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Optically induced nuclear spin—spin couplings in GaAs
manifested by spin echo decays under optical pumping
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Optically induced nuclear spin-spin coupling in semiconductors is expected to serve for gate operations in nuclear-magnetic-
resonance (NMR) quantum computations. However, not much is known about its characteristics. In this study, we investigate
optically induced couplings in GaAs via double-resonance spin-echo decay experiments under optical pumping. The squared echo
decay rate (1/T2)2 of 7Ga measured under various light powers revealed that optically induced couplings increase with increasing
light power, and the sign of heteronuclear couplings between Ga-As pairs is opposite to that of dipolar couplings, which cancel
each other out. Under higher light power, the optically induced “controllable” coupling is expected to eventually surpass the
“uncontrollable” nuclear dipolar coupling, becoming dominant, which is preferable for the gate operation in NMR quantum

computation.
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INTRODUCTION

Nuclear spin-spin coupling (interaction) is a fundamental
property in NMR measurements, and it provides crucial
information regarding the properties of electronic systems in
solids. In metals, for example, the couplings are mediated by
spatially modulated electron spins called Ruderman-—Kittel
interactions’. The spatial modulation reflects the topology of
the Fermi surface and is manifested as a broadening of the
NMR spectrum. Another example can be found in ferro/
antiferromagnets, where the Suhl-Nakamura interaction is
mediated by virtual magnons®3. The electronic states related
to the spin-spin couplings are generalized as dynamic spin
susceptibility x(g,w), with g and w being the momentum and
energy of the magnetic excitation, respectively. This relation
has been used to investigate the properties of strongly
correlated electron systems. The coupling manifests itself as
the transverse relaxation rate (1/T5), reflecting the real part of
the generalized spin susceptibility at nearly zero energy, i.e.,
Yo X(@,w ~ 0)*°.

'?'he relationship between the nuclear spin-spin coupling and
electronic states can be used in the opposite way: the manipula-
tion of nuclear spin-spin coupling through the modification of
electronic states. This mechanism can be used to manipulate
nuclear spin states; for example, this type of coupling can be used
to control gating in NMR quantum computations’2. In a previous
paper, we reported nuclear spin-spin coupling in the compound
semiconductor GaAs, observed only under light illumination with
the photon energy corresponding to the band gap; this implied a
switchable coupling through light illumination®. The coupling was
manifested in the cross-polarization between 7'Ga and 7°As
nuclear magnetizations enhanced by optical pumping under light
illumination. The 7'Ga magnetization showed oscillatory behavior
as a function of the contact time, and the phase of the oscillation
changed systematically depending on the power of the illumi-
nated light. This observation was ascribed to the systematic
extension of the reach of the coupling.

The results suggested that the coupling was mediated by
photoexcited electrons under light illumination. Nevertheless,

because illustrating this phenomenon is complicated through the
cross-polarization process, it is preferable to use more direct
approaches to analyze the optically induced couplings quantitatively.
In particular, it is important to understand the competition between
the optically induced couplings and the nuclear dipolar couplings.
Since the former is controllable (switchable) while the latter is
uncontrollable, ensuring that the strength and reach of the former
surpasses those of the latter is essential for the gate operation. In this
study, we revisited the issue more directly; additional direct evidence
of the presence of optically induced couplings was provided based
on the transverse relaxation rate (1/T,) of "'Ga in GaAs measured by
spin-echo decay measurements under light illumination, which
enabled quantitative analyses on the optically induced couplings.

While performing the measurements, however, we encountered
a problem related to the small quadrupolar splitting observed in
the 7'Ga optical pumping spectra. This is in contrast to the single-
peaked spectrum observed in the dark, as expected for the cubic
symmetry in the zinc blende structure. As quadrupolar splitting
occurs only in the light irradiation may reflect the presence of
small lattice distortion in the submicron region near the surface
where the nuclear spins are polarized due to the optical pumping
effect. In previous experiments, no quadrupolar splitting was
observed, neither under light illumination nor in the dark based
on a wafer obtained from a different vendor®'®. These results
indicate that splitting is not inherent in the undoped GaAs
crystals'"'2. Currently, the reason for the splitting has not been
resolved. It might be caused by local distortion near some defects
or that induced near the free surface. Nevertheless, we do not
address the origin of this quadrupolar splitting here, as it is
beyond the scope of this study. The problem here is the
quadrupolar splitting causes oscillatory behaviors in the spin-
echo decay curves'® that could obscure the decay process.
Therefore, in this study, we circumvented this problem by using
the envelopes of the decay curves to extract the real spin-echo
decay processes from the quadrupolar-modulated spin-echo
decays.
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Fig. 1 7'Ga spin lattice relaxation in the dark. Spin lattice
relaxation process of the 7'Ga nuclei measured with the saturation
recovery sequence (Comb pulses -1p - ©/2 pulse -FID) at 10K and in
the dark. The horizontal scale, 1.5 is the long delay between the
saturation pulses and the n/2 pulse. The solid curve is a fit to the
single exponential function.

