicks, A. N. Kocbay, M. E. Flatté, T. F. Boggess, K. Holabird, A. Hunter, D. H.
Chow, and J. J. Zinck 
 
Citation: Applied Physics Letters 86, 202114 (2005); doi: 10.1063/1.1929082 
View online: http://dx.doi.org/10.1063/1.1929082 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/86/20?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Effect of cubic Dresselhaus spin-orbit interaction in a persistent spin helix state including phonon scattering in
semiconductor quantum wells 
Appl. Phys. Lett. 107, 182103 (2015); 10.1063/1.4935044 
 
InAs quantum well Hall devices for room-temperature detection of single magnetic biomolecular labels 
J. Appl. Phys. 102, 034506 (2007); 10.1063/1.2767385 
 
Electrical spin injection and detection in an InAs quantum well 
Appl. Phys. Lett. 90, 022101 (2007); 10.1063/1.2430688 
 
Strong anisotropic spin dynamics in narrow n - InGaAs ∕ AlGaAs (110) quantum wells 
Appl. Phys. Lett. 87, 171905 (2005); 10.1063/1.2112193 
 
Efficient electron spin manipulation in a quantum well by an in-plane electric field 
Appl. Phys. Lett. 83, 5295 (2003); 10.1063/1.1635987 
 
 

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  129.173.74.49 On: Wed, 25 May 2016

11:58:40

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/218287943/x01/AIP-PT/APL_ArticleDL_042716/APR_1640x440BannerAd11-15.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=K.+C.+Hall&option1=author
http://scitation.aip.org/search?value1=K.+G�ndodu&option1=author
http://scitation.aip.org/search?value1=J.+L.+Hicks&option1=author
http://scitation.aip.org/search?value1=A.+N.+Kocbay&option1=author
http://scitation.aip.org/search?value1=M.+E.+Flatt�&option1=author
http://scitation.aip.org/search?value1=T.+F.+Boggess&option1=author
http://scitation.aip.org/search?value1=K.+Holabird&option1=author
http://scitation.aip.org/search?value1=A.+Hunter&option1=author
http://scitation.aip.org/search?value1=D.+H.+Chow&option1=author
http://scitation.aip.org/search?value1=D.+H.+Chow&option1=author
http://scitation.aip.org/search?value1=J.+J.+Zinck&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.1929082
http://scitation.aip.org/content/aip/journal/apl/86/20?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/107/18/10.1063/1.4935044?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/107/18/10.1063/1.4935044?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/102/3/10.1063/1.2767385?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/90/2/10.1063/1.2430688?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/87/17/10.1063/1.2112193?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/83/25/10.1063/1.1635987?ver=pdfcov


Room-temperature electric-field controlled spin dynamics in „110… InAs
quantum wells

K. C. Halla!

Department of Physics and Atmospheric Science, Dalhousie University, Halifax, Nova Scotia B3H3J5,
Canada

K. Gündoğdu, J. L. Hicks, A. N. Kocbay, M. E. Flatté, and T. F. Boggess
Department of Physics and Astronomy and Optical Science and Technology Center, The University of Iowa,
Iowa City, Iowa 52242

K. Holabird, A. Hunter, D. H. Chow, and J. J. Zinck
HRL Laboratories, LLC, Malibu, California 90265

sReceived 8 March 2005; accepted 20 April 2005; published online 13 May 2005d

We report the demonstration of room temperature gate control over the electron spin dynamics using
the Rashba effect in as110d InAs/AlSb two-dimensional electron gas. Our calculations predict that
the strong spin–orbit interaction in this system produces pseudomagnetic fields exceeding 1 T when
only 140 mV is applied across a single quantum well. Using this large pseudomagnetic field, we
demonstrate low-power spin manipulation on a picosecond time scale. Our findings are promising
for the prospect of nonmagnetic low-power, high-speed spintronics. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1929082g

The prospect of semiconductor-based electronic tech-
nologies that would exploit electron spin1,2 has stimulated
considerable research effort in recent years into the
spin-related properties of semiconductor materials.2–18An es-
sential ingredient for such technologies will be fast, low-
power control over the electron spin state in the semiconduc-
tor. Spin manipulation schemes that do not require an
external magnetic field are attractive for integration into ex-
isting semiconductor technologies because they eliminate the
need to control stray magnetic fields or to manage the com-
plex materials issues associated with the incorporation of
magnetic contacts.

