Effect of electron spin-spin exchange interaction
on spin precession in coupled quantum well
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Electron spin-spin interaction in an asymmetric coupled quantum well (CQW) was investigated
through electron spin-precession measurements. Precession (Larmor) frequencies from electrons
localized in two CQWs were measured by means of polarization- and time-resolved
photoluminescence measurements under a high magnetic field. At a low excitation power density,
the Larmor frequency of the CQW was same as that of a single quantum well. The Larmor
frequency of electron spin in one well was shifted to that in the other well as the excitation power
density was increased. These experimental results are quantitatively explained by an exchange
interaction between electrons localized in the two wells. © 2011 American Institute of Physics.

[doi:10.1063/1.3622324]

. INTRODUCTION

Recently, there has been a growing interest in electron-
spin-related phenomena in semiconductor structures with
respect to their scientific and technological potential. In fact,
the utilization of spin degrees of freedom in semiconductors
is paving the way toward quantum information technologies,
including quantum computing, which assigns quantum bits
(qubits) to the quantum states of localized electron spin,l_6
and quantum media conversion from photon polarization
qubits to electron spin qubits.”* These studies on electron
spin in semiconductors appear to be motivated by three lines
of reasoning: First, the spin up-down states can be treated as
a simple two-level system. Second, the spin coherence time
is several orders of magnitude longer than that of an optical
dipole in semiconductors. Third, the spin orientation is con-
trollable and detectable with well-established optical meth-
ods. These possibilities make the electron spin attractive as a
qubit.

When considering the application of the spin degree of
freedom to qubits, the interaction between electron spins,
that is, the spin-spin interaction, becomes a key factor. This
is because the spin-spin interaction is indispensable to quan-
tum logic gates.”” On the other hand, the spin-spin interac-
tion may destruct quantum states stored in spin memories.
However, there have been few reports”'® on the electron
spin-spin interaction in semiconductors, and the issue has yet
to be investigated precisely. Physical understanding of the
spin-spin interaction parameters, such as its energy and
effective range is still insufficient for practical manipulation
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of g-bits in quantum computers. For applications in practical
devices it is crucial to adequately elucidate the spin-spin
interaction in semiconductor nanostructures. In order to eval-
uate spin-spin interaction, control of coupling between two
spin systems must be achieved. When electron spins local-
ized in quantum dots (QDs) are considered to be two spin
systems for the spin-spin interaction measurements,” control-
ling the coupling between two QDs is not easy because of
technological difficulty of position adjustment. In the study
of intersubband excitonic interaction,'” overlap of the first
and second-subband exciton wave functions cannot be
changed. Systematic evaluation of spin-spin interaction in
quantum wells (QWs) is important for controlling the elec-
tron spin g-factor though the spin-spin interaction, which
should be useful for spin-related application technologies
such as quantum media conversion in QWs.”*®

The purpose of the present study is to clarify physics of
the spin-spin interaction of two electron systems in asym-
metric coupled quantum wells (CQWs), and thereby, reveal
its physical origin. By changing the well width, separation,
and barrier height in the CQW, its energy levels, overlap of
the electronic wave functions, and g-factors of electron spins
confined in two wells can be controlled.''™"* This results in
that energy separation, coupling strength between two elec-
tron systems, and spin precession frequency are able to be
adjusted. Thus, it is effective to evaluate fundamental param-
eters related to the spin-spin interaction by investigating op-
tical properties of CQW sample. In a series of experiments,
the Larmor frequencies of the two electron systems were
separately measured using time-resolved photoluminescence
(PL) measurements''™'* under a high magnetic field; the
temporal changes in the optical polarization induced by the
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spin precession were observed. A shift in the Larmor fre-
quency was observed as the electron density was increased.
Theoretical analyses considering the effective magnetic field
caused by the spin-spin interaction were conducted on the
basis of the density matrix method. Comparisons between
experimental and theoretical analyses demonstrated that the
spin-spin exchange interaction quantitatively accounts for
the shift in the Larmor frequency of the electron spin.

