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Room-temperature electron spin relaxation in bulk InAs
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Polarization-resolved, subpicosecond pump–probe measurements at a wavelength of 3.43mm are
used to determine the electron spin relaxation timeT1 in bulk InAs at room temperature. The
measuredT1 of 1964 ps is in excellent agreement with the theoretical value of 21 ps, which is
obtained from a nonperturbative calculation based on the D’yakonov–Perel’ mechanism of
precessional spin relaxation@M. I. D’yakonov and V. I. Perel’, Sov. Phys. JETP38, 177 ~1974!#.
© 2000 American Institute of Physics.@S0003-6951~00!03735-9#
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Modern electronics relies upon the principle of contr
ling electronic charge in semiconductors for information p
cessing. Recently, however, there has been intense intere
using another fundamental electronic property, specific
spin, to design novel electronic devices and circu
~‘‘spintronics’’!.1–5 The successful controlled electrical in
jection of spin packets into semiconductors could lead t
variety of important new devices, including semiconduct
based magnetic memories and spin-sensitive transistors
diodes. Spin dynamics have also drawn much attention
cently due to the broad proposal that physical realization
quantum computer bits~or qubits! might be achieved in
semiconductors using coherent superpositions of carrier s
Such potential applications have generated considerable
search activity focused on the injection of spin-polarized c
rents from ferromagnetic metals or spin filters in
semiconductors.3,6–9

Spin dynamics in semiconductors have been studied
tensively, with the majority of work focusing on either bu
or, more recently, heterostructures of GaAs. Early resea
relied on the continuous-wave, polarization-resolved m
surement of photoluminescence from these structures.10–16

More recent time-resolved studies have shown, however,
the continuous-wave measurements are unreliable du
multicomponent decay processes that may be present
sample-to-sample dependence of the initial degree of
polarization.17 Time-resolvedphotoluminescence, based o
either the application of streak cameras18–20or upconversion
techniques,17,21 has been used to determine the degree
initial spin polarization and the time dependence of the
larized component of emission from an optically genera
and spin-polarized carrier distribution. Alternatively, tim
resolved differential transmission22–27or reflection28,5,29have
been used to probe the spin-polarized electronic distr
tions. In both cases, these techniques have been widely
plied in the near infrared, with the focus in most instanc
being on GaAs-based heterostructures. In contrast, little
tention has been directed toward spin dynamics in In
even though it may well play a critical role in the future
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spintronics. This may be in part due to the narrow band g
of InAs, which dictates the need for mid-infrared ultrafa
spectroscopy of the spin dynamics.

At this stage it is not at all apparent what device desig
will emerge for the various applications of semiconduc
spin control or what specific material systems will form t
basis of these devices. However, the InAs material sys
has several positive properties that may prove important
future spintronic devices. The presence of a surface stat
InAs allows for contact with metallic materials without
significant Schottky barrier. This makes InAs a strong pot
tial candidate for applications utilizing spin injection from
ferromagnetic metals.30,31 InAs is also well suited for high-
speed electronics, due to its large electron mobility.32 It is
roughly lattice matched to GaSb and AlSb, which have v
large band offsets with InAs, allowing a variety of interes
ing device structures to be designed from these three m
rials and their alloys. For example, the InAs/AlSb hete
junction offers an extremely large electron barrier, which c
be used to produce large peak-to-valley current ratios
resonant tunneling and resonant interband tunne
diodes.33,34 The controlled injection and transport of sp
packets in these structures could lead to high-speed, s
sensitive electronic devices.

