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Anisotropic spin dynamics of two-dimensional electrons in strained n-InGaAs/AlGaAs �110�
quantum wells �QWs� is investigated by a time-resolved Faraday rotation technique. Strong
anisotropy of the relaxation time for the electron spins in parallel ���� and perpendicular ���� to the
QWs is observed ��� /�� �60� at 150 K as a result of the enhanced D’yakonov–Perel’ �DP� spin
relaxation mechanism. At 5 K, an anisotropic feature of the spin relaxation time is also observed in
the presence of in-plane magnetic field, suggesting that the DP mechanism is effective for
low-temperature spin relaxation. © 2005 American Institute of Physics. �DOI: 10.1063/1.2112193�
Recently, spin-related phenomena in semiconductor
quantum structures have attracted much attention from both
viewpoints of physics and applications.1–4 In particular, spin
relaxation of conduction electrons has extensively been stud-
ied since it is a key factor for semiconductor spintronics
devices: spin relaxation time must be sufficiently long
for storage and processing of information encoded as spin
polarization.

In zinc-blende semiconductors, it is generally accepted
that the spin relaxation is governed by the D’yakonov–Perel’
�DP� mechanism in the high temperature regime.5–7 In this
mechanism, electron spins precess about the internal effec-
tive magnetic field Beff, which originates from the spin–orbit
coupling with bulk inversion asymmetry and thus depends
on the magnitude and the direction of the translational mo-
mentum p of electrons. In the case of two-dimensional elec-
trons �2DEs� confined in a quantum well �QW� potential, the
effect of the DP mechanism strongly depends on the growth
direction.8,9 In �110� QWs, for example, Beff orients in the
growth direction, while it lies in the QW plane for 2DEs in
�001� QWs. According to the theory,8 the spin relaxation
time of 2DEs is given by ���110�=4�s and ���110�=� for in
and out of the �110� QW plane, respectively, and ���001�=�s

and ���001�=�s /2 for in and out of the �001� QW plane, re-
spectively, where �s is the spin relaxation time proportional
to E1

−2T−1�p
−1 , E1 the quantized kinetic energy of electrons, T

the temperature, and �P is the momentum relaxation time.10

Experimentally, in the high temperature regime, ex-
tremely long �� has been observed in GaAs/AlGaAs �110�
QWs9,11 compared to the �100� QWs9,12 in accordance with

8
the above theory. On the other hand, in the low temperature
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regime ��40 K�, the DP mechanism is suppressed and
electron-hole exchange interaction13 is more likely to govern
the spin relaxation.9,14

When an external magnetic field Bext is applied, electron
spins start to precess about Bext: so far, long-retained spin
precession, which can be measured by time-resolved optical
techniques, has been proved a powerful tool to detect effec-
tive magnetic fields.15,16 It has recently been reported, how-
ever, that such an anisotropy ��� /��� modulates the motion
of electron spins in a complex manner in the high tempera-
ture regime where the DP mechanism is dominant.14 Al-
though a number of studies on spin relaxation in QWs have
been reported, only a few works have focused on the peculiar
spin relaxation anisotropy so far.14,17

In the present work, we studied anisotropic spin
relaxation processes of 2DEs in strained, narrow
n-In0.08Ga0.92As/Al0.4Ga0.6As �110� QWs by using a time-
resolved Faraday rotation �TRFR� technique. In order to en-
hance the effect of the DP mechanism in a wide temperature
regime, the samples are designed to have deep and narrow
QW potential and thus large E1, which decreases �s����� and
enhances the anisotropy ��� /��� in �110� QWs. We also em-
ployed n-doped QWs to suppress electron-hole exchange in-
teraction and have conduction electrons with finite kinetic
energy at low temperatures. We confirmed greater anisotropy
of the spin relaxation time in our QWs compared to the 20
nm-thick GaAs/AlGaAs �110� QWs,14 and observed an
anomalous motion of electron spins under an external mag-
netic field. In our samples with large anisotropy of spin re-
laxation, we also found that the DP mechanism is playing a

role even at low temperature of 5 K, while the electron-hole
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exchange interaction is more likely to govern the spin
relaxation in Ref. 14.