Il. EXPERIMENTAL DETAILS

In the present study, we used a GaAs/AlGaAs coupled
quantum well (CQW) and single quantum wells (SQWs)
grown by molecular beam epitaxy (MBE). Structures of
CQW and SQWs are schematically shown on the right-hand
side of Fig. 1(a) and (b), respectively. In the CQW sample,
each QW consists of an unintentionally doped (<10'® cm ™)
GaAs well and Aly GagoAs barrier layers grown on a (001)
GaAs substrate. The thicknesses of the two well layers and
the barrier layer between them are 10, 15, and 11 nm, respec-
tively. For control experiments, we also investigated unin-
tentionally doped (<10'® cm™?) GaAs/Alj ;GagoAs SQWs
with a well width of 10 or 15 nm grown on a (001) GaAs
substrate. These SQWs are separated by an Al ;Gag 9As bar-
rier layer with a thickness of 50 nm. Polarization- and time-
resolved PL measurements''~'* were carried out to observe
the electron-spin precession under a high magnetic field in
Voigt configuration at 4 K. In the experiment, the QW sam-
ples were irradiated by a Ti-doped sapphire laser with a pho-
ton energy of 1.764 eV. The duration and repetition rate of
the laser pulses were 2 ps and 80 MHz, respectively. The lin-
early polarized laser pulses were converted to circularly
polarized pulses (¢ or ¢) using a quarter-wave plate, after
which the circularly polarized laser pulses illuminated the
samples for selective excitation of spin-polarized electrons.
The circularly polarized components in the PL signal emitted
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FIG. 1. (Color online) PL spectra from (a) CQW and (b) SQW. Solid
(black), dashed (red), dotted (green), and dotted and dashed (blue) curves
indicate spectra with excitation power densities of 48, 240, 480, and 890 W/
em?, respectively. Each spectrum is normalized by the peak intensity of the
LC mode or LS emission. Schematic sample structures are depicted on the
right-hand side of each spectrum.
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from the samples were selectively measured using a quarter-
wave plate and a polarizer. The temporal changes in the in-
tensity of the circular components were measured with a
streak camera (Hamamatsu C5680).

Figure 1 shows PL spectra of (a) CQW and (b) SQWs
measured with the streak camera in the absence of a mag-
netic field. The PL spectra are obtained by integrating the
temporal change in the PL signal during 1.5 ns after photoex-
citation. The emission peak around 1.515 eV is an emission
from the GaAs buffer layer. The other two peaks in Fig. 1(a)
are emissions of a higher (HC) and a lower (LC) mode of
CQW. In the same manner, the two peaks in Fig. 1(b) are
emissions from SQWs with a well width of 10 nm (HS) and
15 nm (LS). The emission photon energies of the HC and LC
modes are almost the same as those of the HS and LS emis-
sions, respectively. We designed the CQW structures such
that the HC and LC modes are localized at the 10 and 15 nm
QW. Therefore, the emission photon energy is observed at
that of the corresponding well width. We also kept the bar-
rier width sufficiently thin to observe the spin-spin interac-
tion between the HC and LC modes. This condition caused a
suppression of the PL intensity of the HC mode compared to
the LC mode. However, the PL intensity of the HC mode is
sufficiently strong for the spin-precession measurements.
The PL spectra for the HC mode are observed as distinct
peaks; the peak width of the LC mode under the highest ex-
citation power (excitation density of 10''cm~2) is almost the
same as that under low excitation.