Whereas the electronic injection of spin-polarized pop
lations in semiconductors remains a challenging and imp
tant research problem, the optical injection of such popu
tions in quantum confined and/or strained III–
semiconductors can be achieved with sources in the ap
priate spectral region. In such semiconductors, the light-
heavy-hole bands are split, and selection rules dictate
optical excitation with circularly polarized light tuned ne
the band edge will produce highly spin-polarized populatio
of electrons and holes. On the other hand, the optical in
tion of fully spin-polarized carriers inbulk III–V semicon-
ductors is not possible due to the degeneracy of the light
heavy-hole states atk50. Nevertheless, partially spin
polarized distributions can still be created and probed a
consequence of the different transition strengths associ
with heavy-hole and light-hole to conduction band tran
tions. We note that the spin relaxation observed in undo
bulk III–V semiconductors at room temperature is expec
to be associated with electrons, as the fourfold degenerac
il:
3 © 2000 American Institute of Physics
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the valence band atk50 and the large spin splitting tha
occurs away from the zone center are expected to resu
extremely rapid decay of the hole spin polarization.

In a time- and polarization-resolved differential tran
mission measurement, a spin polarized carrier populatio
created with, e.g., a left circularly polarized (s2) pump
pulse. The relative density of the optically generated spin
(n↑) to spin-down (n↓) electrons is 3:1, owing to the form
of the matrix elements for heavy-hole and light-hole int
band transitions in III–V semiconductors. Thus, the result
generated conduction spin polarization isP5(n↑
2n↓)/(n↑1n↓)50.50. If there is a background densitynB

of unpolarized electrons in the sample, the spin polariza
would be less than 50%,P50.5/(11nB /n0) for an optically
generated electron densityn0 . The change in transmission o
the probe is dictated by both the densities (n↑,n↓) and the
matrix elements. For small signals, the measured differen
probe transmission is proportional to the change in abs
tion coefficientDa, which for low densities is proportional to
the optically generated carrier density. As2 probe will
therefore experienceDa2}3n↑1n↓, while a right circu-
larly polarized (s1) probe will experienceDa1}3n↓
1n↑. Hence, one would anticipate a maximum sp
polarized signal of (Da22Da1)/(Da21Da1)50.25. For
a background carrier density, the maximum signal is redu
to 0.25/(11nB /n0).

We describe measurements of the spin relaxation t
T1 associated with optically injected, spin-polarized ele
trons in bulk InAs at 300 K and the comparison of the
results with calculations ofT1 based on the D’yakonov–
Perel’ mechanism.35 Polarization-resolved, subpicosecon
resolution, differential transmission measurements were
formed using pulses from a mid-infrared, ultrafast, opti
parametric oscillator~OPO!.36 The system produces pulse
of less than 200 fs duration tunable in the range of 2.7–
mm ~idler! and 1.0–1.18mm ~signal!. For these measure
ments, the OPO idler was tuned to 3.43mm, near the 300 K
bulk InAs band edge. The sample was excited using eith
linearly or circularly polarized pump pulse to produce eith
an unpolarized or partially spin-polarized carrier distributio
The optical excitation is estimated to produce a carrier d
sity of 231016cm23. The photogenerated population w
interrogated by measuring, as a function of time delay,
transmission of a degenerate and much weaker probe p
which was either of the same circular polarization~SCP!,
opposite circular polarization~OCP!, or opposite linear po-
larization ~OLP! relative to the pump. The InAs sample
not intentionally doped butn type with a measured electro
mobility of 2.63104 cm2/V s and an estimated backgroun
electron density of 231016cm23. The sample was bonded t
a c-cut sapphire crystal and mechanically lapped and p
ished to a thickness of approximately 3mm. This, and the
use of a probe that was more tightly focused than the pu
ensured interrogation of a nearly uniform distribution of ph
togenerated carriers.

The results of these measurements are shown in Fi
for SCP, OCP, and OLP configurations. The data are c
acterized by three distinct features. In all cases there
transient increase in transmission that is initiated and dec
in less than 1 ps. We attribute this to thermalization of
in

is

p

-
g

n

al
p-

-

d

e
-

r-
l

.5

a
r
.
-

e
se,

l-

p,
-

1
r-
a

ys
e

optically injected carriers, hole spin relaxation, and to coh
ent artifacts associated with gratings written by the pump
probe for delays near zero. This feature is shown clearly
the inset. A second feature is a quasisteady-state increa
transmission for delays greater than 40 ps that is identica
all three configurations. This we attribute to band filling a
sociated with a randomly spin-polarized carrier distributio
The final feature is a clear distinction among the SCP, O
and OLP data that occurs during the first 40 ps after exc
tion. In this delay region, the OCP data initially fall belo
and then slowly rises to the steady-state value. Both the S
and OLP data decay to the steady-state value, with the O
data decaying more rapidly.

