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Interface contributions to spin relaxation in a short-period InAsÕGaSb superlattice
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We describe measurements and analysis of the electronic spin relaxation in a short-period InAs/GaSb
superlattice. Intrinsic inversion symmetry breaking due to tetrahedral bonding at the superlattice interfaces
leads to spin relaxation over an order of magnitude greater than that expected from a continuum model. We
extract the inversion asymmetry of the bonding character at the two distinct interfaces in this superlattice and
describe how these~and future! measurements can be used to constrain fundamental interface parameters of
superlattice envelope-function models.
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Spin relaxation near room temperature in III-V heter
structures is dominated by a precessional mechanism o
nating from an effective internal~crystal! magnetic field.1–3

The rate of this spin relaxation depends on the magnitud
this internal field, which is in turn dependent on the sp
orbit coupling and the inversion asymmetry of the semic
ductor structure. In a general nanostructure, the invers
asymmetry originates from three principal sources: the c
stituent bulk semiconductors in the nanostructure~bulk in-
version asymmetry, or BIA!, the global configuration of ma
terials in the nanostructure~structural inversion asymmetry
or SIA!, and bonding at the interfaces between bulk const
ents that share no common atoms~native interface asymme
try, or NIA!. The interface bonding contribution is of particu
lar interest to those developing electronic structure model
superlattices, for NIA is a sensitive indicator of interfac
specific changes in the electronic structure. Thus system
which NIA dominates provide a unique window into the l
cal electronic structure of nanostructure interfaces.

The extent to which NIA dominates is still unknown fo
most heterostructures. In symmetric GaAs/AlxGa12xAs
quantum wells both SIA and NIA are negligible, and calc
lations based on BIA are very accurate.4 In single-interface
modulation-doped heterostructures, however, SIA and B
contribute comparably to the ground-state spin splittin5

The possibility of NIA in InxGa12xAs/InP quantum wells, its
dependence on interface contributions to envelope-func
models, and its contribution to spin relaxation was poin
out in Ref. 6. Later calculations,4 however, indicated tha
BIA dominates in the thick wells which have been measu
to date.3 To the authors’ knowledge, the present structure
the first system in which NIA has been experimentally det
mined to provide the dominant contribution to the spin
laxation.

The structure we consider is a thin-layer superlattice
InAs and GaSb. We find extremely rapid spin relaxation
this system, over an order of magnitude faster than that
dicted from the BIA contribution. The nominal repeating un
of 7 ML of InAs and 12 ML of GaSb has been characteriz
in detail by high-resolution X ray. We find SIA coming from
compositional gradients measured in similar superlattices
cross-sectional scanning tunneling microscopy7 does not
contribute significantly to the spin relaxation. With the ad
tion of a single quantity parametrizing the NIA contributio
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to the internal magnetic field the measured spin relaxa
can be well-fit over most of the data’s range of temperat
and excitation energy. Thus, in this system the NIA con
bution dominates. We conclude by describing the implic
tions for generalized superlattice envelope-function mod
from these measurements of spin relaxation.

The superlattice, which was grown by molecular-bea
epitaxy in an EPI 930 machine on an undoped GaSb s
strate, is comprised of nine 7 ML thick InAs layers inte
leaved with eight 12 ML thick GaSb layers. To provide a
equate thickness for optical measurements, ten repeats o
structure were grown with 200 Å thick AlSb strain
balancing barrier regions between them. This approach
sured coherent strain throughout the structure. Five-sec
antimony soaks were used after the growth of the InAs a
GaSb layers in an attempt to control the interfaces. X-
diffraction measurements taken in the^211& direction con-
firm that the quantum-well growth is coherently strain
with the substrate. The sample, which is not intentiona
doped, isp type with an estimated background impurity co
centration~from Hall measurements on related samples! of
1016 cm23. The structure has a room-temperature band
of 4.07 mm determined from continuous-wave photolum
nescence. The splitting between the band-edge heavy-
light-hole states is calculated to be 95 meV, indicating t
circularly polarized light will generate close to 100% spi
polarized distributions in the conduction band.

Degenerate pump-probe measurements were perfor
using the idler output of a mid-infrared optical paramet
oscillator ~OPO! that has been described previously.8 The
OPO, which is synchronously pumped by a mode-lock
Ti:sapphire laser operating at 76 MHz, produces 10-20 m
of tunable mid-infrared output in;120 fs~full width at half
maximum! pulses with a typical bandwidth of 18 meV. Th
output from the OPO is split into two: an intense beam us
to excite a nonequilibrium carrier population in the samp
(40 mm spot size! and a weaker beam used to probe t
change in transmission induced by the photogenerated c
ers (30 mm spot size!. The excitation density is estimated t
be 22531016 cm23. The normalized change in transmi
sion of the probe was measured as a function of delay, lat
temperature, excess optical energy, and optical polariza
states of the two beams. Because the sample band
changes with temperature, the wavelength of the degene
pump and probe were adjusted along with the sample t
©2001 The American Physical Society01-1
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FIG. 1. Examples of spin dependent differe
tial transmission for various lattice temperatur
and excess excitation energies. The solid lin
represent fits to the data using the model d
scribed in the text.
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perature. To differentiate between effects due to the sam
temperature and those due to excess optical energy, mea
ments were performed as a function of temperature fo
fixed excess energy and as a function of excess energy
fixed lattice temperature.