By increasing the magnetic field, we have observed an
oscillation in the temporal evolution of the intensity differ-
ence between the circular components ¢ and ¢~ reflecting
the electron-spin precession as shown in Fig. 2. The excita-
tion power density was varied from 48 to 890 W/cm?>. The
oscillation frequency of HC mode seems to shift to that of
LC mode with increasing the excitation power density. To
clarify this frequency shift precisely, the time-domain signal
was converted by Fourier transform (FT) to a frequency-
domain signal. The excitation power dependence of the FT
spectra under a magnetic field of 2 T for (a) the LC mode,
(b) the HC mode, and (c) the HS emission are shown in
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FIG. 2. (Color online) Time evolution of the PL intensity-difference
6" — ¢~ of (a) LC mode and (b) HC mode. Thin (black) and thick (blue)
curves indicate excitation power densities of 48 and 890 W/cm?, respec-
tively. Each signal is normalized by the peak value.
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Fig. 3. The peaks in the FT spectra correspond to a Larmor
frequency of the spin precession. The Larmor frequency of
the LC mode was same as that of the LS emission and was
independent of the excitation power density as shown in
Fig. 3(a). In Fig. 3(b), the Larmor frequency of the HC mode
at a low excitation power was almost the same as that of the
HS emission in Fig. 3(c). Although the Larmor frequency of
the HS emission was independent of the excitation power
density, that of the HC mode was shifted toward that of the
LC mode as the excitation power density increased.

lll. THEORETICAL ANALYSIS

To discuss the dependence of the Larmor frequency on
the excitation power density observed in our measurements,
we take into account the Zeeman energy under an external
magnetic field B,,, = (B.y,0,0), where the z-axis is parallel
to the direction of quantum confinement, and an effective
magnetic field Bfﬁc caused by an electron system f in our the-
oretical calculations. The Hamiltonian used in the calcula-
tions for an electron system o is

H' = 1S (Boy + Bl ). M

Here, pj is a Bohr magneton. When we calculated the elec-
tron spin state in the HC mode, we adopted this mode as the
system o and the LC mode as the system f. In an opposite
manner, the LC and HC modes were adopted as the systems
o and f, respectively, for calculating the electron in the LC
mode. g% is a transverse g-factor of the electron in the sys-
tem o. The value of the transverse g-factors for the HC and
LC modes used in this calculation are g/ = —0.26 and
gh¢ = —0.34, respectively. S = (1/2)e is an electron-spin
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FIG. 3. (Color online). FT spectra of the measured spin precession signals
of (a) LC mode, (b) HC mode, and (c) HS emission. Solid (black), dashed
(red), dotted (green), and dotted + dashed (blue) curves indicate excitation
power densities of 48, 240, 480, and 890 W/cmz, respectively. Each spec-
trum is normalized by the peak intensity.
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operator given by a Pauli matrix, 6. Bfff is the effective mag-
netic field caused by the electron spin—spin interaction in
system f5. In this calculation, we assumed that the direction
of the effective magnetic field is determined by an expected
value of the electron spin averaged over the electron system
B, (S¥) = Tr[p’S]. Here, p’ is a density matrix for the elec-
tron system f. The magnitude of the effective magnetic field
is considered to be proportional to a two-dimensional (2D)
density of the electrons in the system f, Nf. The ratio of the
2D density of the electrons in the HC and LC modes is
assumed to be N'C:NLC =1:6, considering the experi-
mental intensity ratio averaged over the time domain.

The temporal evolution of density matrices for the elec-
tron system o, p*, was calculated by

d o 1 o o

7° = [0, "]+ T (2)
Here, 7 is Planck’s constant and I' is a spin coherence and a
carrier relaxation term. The spin relaxation rate is assumed
to be proportional to the difference in the electron density
n} — n} with a spin lifetime of t{. The carrier relaxation rate
is proportional to the electron densities n} and n{ with a car-
rier lifetime of t*. The spin lifetime 7%, which is 500 ps for
both the HC and LC modes, was obtained from our experi-
mental results. The carrier lifetime t* for the HC and LC
modes used in this calculation were 240 and 470 ps, respec-
tively, based on our experimental results. Substituting the
Hamiltonian of Eq. (1) into the motion equation of Eq. (2),
three differential equations are obtained. Note that to calcu-
late the electron density in the system o, the anti-diagonal
elements in the system f§ are necessary. Therefore, we solved
six coupled equations based on Egs. (1) and (2).