The SCP and OCP data are characteristic of the ev
tion of a partially spin-polarized carrier distribution into
randomly polarized distribution,24–27while the OLP data are
consistent with expectations for an initially unpolarize
population. The distinction between the SCP and OCP d
is not nearly as dramatic as measured typically for quan
well structures.24–27 This is a consequence of both the ligh
hole/heavy-hole degeneracy and of the background elec
density. The measured initial spin-polarized sign
~SCP2OCP!/~SCP1OCP!, is approximately 15%. This is
consistent with the value of 12.5% expected for equal de
ties of background and optically generated electrons.

The difference in the SCP and OCP signa
(SCP2OCP) is shown in Fig. 2 for delays in excess of 1 p
a range for which the measurements are unaffected by co
ent artifacts. The (SCP2OCP) data, which are not sensitiv
to the unpolarized component of the carrier population,
characterized by a single exponential decay with a time c
stant of 19 ps, as illustrated by the solid curve in Fig. 2.
uncertainty in this result of64 ps is obtained by considerin
the error associated with fits to multiple similar data sets

As a result of fast hole spin relaxation, the observ
signal (SCP2OCP) is proportional to the spin polarizatio
of the electrons and decays with a time constantT1 . If a
simple incoherent two-level model is used, the timeT1 is
half the spin flip time. At room temperature, however,T1 is
expected to be dominated by the D’yakonov–Per
mechanism,35 which is a collective precessional mechanis

FIG. 1. Time-resolved differential transmission as a function of delay
tween pump and probe pulses for bulk InAs at 300 K. The three curves
in order of increasing amplitude at early delay times, the OCP, OLP,
SCP signals. The inset shows an expanded view near zero delay.
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The origin of the precession is a splitting of the conduct
band ~due to spin-orbit coupling and inversion asymmet!
that results in an effective,k-dependent magnetic field. Be
tween collisions, spin precession around this pseudofield
sults in decay of the macroscopic spin polarization. Since
effective magnetic field is proportional to the cube of t
electron momentum in zincblende semiconductors,
mechanism is particularly effective at room temperature.

We have performed calculations ofT1 in InAs at 300 K
using both perturbative35,37 and nonperturbative values fo
the spin splitting. Both calculations, assuming a charged
purity scattering mechanism and a momentum relaxa
time of 0.34 ps, result in aT1 of 21 ps, which is in excellen
agreement with the measured results. The momentum re
ation time is determined from the known 300 K mobility an
the electronic effective massm* 50.023m0 .38 The nonper-
turbative calculation is based on a 14-bandk"p band struc-
ture that includes two conduction~antibonding! s states, six
valence~bonding! p states, and six antibondingp states.39

This restricted basis is the minimum required to gener
nonperturbatively both the cubic anisotropy and the inv
sion asymmetry of the zincblende semiconductors. The sm
spin splitting in the conduction band, which leads to sp
relaxation, emerges nonperturbatively from this multiba
calculation. The lowest-order term~cubic! in the spin split-
ting (DE) of the conduction band calculated near zone c
ter is the perturbative expression. The magnitude of the s
splitting energy along the~110! direction isDE5gk3, where
g5103 eV Å3.38

In summary, we have used a mid-infrared, subpicos
ond, OPO and polarization-resolved pump–probe meas
ments to determine a room-temperature spin relaxation t
T1 of 1964 ps for bulk InAs. The measured results are
excellent agreement with both perturbative and nonpertu
tive calculations based on the D’yakonov–Perel’ mechani
The results are expected to be important in the considera
of future spin-sensitive electronics based on either bulk In
or InAs-related heterostructures.
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FIG. 2. Difference between the SCP and OCP signals as a function of d
between the pump and probe. The smooth curve is a decaying monoe
nential fit that yields a spin relaxation time of 19 ps.
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