The samples studied here were grown by molecular
beam epitaxy. Ten periods of 5 nm-thick In0.08Ga0.92As QWs
separated by 10 nm-thick Al0.4Ga0.6As barriers were grown
on �001� and �110�-oriented semi-insulating GaAs substrates,
respectively. Each QW was doped with Si donors to a nomi-
nal density of �3�1011 cm−2 per QW. In TRFR measure-
ments, we employed a mode-locked Ti:Al2O3 laser to gen-
erate an optical pulse train ��110 fs, 76 MHz�. The center of
the photon energy was tuned at the heavy-hole exciton en-
ergy at each temperature �1.521eV at 150 K and 1.546eV at
5 K�. A normal-incident circular-polarized pump pulse �5
mW� excites spin-polarized electrons in the QW along the
growth direction. We recorded the Faraday rotation angle
�F��t� of a linear-polarized probe pulse as a function of a
time delay �t, which corresponds to the spin component
normal to the QW plane.

Figure 1 shows �F��t� measured at 150 and 5 K for both
�110� and �001� QW samples without applying in-plane mag-
netic fields. At the initial stage ��t�0.3 ns�, we observed
fast decay in �F��t� for both �110� and �001� QWs at 5 K,
which might not come from the spin relaxation of conduction
electrons but from some excitonic effect.13 Thus we evalu-
ated ���110� and ���001� by fitting the experimental data of
�F��t� for �t�0.3 ns with a single exponential decay func-
tion. At 150 K, we observed a large difference between
���110� and ���001� : ���110��2.3 ns, which is about 25 times
larger than ���001��90 ps. This is consistent with the previ-
ous experimental result in GaAs/AlGaAs QWs.9 At 5 K, we
also observed a distinct difference between ���110� and
���001� :���110��2.1 ns is about 10 times longer than ���001�
�0.22 ns. This indicates that the electron-hole exchange in-
teraction, which dose not strongly depend on the growth di-
rection, is suppressed even at low temperature because of the
existence of donor-induced background electrons.7,11,18

Instead, the DP mechanism is most likely governing the spin
relaxation even at the low temperature of 5 K.

In order to examine the anisotropic spin relaxation of
2DEs in �110� QWs, we applied an in-plane magnetic field

Bext along the �11̄0� direction. Figures 2�a� and 2�b� show
the Bext-dependence of �F��t� in the �110� QWs measured at
150 and 5 K, respectively. We first notice that with increas-

FIG. 1. TRFR angle �F��t� at 150 and 5 K for both �110� and �001� QW
samples at zero magnetic field.
ing Bext the decay of �F��t� becomes faster for both 150 and
aded 29 Aug 2011 to 130.34.134.250. Redistribution subject to AIP lic
5 K. Furthermore, we did not observe any oscillation in
�F��t� at 150 K when Bext�1 T, while we observed clear
oscillations at 5 K as Bext�0.3 T. This is not due to the
temperature dependence of the electron g-factor: At 3 T, for
example, the Larmor frequencies are nearly the same at 150
and 5 K.

By introducing the effective spin relaxation time
TS�Bext� , �F��t� can be expressed as

�F��t� = C0 · e−�t/TS�Bext� · cos��1/	�g
BBext�t� , �1�

where C0 is a constant, g is an element of the g-tensor ĝ
along Bext , 
B is the Bohr magnetron, and 	 the reduced
Plank constant. In the present case, however, the anisotropic
spin relaxation due to the DP mechanism is switched on with
applying Bext, and the fact that ����� should result in the
Bext-dependence of TS�Bext�. Figure 3 shows the
Bext-dependence of TS�Bext�, which is obtained from the data
in Figs. 2�a� and 2�b� by fits using Eq. �1�. At 5 K, rapid
decrease of TS�Bext� was observed at lower magnetic filed
Bext�0.1 T, while TS�Bext� decreases slowly with further in-
crease of Bext. On the contrary, TS�Bext� decreases slowly
with Bext at 150 K up to Bext=1 T, but then TS�Bext� becomes
almost constant as Bext�1 T.