For comparison with experimental results, we performed a
Fourier transformation (FT) of the calculated time traces. Figure
4 shows calculated FT spectra for the electron in Fig. 4(a) the
HC mode and Fig. 4(b) the LC mode under an external mag-
netic field B,,, of 2 T. The ratios of the effective magnetic field
to the external magnetic field R* = |B§ﬁf| /|Bex| used in this cal-
culation were 0.068 (solid line), 0.34 (dashed line), 0.68 (dotted
line), and 1.26 (dotted and dashed line) for the HC mode and
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FIG. 4. (Color online). Calculated FT spectra of (a) LC and (b) HC mode
emissions. The ratio of the effective to the external magnetic field, R*, is
indicated near each spectrum. Each spectrum is normalized by the peak
intensity.
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0.0086 (solid line), 0.043 (dashed line), 0.086 (dotted line), and
0.16 (dotted and dashed line) for the LC mode. We assumed
that the magnitude of the effective magnetic field was propor-
tional to the 2D density of the electrons in the system 3, Nf. We
increased the total 2D density of excited electrons N in corre-
spondence with the experimental excitation power density ratios
of 48 W/cm*:240 W/ecm?:480 W/cm*:890 W/em® = 1:5:10:19.
The peak frequency of the FT spectra (Larmor frequency) is in-
dependent on the effective magnetic field for the LC mode as
shown in Fig. 4(a). The Larmor frequency in the HC mode
shifted from that in the HS emission to the LC mode as the
effective magnetic field increased, as shown in Fig. 4(b). These
dependencies of the Larmor frequency on the effective magnetic
field, which correspond to those on the excitation power density,
were similar to our experimental results.

IV. DISCUSSION

Here we consider that an electron spin-spin interaction
between the electron systems o and f§ is the physical origin
of the effective magnetic field, and discuss the order of the
contribution of the spin-spin interaction. We assumed that
the main contributor to the spin—spin interaction is the
exchange interaction and estimated the magnitude of this
interaction in our experiments.

Under a Hartree-Fock approximation, the average
exchange interaction energy for three-dimensional (3D) GaAs
bulk'” using an electron 3D density of #” in the system f is

3 ¢? 3\
By _ - = [
() = 47A 4me /(47mﬁ> ' ©)
Here, e is an electron charge, ¢ is a permittivity of GaAs, and
A= (4/97)"3.

In an estimation of the exchange energy for CQW
experiments, the exchange energy of the electron in the sys-
tem o affected by the system 5 was calculated using the
exchange interaction energy of the system f3, &, (nﬁ ), and the
overlap rate of a probability distribution of the electron in
each system P*:

E% = o (nf) P, (4a)

pi _ f|¢“(x)|2|(pﬁ(x)|2dx.
[ 198 (x)]*| 0P (x)] dox

¢*(x) and ¢”(x) are wave functions in the CQW for each sys-
tem, which is calculated by one-band approximation. When
distributions of electrons of system o and [ are completely
overlapped, P* = 1. In this case, the exchange energy of an
electron in the system o correspond to the average exchange
interaction energy in the system B [i.e., E% = &.(n)]. On
the other hand, P* = 0 when they are completely different
from each other. Thus, the exchange energy of an electron in
the system o affected by the system f becomes E7 = 0. In
this calculation we roughly approximate that the E%_ is propor-
tional to the P* when distribution of the electrons in each sys-
tem is partly overlapped as described in Eq. (4a).
PHC >~ pLC = 3 % 107% is obtained from calculated @*(x)

(4b)
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and ¢”(x). The ratio of the electron 2D densities in the HC
and LC modes are assumed to be NC : N/C =1 : 6, consid-
ering the PL intensity in our experiments. From the one-band
approximation calculation, the distribution volume of elec-
trons in the HC and the LC modes is proportional to the well
width. Thus, the ratio of the electron 3D density for each
mode is assumed to be n/’C : ntC =1 : 4,