To evaluate the spin dynamics, measurements were
ducted with the pump and probe of the same-linear~SLP!,
opposite-linear~OLP!, same-circular~SCP!, or opposite-
circular~OCP! polarizations. The linear polarization configu
rations are insensitive to carrier spin, provide a measur
the total carrier population, and quantify the carrier scat
ing rates. They also allow us to identify coherent artifa
near zero delay and provide a useful comparison to the s
sensitive measurements based on excitation and probing
circularly polarized pulses.

Representative measurements of polarization-depen
differential transmission are shown in Fig. 1 for various l
tice temperatures and excess optical energies. In each
the initial differential transmission signal depends stron
on the polarization state of the optical pump and probe,
though all of the signals converge within 2 ps for tempe
tures between 80 K and 300 K. The OLP data indicate t
the optically generated carriers completely thermalize in l
than 0.5 ps, although the time to equilibrate with the latt
may be longer. For this structure, the OLP and SLP cur
~not shown! are identical within experimental error, indica
ing no measurable coherent artifact. This result is also s
ported by the fact that the average of the SCP and O
curves is, again within experimental error, identical to t
OLP curve. The SCP and OCP data are indicative of re
ation of an initially fully spin-polarized distribution into a
randomly polarized distribution on a time scale of a picos
ond or less.

Quantitative analysis of the spin relaxation from differe
tial transmission experiments is typically accomplished
assuming thermalization timesTth and equilibration times
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Tequil much more rapid than the spin relaxation timeT1. This
permits elimination of the spin-independent signal by fitti
the difference in the SCP and OCP data to a decay
exponential.9 In the present situation, however, an unusu
regime exists whereT1 is sometimes comparable toTth , and
Tequil is usually greater thanT1. In this regime we extractT1

using a general linear interaction analysis. Specifically,
model the data using the convolution of a response func
with the autocorrelation of the optical pulses. The short-ti
response function is taken to consist of the product of a
spin-independent exponential decay~characterized byTth)
and a spin-dependent signal that either decays~SCP! or rises
~OCP! exponentially to a constant value. Least-squares fit
the data to this model are shown by the solid curves in Fig
The model provides a very satisfactory fit for the SCP, OC
and OLP configurations for each data set, and we estim
the error in the extractedT1 andTth to be,5%. We extract
spin relaxation times of 850, 682, 328, and 163 fs for t
measurement results shown in Figs. 1~a!–1~d!. These short
T1 times are comparable to those reported for GaSb/A
(T15517 fs) and GaxAs12xSb/AlSb (T15420 fs) quan-
tum wells at room temperature.10 Note spin-flip times were
reported in Ref 10; spin-flip times are twiceT1.

The dependence of the spin relaxation time on lattice te
perature and excess optical energy is summarized in Tab
We saw no significant changes inTth andT1 upon reducing
the pump power. The data indicate that, for a given exc
optical energy, the spin relaxation time exhibitslittle, if any,
temperature dependence from 80 K to 300 K. This is illu
trated in Fig. 2~a!, which shows the spin relaxation time as
function of lattice temperature for excess optical energies
15, 25, and 35 meV. The lack of dependence on lattice te
perature would appear to be inconsistent with spin relaxa
through precessional decoherence of an electron gas in
mal equilibrium with the lattice, henceT1!Tequil . Figure
1-2
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2~b! shows, however, that the measuredT1 decreases signifi
cantly with increasing excess optical energy, reaching a t
scale comparable to the optical pulse autocorrelation at
cess energies of;60 meV. Such behavior is consistent wi
the strong energy dependence of the conduction-band
splitting.11

To model the spin relaxation rate we assum
Tth,T1,Tequil , and therefore the optically excited carrie

TABLE I. Measured spin relaxation time (T1) and carrier ther-
malization time (Tth) as a function of lattice temperature (TL) and
optical excess energy (DE). The wavelength of the degenera
pump and probe pulses isl. Errors inT1 andTth are,5%.

DE TL l T1 Tth

~meV! ~K! (mm) ~fs! ~fs!