To explain these peculiar features of the spin dynamics
in �110� QWs, we solved the equation of motion for electron

FIG. 2. TRFR angle �F��t� measured at different magnetic fields Bext at 150
K �a� and at 5 K �b� in �110� QWs. The inset shows the reproduced theo-
retical curves �solid lines� with the experimental results �open circles�.
spin S involving a strong anisotropy of spin relaxation, as
ense or copyright; see http://apl.aip.org/about/rights_and_permissions
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depicted in the inset of Fig. 3. Taking into account the aniso-
tropy of spin relaxation,14 the spin components normal �S��
and parallel �S�� to the QW plane under in-plane magnetic
fields are given by

�

�t
	 S�

S�


 = − 	�� − 



 ��


	 S�

S�


 , �2�

where 
=g
BBext /	 is the Larmor frequency, �� =1/�� and
��=1/�� are the spin relaxation rates. The solution for S� in
Eq. �2� is given by

S� = S0e−���+���t/2 · �C1e−��t + C2e��t� , �3�

where S0 is a constant, C1= ���−�� +��� /2��, C2= �−��

+�� +��� /2��, and �= ���−���2−4
2, respectively. When
Bext is large enough, i.e., �Bext�� �	 /g
B����−��� /2���0�,
Eq. �3� becomes equivalent to Eq. �1� with TS�Bext�
=2�1/��+1/���−1. At 150 K, it is reasonable to assume that
�� and �� do not depend on Bext because TS�Bext� is almost
constant at high Bext. Taking ��=2.3 ns, which is obtained
from the fitting at Bext=0, and �g� and �� as fitting parameters,
we fitted the experimental data in Fig. 2�a�. As shown by
solid lines in the inset of Fig. 2�a�, the fitted curves using Eq.
�3� reproduced the experimental results. Here, we obtained
�g�=0.16±0.01 and �� =0.035±0.005 ns, respectively. The
strong anisotropy ��� /�� �60� of the present sample, which
is about 6 times greater than that reported in 20 nm-thick
GaAs/AlGaAs�110� QWs,14 explains the absence of oscilla-
tion when Bext�1 T in Fig. 2�a�, where �Bext�
� �	 /g
B����−��� /2 and thus ��0 in Eq. �2�.

For the data at 5 K, the rapid decrease of TS�Bext� ob-
served at Bext�0.1 T in Fig. 3 clearly shows the presence of
spin relaxation anisotropy. We observed, however, the
Bext-dependence of TS�Bext� in Fig. 3 as Bext�0.1 T, where
Bext is high enough for spins to precess. While we cannot
fully reproduce �F��t� in Fig. 2�b� by using Eq. �3� as long
as �� and �� are assumed to be independent of Bext, we evalu-
ated the degree of anisotropy by applying Eq. �3� assuming
that �� is constant in moderated Bext��3 T�. Taking ��

=Ts�Bext=0�=2.1 ns, we obtained �g�=0.14±0.01 and ��

=0.15 ns at B =3 T and 0.45 ns at B =0.3 T by fitting,

FIG. 3. The magnetic field dependence of TS�Bext� in �110� QWs at 150 K
�open circles� and 5 K �filled circles�. Dashed curves are a guided for the
eye. The inset shows the illustration of motion for electron spin S involving
spin relaxation anisotropy under in-plane magnetic field.
ext ext
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respectively. It is probable that some fundamental parameters
such as �p become Bext-dependent and both �� and �� might
be modified for Bext�0.1 T. Although the spin relaxation
due to the electron-hole exchange interaction is suppressed
in our sample, as it is revealed by long Ts�Bext=0�=2.1 ns at
5 K, the possibility of having contributions from other
mechanisms at low temperatures cannot be ruled out com-
pletely. Nevertheless, it is hard to expect that the other spin
relaxation mechanisms except for the DP mechanism can
induce such an anisotropy of the spin relaxation �� /�� =4.5
−14 at 5 K, indicating that the DP mechanism is still playing
a role at this temperature regime.