One promising approach to nonmagnetic spin control is
to exploit the Rashba effect,19 by which an electric field ap-
plied with a conventional gate contact is experienced by the
electron spins as an effective magnetic field through the
spin–orbit interaction. The torque from this controllable
pseudomagnetic field may be used to modify the electron
spin state within the semiconductor. The Rasbha effect is
utilized in a wide array of spintronic device concepts3–6,20

including several proposals for a spin field effect transistor
sspin FETd.3,4,20 In a spin FET, the spin state of electrons is
modified as they move between source and drain contacts. In
these applications, a large pseudomagnetic field is desirable
due to the short carrier transport time. The Rashba contribu-
tion to the electron spin splitting has been observed in a
variety of systems8–11 and the influence of the Rashba
pseudomagnetic fields on the electron spin relaxation time in
GaAs quantum wells was recently investigated.12,13

In this letter, we report the demonstration of room tem-
perature gate control over the electron spin dynamics using
the Rashba effect ins110d InAs/AlSb quantum wells. Our
results indicate that, due to the strong spin-orbit effects in the
InAs/AlSb system, the electron spin may be manipulated on
a picosecond time scale with a very low applied voltages140
mV for a single quantum welld. Using a 14-bandk·p nano-
structure model,14,15 we calculate momentum-dependent

pseudomagnetic fields of 1.1 T at this bias value. Our mea-
sured bias-dependent spin lifetimes are in good agreement
with our calculated lifetimes, and suggest that nonuniform
built-in fields limit the dynamics at zero bias in our struc-
tures. Our findings are promising for the development of fast,
low-power spintronic devices.

Time-resolved measurements of electron spin dynamics
in biaseds110d quantum wells provide a sensitive tool to
study nonmagnetic spin manipulation using the Rashba ef-
fect. This sensitivity derives from the structure of the
pseudomagnetic fields, which are generated by the spin–orbit
interaction in the presence of electric fields that destroy the
inversion symmetry of the crystal. These pseudomagnetic
fields are caused by:sid the internal electric fields associated
with the polar bonds in III–V semiconductors, often referred
to as bulk inversion asymmetrysBIA d; andsii d extrinsic elec-
tric fields introduced through asymmetric layer growth or the
application of an electric bias to a gate above the semicon-
ductor quantum wellsRashba effectd.2,14,22In the special case
of s110d-oriented quantum wells, the BIA pseudomagnetic
field is approximately in the growth direction for all electron
wave vectors, providing a natural quantization axis for elec-
tron spin.21 In the absence of Rashba effects, this preferred
quantization axis leads to suppression of precessional spin
relaxation for spins aligned with the growth direction.16,17,21

In contrast, the Rashba contribution to the pseudomagnetic
field lies in the plane of the quantum well with no single
orientation, and therefore leads to rapid spin relaxation by
inducing precession of growth direction-oriented spins. Since
the Rashba effects strongly dominate spin relaxation in this
case, one gains considerable insight into these effects
through studies of spin relaxation kinetics in biaseds110d
quantum wells.

The InAs/AlSb quantum wellssInAs: 215 Å, AlSb: 200
Åd were grown by molecular beam epitaxy on ann-type
s1016 cm−3d s110d-oriented GaSb substratefs±d0.1°g in a
Fisons VG-80 machine equipped with shuttered EPI group-
III evaporators and shuttered EPI valved group-V cracker
cells. To provide a sufficient optical response for pump probeadElectronic mail: kimberley.hall@dal.ca
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experiments, multiple quantum wells were grownsone
sample with 10 and one with 20 periodsd, with 1000 Å
p-doped s1019 cm−3d GaSb layers grown above and below
the quantum wells. The thick AlSb barrier layers and the
large conduction band offset between InAs and AlSbsdirect
offset: 2.1 eV; indirect offset: 1.4 eVd ensure that electrons
remain confined in the quantum wells under the full range of
bias values used in these experiments. The carrier recombi-
nation time measured using pump–probe techniques was 2–3
ns, indicating good quality quantum well growth. For bias-
dependent spin relaxation measurements, the quantum wells
were processed into square, 100mm mesas. After patterning
with photoresist, the InAs/AlSb quantum well layers were
removed using a combination of wet and dry etching, fol-
lowed by deposition of a nitride dielectric. Contact to the
doped GaSb layers was made through vias etched into the
nitride layer. The ring-shaped top contact provided optical
access to the quantum wells. The processed wafer was ep-
oxied to a sapphire window prior to wire bonding the mesas.