13 300 3.90 972 213

15 260 3.77 808 225
220 3.65 944 142
178 3.55 1078 130
133 3.45 850 145
80 3.36 1069 74

19 300 3.83 682 247
25 300 3.77 389 289

178 3.45 473 174

35 300 3.65 338 285
178 3.36 328 138

45 300 3.55 262 193

55 300 3.45 183 140

65 300 3.36 163 107

FIG. 2. ~a! Dependence of spin lifetime,T1, on lattice tempera-
ture for excess optical energies of 15, 25, and 35 meV. The value
300 K and an excess energy of 15 meV is the linear interpolatio
the values for excess energies of 13 and 19 meV.~b! Dependence of
T1 on the excess optical energy of the pump and probe pulses
lattice temperature of 300 K. Also shown are theory without int
face contributions~dashed line! and with an antisymmetric interfac
contribution of 500 meV~solid line!.
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scatter quasielastically in a narrow energy range of sta
given by the optical pulse’s spectrum. The relevant crys
magnetic fields correspond to the crystal fields at those
ergies. Contributions from BIA are calculated as describ
previously.4 The results including BIA are shown on Fig
2~b!, and differ from the measurements by a factor of 3
Including SIA from typical compositional gradients7 changes
the results by;20%. The remaining discrepancy must com
from NIA. The origin of NIA is evident in Fig. 3. Different
bonding types at the two interfaces@Fig. 3~a!# generate in-
version asymmetry, but even if the bonding types at both
InAs-on-GaSb and the GaSb-on-InAs interfaces are the s
@e.g., InSb in Fig. 3~b!#, the bonds at the two interfaces a
rotated by 90° around~001!, and thus inversion asymmetric
Within an envelope-function formalism for superlattice ele
tronic structure the presence of these interface bonds ca
considered as an effective off-diagonal valence-band c
pling, directly mixing the heavy and light holes over a ha
monolayer thickness at the interface.6 Just as an ordinary
valence-band offset can be viewed within an empirical mo
as a quantity determined from experiment, the off-diago
valence-band coupling can be determined from the ab
spin relaxation time measurements. Using an antisymme
coupling of 500 meV, InSb bonds at one interface and Ga
bonds at the other, we find good agreement with experim
@shown in Fig. 2~b!#. The small deviations at higher energie
may be associated with carrier cooling (Tequil;T1), or with
probing the tail of a thermalized distribution. The value
500 meV is comparable to that estimated f
InxGa12xAs/InP quantum wells.6

If the interface bonding type were pure, say InSb-lik
then the parameter appropriate for InSb interfaces would

or
of

r a
-

FIG. 3. ~a! Asymmetric bonding character at the two interface
The shades indicate, in order of darkness, As, Sb, Ga, and
Dashed lines indicate the location of the interface bonds.~b! asym-
metric bonding orientation of In-Sb bonds at the two interfaces.~c!
CalculatedT1 as a function of antisymmetric (VA) and symmetric
(VS) HH-LH coupling at an excess energy of 25 meV.~d! Pairs of
VA andVS which fit the experimental data.
1-3
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determined. The interfaces here, however, are likely b
mixed—therefore an unknown linear combination of t
GaAs and InSb parameters is measured. Further mea
ments of spin relaxation in short-period superlattices, co
bined with direct characterization of the interface bonding12

will permit the disentangling of the contribution from GaA
like and InSb-like bonds. For this structure, however, sy
metric changes~same at both interfaces! to the HH-LH cou-
pling up to 600 meV only slightly reduce the require
antisymmetric coupling to fit the data. Shown in Fig. 3~c! are
calculatedT1’s for antisymmetric and symmetric coupling
for excess energy 25 meV at 300 K. Figure 3~d! shows the
pairs ofVA andVS which fit the data. As mentioned abov
compositional gradients characteristic of high-quality grow
of these structures, as well as whether the band edges a
interfaces are chosen to be those of InSb or GaAs bonds
a ;20% effect on calculatedT1’s, resulting in a;10% ef-
fect on the values of the HH-LH coupling extracted from t
theory-experiment comparison. We estimate a total un
tainty in theVA , VS pairs of 100 meV from these effects a
.

,
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well as experimental uncertainties in layer thickness a
T1’s.

Here a series of coordinated experiments and calculat
have been applied to a short- period InAs/GaSb superla
to determine the value of the HH-LH coupling at the inte
faces due to tetrahedral bonding coordination. For this s
tem the spin relaxation is dominated by contributions fro
the interface. The extracted value of 5006100 meV for the
asymmetric component~in the absence of a symmetric com
ponent! is comparable to that estimated for InxGa12xAs/InP
quantum wells. Studies along these lines can tightly c
strain atomistic calculations considering the influence of
terface structure on nanostructure electronic properties.
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