In conclusions, the effect of spin relaxation anisotropy
was investigated in 5 nm-thick n-In0.08Ga0.92As/
Al0.4Ga0.6As �110� QWs. Because of the strong effect of the
DP mechanism, the motion of the electron spin was found
strongly modulated at both high �150 K� and low �5 K� tem-
peratures. The anisotropy of the spin relaxation time �� /��

reaches 60 at 150 K, which is about 6 times larger than that
in a 20 nm-thick GaAs/AlGaAs �110� QWs. We have also
observed anisotropic features of the spin relaxation at 5 K
due most likely to the DP mechanism. The presence of mag-
netic field dependence of the spin relaxation may be an in-
dication of modulation of parameters in the DP mechanism.

The authors wish to acknowledge K. Ohtani, M. Kohda
for useful discussions. This work was partly supported by
Ministry of Education, Culture, Sports, Science and Technol-
ogy �MEXT�, Japan Society for the Promotion of Science
�JSPS�, and 21st Century COE program “System Construc-
tion of Global-Network Oriented Information Electronics,”
at Tohoku University.

1Optical Orientation, edited by F. Meier and B. P. Zakharchenya �Elsevier,
Amsterdam, 1984�.

2H. Ohno, F. Matsukura, and Y. Ohno, JSAP International �Japan Society
of Applied Physics, Tokyo, 2002� Vol. 5, pp. 4–13, available at http://
www.jsapi.jsap.or.jp/

3Semiconductor Spintronics and Quantum Computation, edited by D. D.
Awschalom, N. Samarth, and D. Loss �Springer, Berlin, 2002�.

4D. Loss and D. P. DiVincenzo, Phys. Rev. A 57, 120 �1998�.
5M. I. D’yakonov and V. I. Perel’, Sov. Phys. JETP 33, 1053 �1971�; Sov.
Phys. Solid State 13, 3023 �1972�.

6H. A. Clark, R. D. Brunham, D. J. Chadi, and R. M. White, Phys. Rev. B
12, 5758 �1975�.

7J. M. Kikkawa and D. D. Awschalom, Phys. Rev. Lett. 80, 4313 �1998�.
8M. I. D’yakonov and V. Yu. Kachorovskii, Sov. Phys. Semicond. 20, 110
�1986�.

9Y. Ohno, R. Terauchi, T. Adachi, F. Matsukura, and H. Ohno, Phys. Rev.
Lett. 83, 4196 �1999�.

10Throughout this Letter the notation �� and �� are used for the spin relax-
ation time of parallel and perpendicular to the QW, respectively, according
to Ref. 8.

11T. Adachi, Y. Ohno, F. Matsukura, and H. Ohno, Physica E �Amsterdam�
6, 36 �2001�.

12Y. Ohno, R. Terauchi, T. Adachi, F. Matsukura, and H. Ohno, Physica E
�Amsterdam� 6, 817 �2000�.

13G. L. Bir, A. G. Aronov, and G. E. Pikus, Sov. Phys. JETP 42, 705
�1976�.

14S. Döhrmann, D. Hägele, J. Rudolph, M. Bichler, D. Schuh, and M.
Oestreich, Phys. Rev. Lett. 93, 147405 �2004�.

15G. Salis, D. D. Awschalom, Y. Ohno, and H. Ohno, Phys. Rev. B 64,
195304 �2001�.

16H. Sanada, S. Matsuzaka, K. Morita, C. Y. Hu, Y. Ohno, and H. Ohno,
Phys. Rev. B 68, 241303 �2003�.

17K. Morita, H. Sanada, S. Matsuzaka, C. Y. Hu, Y. Ohno, and H. Ohno,
Physica E �Amsterdam� 21, 1007 �2004�.

18J. M. Kikkawa, I. P. Smorchkova, N. Samarth, and D. D. Awschalom,
Science 277, 1284 �1997�.
ense or copyright; see http://apl.aip.org/about/rights_and_permissions