In our experiments, the Larmor frequency starts to shift
when the excitation power density is around 240 W/cm?.
This excitation power corresponds to the excited electron 3D
density per one pulse of n ~ 1 x 10"7cm™3. Here, the repeti-
tion rate of the excitation laser (i.e., 80 MHz) is considered.
The absorption length of GaAs is assumed to be 1 um. Using
the electron 3D density of n =~ 1 x 10cm ™3, we calculated
the ratio of the exchange energy to the Zeeman energy;
€ = 0.37. The Zeeman energy of the electron in the HC
mode under a magnetic field of 2 T is 30 u eV. Thus, the cal-
culated exchange energy of the HC mode Ef’C when the Lar-
mor frequency starts to shift is around 10 p eV. The energy
ratio 7C corresponds to the ratio of the magnetic fields
RYC = |BZC|/|Bey|. In theoretical calculations using Egs. (1)
and (2), the Larmor frequency started to change when the ra-
tio was RC =0.34. Although the estimated exchange
energy of the HC mode EMC is obtained from the average
exchange energy &, in 3D bulk GaAs, the order of the ratio
obtained from Eq. (4), HC = 0.37, is very close to that
obtained from Egs. (1) and (2), R”C = 0.34, at the excitation
power at which the Larmor frequency starts to shift.

We now discuss the propriety of the assumptions used in
present study. In the theoretical analysis on the spin-spin inter-
action, we assumed that the excited photocarriers relax to the
HC and LC modes within a few ps and then moderately relax
from the HC to the LC mode. It is known that the temperature
of the excited carriers is cooled down to the lattice temperature
within a few tens of ps. Any influence of the hot carriers on the
measured Larmor frequency is considered small because the
spin precession has been measured over a few hundreds of ps.
Given that the measurements are performed at 4 K, phonons
that may cause carrier scatterings are almost frozen.

Photoluminescence spectra are known to correctly reflect
the energy distributions of electrons in the subbands because
the effective mass of electrons is sufficiently smaller than that
of holes. Even at the highest excitation density (10''ecm™2) the
PL width of the LC mode is kept almost the same as that at
low excitation. The pileup of electrons in the LC mode (elec-
tron quasi-Fermi energy of 4 meV for the high excitation con-
dition) is sufficiently small compared to the energy difference
between the LC and HC modes (15 meV). Thus, the PL peaks
of the HC mode are observed as distinct peaks, as shown in
Fig. 1(a). If the pileup of electrons in the LC mode had seri-
ously occurred at the high excitation condition, a broadening
and shift of the peaks should have been observed in the Lar-
mor frequency spectra of the LC mode because the g-factor
value is energy-dependent. However, neither a broadening nor
a shift is observed in the measured Larmor frequency spectra
of the LC mode [Fig. 3(a)].

In the present theoretical analysis, we have considered only
spin-dependent exchange energy (the real part of electron self-
energy). Spin exchange (the imaginary part of the self-energy)
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is another mechanism that may cause spin transfer between sub-
bands via electron-electron scattering.'® However, even if some
spins are transferred from the LC to the HC mode through elec-
tron-electron scattering, the precession oscillation of the trans-
ferred spin is smoothed out because the scattering occurs
randomly and the Larmor frequency of the LC mode is different
from that of the HC mode. Hence, the effect of the electron-
electron scattering on the precession frequency of the HC mode
is likely to be small.

Finally, we emphasize that present experimental results
are quantitatively explained by the spin-dependent exchange
energy. A more precise analysis of the exchange energy and
spin exchange via electron-electron inter-subband scattering
in the CQW is expected. We hope that our experimental data
will be helpful for such calculations in the future.

V. CONCLUSIONS

We have observed the spin—spin interaction effect in
spin precession through polarization- and time-resolved PL
measurements. The electron spin-spin interaction effect was
observed when the ratio of the effective to the external mag-
netic field was around RYC = 0.34. Nearly the same value
was obtained from an estimation considering the exchange
energy. Remarkably, the exchange interaction effect
appeared in the Larmor frequency of the electron in a
coupled quantum well. This is an indication that despite the
barrier layer, substantial overlap between electronic wave-

J. Appl. Phys. 110, 033109 (2011)

functions predominantly localized in the neighboring wells
causes exchange interaction responsible for our observations.
Fundamental physics of spin interactions in CQW structures
revealed by this study can contribute to the development of
quantum information technologies.
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