RESULTS

Single- and double-resonance spin echo experiments in the
dark

Let us first consider the process in a dark environment. The spin-
echo decay process occurs through a combination of two
processes: the so-called T, process originating from relaxation
during the echo formation and the T, process caused by spin-spin
couplings. The nuclear magnetization M(t;) is expressed as'*

M(t;) = Mg ex h 1 <t1 )2 (1)
1 0P T 2\Te) |’

where M, is the initial magnetization, and T,z is Redfield’s T,
process'®, which is the order of T;. Figure 1 shows the spin-lattice
relaxation process of 7'Ga measured in the dark. The fitting with a
single exponential to the relaxation yields T; of 1.9x 10* s, which
is eight orders of magnitude longer than the time scale of the
echo decay process (sub-milliseconds). Hence, the T; contribution
can be safely neglected. Thus, the remaining part is expressed by
the Gaussian component represented by T,c. Note that the
Gaussian component appears only in the static limit where the
spins can be regarded as static during the spin-echo decay
process*51%16 ie, the nuclear spins other than those manipu-
lated by rf-pulses do not change their states during the pulse
sequence. As a spin flip is unlikely to occur when T; is long
compared to the duration of the sequence, the static limit is
apparently fulfilled in the present case. The value of 1/T,g includes
both direct (nuclear dipolar couplings) and indirect (nuclear
spin-spin couplings via electrons) contributions. By neglecting the
cross term between them, it can be expressed as (1/Tag)’=
(1/Ta6)5 + (1/Tag)2g* 8. Since no conduction electrons are pre-
sent in the dark (as apparent from the long T;), the indirect
contribution is negligible; thus, only the direct contribution should
be responsible for the decay, ie, (1/Tx)’= (1/Ta)3 The
relationship between the direct and indirect contributions to the
squared spin echo decay rates is summarized in Table 1.

The sequence used in this study (shown in Fig. 5 in the “Methods”
section) is different from that adopted in the usual spin-echo
experiments in that an additional flipping pulse for the unobserved
nuclei, S (P3) is optionally applied concurrently with the second pulse
for the observed nuclei, / (P2). This is a variation of the spin-echo
double resonance (SEDOR) experiments'”'® and the basis for
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Table 1. Effects of the light illumination and the application of P3
pulse on the homo- and heteronuclear components of the squared
spin echo decay rates: (1/T26)2gme @aNd (1/T26)Petero-

Light P3 pulse Direct coupling

(1/TZG)P210mo (1/T26)ﬁetero (1/T26)ﬁomo (‘I/TZG)ﬁetero

Indirect coupling

Ooff  Off On Off Off Off
On On On Off Off
On Off On Off On Off
On On On On On

polarization transfers used as a building block in various two-
dimensional NMR schemes'®. In the present case, the P3 pulse serves
as a switch for the heteronuclear spin—spin couplings; if it is on, the S
nuclei act as ‘like-spins’ for the I nuclei, contributing to the /-spin echo
decay process. If it is off, the S nuclei act as ‘unlike spins’ for the /
nuclei and do not affect the I-spin echo decay process. Consequently,
both the homo- and heteronuclear couylings contribute to the decay
in the former—ie, (1/T26)>= (1/T26)tomo + (1/T26) petero—Whereas
only the homo-nuclear couglings contribute to the decay in the latter
— ie, (1/Tx6)°= (1/T26)fome- The roles of the P3 pulse are also
summarized in Table 1. In the present experiments, the strength of
the P3 pulse was adjusted, such that the P2 and P3 pulses featured
the same flipping angle by using the Hartmann-Hahn condition in
the cross-polarization experiments.