Our calculations of the quantum well absorption spec-
trum fFig. 1sadg indicate that absorption at the fundamental
band gap in these quantum wells is negligible due to the low
overlap between the electron and hole wave functions asso-
ciated with the type II band alignment of the InAs/AlSb
system. Absorption becomes significant only for photon en-
ergies accessing the hole continuum states above the hole
barriers in InAs. The experiments were therefore performed
under excitation from the hole continuum states to the first
conduction subband, as depicted in Fig. 1sbd. Results of non-
degenerate pump–probe experiments to measure the onset of
absorption into the hole continuum are shown in the inset of
Fig. 1sad, indicating a small shift of,60 meV to higher
energies relative to theory.

The electron spin dynamics were measured using
femtosecond polarization-resolved differential transmission
experiments involving 200 fs, 2.5mm pulses from a tunable
mid-IR optical parametric oscillator.17 The polarization state
of the probe pulse was varied between left and right circular
at 56 kHz using a photoelastic modulator, and the resulting
spin-dependent modulation in the probe transmission was de-
tected using a liquid N2-cooled InSb detector and a lock-in
amplifier. Spatial alignment of the mid-IR pump and probe
beams onto the mesa was achieved using a 50mm pinhole
and InSb detectors for spatial overlap, together with a collin-
ear visible alignment laser and a video microscope. The focal
spot of the pumpsprobed beam had a diameter of 50mm

s40 mmd, and the optically injected carrier density was
1017 cm−3.

The room temperature bias-dependent electron spin dy-
namics are shown in Figs. 2 and 3. The differential transmis-
sion signal under linearly polarized excitation is shown in the
inset of Fig. 2, indicating the long carrier recombination time
in these quantum wells.23 The data are shown normalized to
the degree of circular polarization at zero delay for clarity:
the initial degree of circular polarization is 20% ±5% for all
bias conditions, indicating that the selection rules for optical
excitation above the hole continuum are similar to bulk
InAs.18 The spin lifetime is shown as a function of bias volt-
age in Fig. 3sad, indicating a reduction by more than 70%sto
below 10 psd with the application of a modest electric field of
50 kV/cm, corresponding to a single quantum well bias of
140 mV. As the InAs/AlSb multiple quantum well structure
is nominally symmetric, the spin lifetime is expected to be
reduced at both positive and negative voltages because only
the magnitude of the in-plane component of the pseudomag-
netic field sinduced by the bias voltaged determines the spin
relaxation time in theses110d-oriented quantum wells,2,13,17

in agreement with the results in Fig. 3sad. However, the
asymmetric shape of the spin lifetime data versus applied
bias indicates that there are unintentional built-in fields
within the structure. The data in Figs. 2 and 3, which were
found to be reproducible over multiple cycles of the bias
voltage, were taken in the sample containing ten periods of
the multiple quantum well. Results for a 20 period structure
were similar. These findings demonstrate that we are able to
control electron spin through the Rashba effect at room tem-
perature in these InAs/AlSb quantum wells on a picosecond
time scale with a low applied voltage.

FIG. 1. sad Calculated absorption spectrum at 300 K of the InAs/AlSb
quantum well without optical excitationssolid curved, and for a pump-
injected carrier density of 531016 cm−3 sdashed curved, and 131017 cm−3

sdotted curved. Inset: Measured differential transmission spectrum at zero
delay, under excitation with 800 nm pulses and probing with a tunable
mid-IR pulse s2.63–3.18mmd at 300 K; sbd band edge diagram of the
InAs/AlSb quantum wells, showing the type II band alignment. The optical
transition corresponding to the absorption edge insad is indicated by the
vertical arrow.