The effect of the P3 pulse is demonstrated through the 2-D
contour plots of the echo spectra with and without the P3 pulse
measured in the dark, which are shown in Fig. 2a and b,
respectively, where the F1 and F2 axes correspond to the Fourier
transforms of the indirect (t;) and direct (t;) time domains,
respectively. The spectra projected onto the F2 axis (the widths
correspond to 1/T;) are similar in the two cases, whereas those
projected onto the F1 axis (1/T5) are different from each other due
to the effect of the additional P3 pulse, as explained above. That is,
both the homo- ("'Ga-"'Ga) and heteronuclear ("'Ga-">As)
couplings contribute to the line width in Fig. 2a (P3 on), whereas
only the homonuclear spin-spin coupling ("'Ga-"'Ga) contributes
to the line width in Fig. 2b (P3 off).

Figure 3a shows the normalized spin-echo decay curves in the
dark, where the triangles and squares represent those measured with
and without the P3 pulse, respectively. Here, the intensity at each t;
point was recorded at the peak of the spectrum obtained by Fourier-
transforming the second half of the echo signal, which corresponded
to the integral of the echo intensity in the time domain. The decay
curves could be well-characterized by Gaussian functions. Fitting the
data with Gaussian functions yields the Gaussian rate 1/Tyc of
6.09+0.06x 10° s~ for P3 on and 4.10+0.08x 103 s~' for P3 off.
The difference between the two corresponds to the heteronuclear

component associated with (1/7T26) etero-

Single- and double-resonance spin echo experiments under
light illumination

In this section, the experiments under light illumination are
discussed. Figure 3b and c shows the normalized spin-echo decay
curves with and without the P3 pulse, respectively, under
continuous light illumination (o, 826 nm) with two different light
powers corresponding to approximately 34 mW and 68 mW at the
sample surface with the spot size of approximately ¢5 mm,
corresponding to the average light intensities of approximately
173 and 346 mW cm2, respectively. These data were obtained by
subtracting the contributions from the dark part of the sample
(the data measured under the same conditions but in the dark)
from the raw data. As a reference, those measured in the dark
(Fig. 3a) are also shown in Fig. 3b and c.
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Fig.2 Single- and double-resonance spin-echo experiments in the dark. Contour plots of the two-dimensional spin-echo experiments with
(@) and without the S-spin flip (P3) pulse (b) measured in the dark, with 7. = 20 min at 10 K. F1 and F2 are the frequencies corresponding to the
Fourier transform of the t; and t, time domains in the SEDOR pulse sequence shown in Fig. 5, respectively. The one-dimensional spectra
shown near the F1 and F2 axes are the cross-sections along the F1 and F2 directions that pass the peak intensity, respectively. The spectra
projected onto the F2 axis are similar in the two cases, while those projected onto the F1 axis are different from each other due to the effect of
the additional P3 pulse. This difference is due to the heteronuclear spin-spin coupling.
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Fig.3 Single- and double-resonance spin echo experiments under light illumination. a. [Spin echo decay in the dark]: Semi-log plots of the
normalized spin-echo decay processes with (A) and without (lll) the S-spin flip (P3) pulse measured in the dark, with . = 20 min at 10K.
b and c. [Spin echo decay under the light illuminations]: Normalized spin-echo decay processes with and without the S-spin flip (P3) pulse,
respectively, measured under light illumination with 7= 5 min at 10K, along with the corresponding data in the dark shown in a. Solid circles
(@) and open triangles (A) represent those with the light intensities of approximately 173 and 346 mW cm 2, respectively. The vertical axis in
c is shown on the linear scale to indicate the negative values in the range 200-340 ps. d. [Light intensity dependence of the decay ratel:
(1/TZG)2 obtained by fitting the data in b and ¢ with Eq. (2), plotted as a function of the light power. Solid circles (@) and open squares ([])
correspond to those with and without the S-spin flip (P3) pulse.
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Fig. 4 7'Ga NMR spectrum measured under light illumination.
NMR spectrum of the 7'Ga nuclei measured under light illumination
with an intensity of 346mWcm~2 In addition to the central
transition line, two satellites are observed, and from the interval
between them, the nuclear quadrupolar coupling (vq) of approxi-
mately 3.8 kHz is determined. The value of vq coincides with twice
the inverse of the echo modulation period (530 ps) obtained from
the fittings of the modulated decays shown in Fig. 3b and c using
Eg. (2), indicating that the echo modulation is caused by the
quadrupolar coupling. The imbalance between the two satellites is
due to the low nuclear spin temperature caused by the cooling
effect of the optical pumping. Note that the ratio of the intensities
between the central transition and the two satellites does not reflect
the transition probabilities, owing to the different quadrupolar
modulations'>.

Before discussing the effects of the P3 pulse, we must first focus
on the oscillatory behaviors appearing only under light illumina-
tion. This modulation is caused by the effect of the /2 terms in the
quadrupolar interaction Hamiltonian on the time development of
the density matrix, first indicated by Abe et al.'>. Here, the
oscillatory behaviors should be observed only in single crystals,
where the nuclear quadrupolar interaction is well defined, and the
modulation period is directly related to the nuclear quadrupolar
interaction. That is, the amplitude of the echo signal E is written as

a function of t; as'>%°,

E(t;) = M(t1)[Co + Cycos(aty +61) + -], )

where Cy, C;, and 8, are the constants depending on the excitation
conditions, and a is the oscillation period given by the nuclear
quadrupolar  frequency: a = [3e2qQ/8h I(2] — 1)](3cos26 — 1),
where eg, Q, and / are the electric field gradient (EFG), the nuclear
quadrupole moment, and the nuclear spin quantum number,
respectively, and 0 is the angle between the principal axis of the
EFG and the magnetic field. In the present case, | = 3/2 for "'Ga
and 6 = 0; hence, a = 2m(e’qQ/2h)/2 = 2nvq/2, where vq =
€?qQ/2h is the nuclear quadrupolar frequency. That is, the
modulation frequency is given by vq/2. In fact, the value of vq
obtained in the FT spectrum coincides with the modulation
frequency. The FT spectrum of the echo signal under a light
intensity of 346 mW cm~2 is shown in Fig. 4. Half of the interval
between the two satellites yields vq = 3.8 kHz, which coincides
with twice the inverse of the echo modulation period (530 ps)
obtained from the fittings of the modulated decays to Eq. (2), as
shown below.

In contrast to the well-defined modulation period, however, the
other three constants (Co, C;, and §;) are sensitive to the pulse
conditions, particularly to the pulse widths'>?%, Nevertheless,
focusing only on the point at which cos(at; + &1) = 1, the second
term in the square bracket on the right-hand side of Eq. (2) becomes
C;. Hence, ignoring the higher term in the bracket, the decay curves
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obey (Co + Ci)M(ty), i.e, the decay without quadrupolar modula-
tion. In the present experiments, we set the pulse condition such
that the phase shift §; was as close to zero as possible. In this case,
the envelope of the decay represents the original M(t;), which can
be directly compared with that in the dark.

In Fig. 3b, where the P3 pulse is on, the normalized intensities
under the light illumination are clearly higher than those in the dark
at t; ~ 530 ps, where cos(at; + &1) = 1, hence the quadrupolar
modulation can be neglected, and the difference is larger as the light
power is higher. Furthermore, in Fig. 3c, where the P3 pulse is off, a
weak enhancement of the normalized intensity at t; ~530 ps is
observed upon light illumination. The data in Fig. 3b and c were
fitted using Eq. (2) to obtain 1/Tg. The results are shown as a
function of the light power in Fig. 3d. As expected from the
observation shown above, the value of (1/T,)° decreases with
increasing light power under the P3 pulse, while its change is small in

the absence of the P3 pulse. Recalling that (1 /TZG)Z: (1 /ng)ﬁomo +
(1/T26)Perero N the former and (1/T26)*= (1/T26)kem in the latter,

the present data indicate that (1/Tyg)peeo Changes upon light
illumination (refer to Table 1). Note that the nuclear spin diffusion
does not affect the conclusion. The spin diffusion proceeds 100 nm in
5-6 min in solids?', while the SEDOR sequence is completed in sub-
milliseconds, in which the nuclear spins hardly diffuse in this
time scale.

DISCUSSION

This result provides evidence that additional heteronuclear
coupling arises from light illumination, and its strength depends
on the light intensity. The fact that (1/T,g)? decreases with
increasing light power indicates that the total heteronuclear
coupling decreases. When both indirect and direct (dipole)
couplings exist, the total coupling is given by the sum of these
couplings and the cross terms between them contribute to (1/
T,6)2 As the direct couplings always exist, it is concluded that the
additional heteronuclear coupling partially cancels the nuclear
dipolar couplings, i.e., the signs of these couplings are opposite.

Meanwhile, the change in homonuclear coupling with light
power was small. A possible cause for the difference between
the two cases is the reach of the coupling, owing to the fact
that the distance between a Ga site and its nearest As sites is
smaller than that between Ga and its nearest Ga sites. In
previous cross-polarization experiments, the second nearest-
neighbor heteronuclear coupling was effective when the
average light power exceeded 100 mW?, implying that a much
higher light power would cause a considerably distinct change
in (1/Ta6)>. Another possible cause is that the spin-spin
coupling may have an oscillating characteristic, as in the case
of the Ruderman-Kittel interaction, as the homonuclear
coupling is located near the node of the oscillation. In any
case, the sum of the contributions from homo- and hetero-
nuclear couplings approaches that from only the homonuclear
couplings with increasing light power; thus, the coupling with
the first nearest-neighbor 7As is the dominant contribution to
(1/T2c,)2 in this range of light power. With increasing light
power, the optically induced couplings increase and eventually
surpass the dipolar couplings. For higher-order nearest neigh-
bors, the nuclear dipolar couplings are small; hence, the
optically induced coupling is expected to be dominant. This
can be confirmed by experiments with a light source having
higher power.