FIG. 2. Measured spin polarization vs time delay between pump and probe
pulses at 300 K with no biasscirclesd and with an applied bias of 140 mV
per quantum wellstrianglesd. Solid curves show single exponential fits to the
data, with spin lifetime values of 27 and 8 ps, respectively. Inset: differential
transmission for linearly polarized excitation.

FIG. 3. sad Measured bias dependence of the spin relaxation time in as110d
InAs/AlSb multiple quantum well at 300 K;sbd theoretical spin lifetimes vs
bias calculated using a 14-band nonperturbativek·p nanostructure model;
scd hole photocurrent vs applied bias under the same conditions as the data
in sad.
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The calculated bias dependent spin lifetimes in the
InAs/AlSb quantum wells are shown in Fig. 3sbd. Our theo-
retical calculations give good agreement with the experimen-
tal voltage required to switch the spin lifetime below 10 ps.
A further reduction in spin lifetime is predicted for larger
bias values, which is desirable for a spin FET application to
provide a high drive current with a minimal channel length.3

Due to the type-II band alignment of the InAs/AlSb quan-
tum wells fFig. 1sbdg, our spin lifetime measurements were
limited to voltages smaller than 200 mV per quantum well
due to excessive photocurrent mediated by optically injected
holes.24 This is a limitation of the optical technique used here
to study the Rashba effect, and will not affect a spintronic
device application relying onelectron spin transport. We
note that the absence of a correlation between the size of the
hole photocurrentfFig. 3scdg and the spin relaxation time at
large bias values indicates that sample heating does not play
an important role in our experiments. Our theory predicts a
much longer lifetime at zero bias voltage than the maximum
observed value in Fig. 3sad of ,30 ps. We attribute this dis-
crepancy to nonuniform built-in electric fields within the
thick s,400 nmd multiple quantum well structure, which
was employed to provide a sufficient optical response for
pump probe studies. As shown in Fig. 3sbd, a nonuniform
built-in electric field with an average of 70 mV per quantum
well would be sufficient to account for the experimentally
observed lifetime. This value is also consistent with the
asymmetry in the data of Fig. 3sad. Such built-in electric
fields would be much easier to control in a device application
in which the spin transport channel would be a single quan-
tum well.

The high sensitivity of the spin relaxation time to the
applied electric field is due to the large Rashba effect in the
InAs/AlSb quantum well, which arises from the small band
gap and strong spin-orbit interaction in this material system.
In this case, a large in-plane pseudomagnetic field may be
induced with a small applied voltage. For example, for the
InAs/AlSb quantum well investigated in this work, our elec-
tronic structure calculations indicate that the pseudomagnetic
field induced by a gate voltage of 140 mV for a single quan-
tum well for carriers at the fermi energys30 meVd is 1.1 T.25

This extremely large pseudomagnetic field has allowed us to
switch the spin lifetime in the InAs/AlSb quantum wells
below time scales relevant for spin transport in a spin FET
sø10 psd at a practical temperature for device operations300
Kd. For comparison, in recent studies of spin relaxation in
s110d GaAs quantum wells,13 approximately twice the ap-
plied electric field was required to reduce the spin lifetime to
80 ps, reflecting the much weaker spin-orbit effects in GaAs
heterostructures. The large gate-controlled Rashba effect we
have observed is promising for developing low-power, high
speed spintronic devices. For example, for the nonmagnetic
spin transistor recently proposed,3 our findings suggest that
high-speed spin transistor operation will be possible at a
much lower threshold voltage than conventional CMOS
technology.26

In summary, we have demonstrated room temperature
gate control over the electron spin dynamics using the
Rashba effect in as110d InAs/AlSb multiple quantum well.

Due to the strong spin–orbit interaction and low band gap in
the InAs/AlSb system, large pseudomagnetic fields,1 T
may be induced with a low applied voltages140 mV for a
single quantum welld. Using this large pseudomagnetic field,
we have demonstrated low-power spin manipulation on a
picosecond time scale. Our findings support the implementa-
tion of nonmagnetic spin control using a conventional gate
contact in low-power, high-speed spintronic devices.
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