In conclusion, we have shown that nuclear spin-spin coupling
in GaAs is induced by light illumination, with the photon energy
being close to the band gap. The coupling was manifested in the
spin-echo decay process of 7'Ga under light illumination.
Quadrupolar-modulated echo decay curves were observed, and
by analyzing the modulated decays, the real decay processes due
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Fig. 5 Pulse sequence for the spin echo experiments. In the
beginning, both the / ("'Ga) and the S (">As) nuclear magnetizations
are saturated by comb pulses comprised of 32 1/2-pulses. After the
time interval 1 for the buildup of the nuclear magnetizations, the
spin-echo sequence for the /-spins is applied (P1 and P2). The S-spins
are optionally flipped (P3) concurrently with the P2 pulse. An
Oldfield echo sequence with the ratio of the P1/P2 pulse widths of
1:2 was used to minimize the distortion of the echo signal due to
the quadrupolar effect. The P1/P2 pulse widths were adjusted such
that the phase of the echo remains unchanged during the echo
decay processes. In the light illumination experiments, the light
(826 nm, 1) was continuously applied during this sequence.

to the nuclear spin-spin couplings were extracted. The compar-
ison of the decay processes with and without the additional
flipping pulse for the 7>As nuclei clearly showed that the optically
induced couplings increased when light power increased. More-
over, the sign of the induced heteronuclear couplings between
Ga-As pairs was opposite to that of the dipolar couplings,
canceling each other out. While they are comparable to each
other in this range of light power, the optically induced coupling
can surpass the nuclear dipolar coupling and become dominant at
higher light powers, as demonstrated in the cross-polarization
experiments®.

METHODS
Experimental setup

The sample used in this study was a commercially available semi-
insulating undoped GaAs single-crystal wafer with a thickness of
500 um and crystal orientation of (100). A piece (5% 10 mm) was cut
out of the original 2” wafer and attached to a sapphire sample stage
with grease, and subsequently mounted on an NMR probe as
shown below.

The NMR experiments were performed using an optical-pumping
double-resonance NMR system operating at cryogenic temperatures'®,
The system features a home-built static NMR probe capable of
performing XY double-resonance experiments under light illumination.
The probe, with the sample stage at its head, was inserted into a
cryostat that was directly connected to a GM cryocooler and installed in
a 9.39-T NMR magnet from the bottom. With the probe inserted in the
cryostat, the sample stage was thermally contacted to the heat anchor
at the bottom of the cryostat, through which the sample was cooled.
For the thermal isolation and prevention of arcing, the probe space
inside the cryostat was evacuated to less than 1072 Pa. The probe was
tuned to / ("'Ga) and S (“>As) nuclei, and the sample temperature was
set to 10K.

A continuous-wave diode laser was used to provide the excitation light
with a fixed wavelength of 826 nm, around which the maximal optical
pumping effect for 7'Ga was observed in undoped GaAs'®. The linearly
polarized light emitted from the laser was transmitted to the probe head
inside the cryostat through polarization-maintaining optical fibers via the
vacuum feedthrough located at the probe base. Subsequently, it was
transformed into circularly polarized light by a quarter-wave plate and
illuminated the sample normal to the sample surface, i.e., parallel to the
magnetic field.

Pulse sequence

The spin-echo pulse sequence used in the experiments is shown in
Fig. 5. Following the comb pulses that saturate the initial nuclear
magnetizations of both nuclei and a time interval 1, a two-pulse
sequence was applied, and a spin echo signal was detected. The echo
form is sensitive to the pulse conditions, particularly in the presence of
quadrupolar couplings. Hence, for the light illumination experiments,
we used the sequence with a quadrature phase cycling proposed by
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5
the Oldfield group??2® and set the ratio of the widths between the first
(P1) and the second (P2) pulses at 1:2 to obtain undistorted spectra??.

The echo signal was recorded as a function of twice the time interval
between the two pulses (t;) to obtain the transverse relaxation time T,.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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