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Dynamic nuclear polarization by optical Stark effect in periodically pumped gallium arsenide
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Optical pump-probe time- and magnetic-field-resolved Kerr rotation measurements provide a window into
the mechanisms that generate dynamic nuclear polarization in bulk gallium arsenide. Previously, we reported an
unexpected dependence of the direction of the nuclear polarization on the sweep direction of the applied external
magnetic field. In this paper, we present numerical calculations based on a model for this nuclear polarization due
to the optical orientation and optical Stark effect produced by a train of ultrafast optical pulses. We demonstrate
the correspondence of the model to our experimental measurements for different laser wavelengths and magnetic
field sweep rates. Finally, we show that the model reproduces the sweep direction dependence and provides an

explanation for this behavior.
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I. INTRODUCTION

The study of electron spin polarization in solids has been
motivated by potential applications in quantum and classical
spin-based computation and has revealed intriguing interac-
tions with the nuclear spin system [1,2]. Nuclear spin polariza-
tion manifests as an effective magnetic field, the Overhauser
field, which affects the Larmor precession of the electron spin
polarization. Measuring the Larmor precession frequency of
electron spin polarization over time provides insight into the
buildup of dynamic nuclear spin polarization (DNP).

All-optical studies have observed DNP in bulk semicon-
ductors [3-6], quantum wells [5,7], and quantum dots [8,9].
The pumping of electron spin polarization with a train of
optical pulses allows for resonant spin amplification (RSA),
in which electron spin polarization due to successive optical
pulses builds constructively [10]. This enhancement in elec-
tron spin polarization is periodic with respect to the transverse
magnetic field amplitude. Measurements in fluorine-doped
ZnSe [11] and GaAs [12] have both revealed a DNP that
is periodic in magnetic field. The former was attributed to
electron spins optically rotated onto the magnetic field axis
via the optical Stark effect [13], while the cause of the latter
was not conclusively identified.

Furthermore, the latter DNP was characterized by a
dependence on the sweep direction of the external mag-
netic field. By combining time-resolved and magnetic-field-
resolved scans, we extracted the Overhauser field experienced
by the electron spin system. The sign of the Overhauser field
differed depending on whether the external magnetic field was
increased or decreased. This led to a noticeable difference
in RSA peak positions between field upsweeps and field
downsweeps. In addition, the magnitude of the Overhauser
field changed with a periodicity in applied magnetic field that
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matched the periodicity of the electron spin polarization, but
the question of how nuclear spins were polarized transverse
to the optically pumped electron spin polarization was left
unanswered.

In this article, we examine these previous findings in light
of a model based on the optical Stark effect, which can
rotate spin polarization about the optical axis. We develop
a computational model and identify its dependence on the
experimental parameters of pump wavelength and magnetic
field history. We demonstrate experimentally that the model
describes our physical system before showing that it repro-
duces the magnetic field sweep results from Ref. [12]. Finally,
we give an intuitive explanation for understanding this sweep
direction dependence.

II. MODEL

Electron spin polarization can be produced and studied
with time-resolved optical pump-probe techniques [14]. Cir-
cularly polarized light generates spin polarization along the
optical axis Z [15]. We perform our experiments in the Voigt
geometry, where an external magnetic field of magnitude By
is applied along the x-axis, perpendicular to the optical axis.
The spin polarization will precess about the magnetic field
axis; the precession dynamics can be described classically
with

S.(t) = Socos(Q)e™/" (1a)
Sy(t) = =Sy sin(Qt)e /™, (1b)
Su(t) = Soxe ™™, (l¢)
where the Larmor precession frequency is Q2 = g"TBBex[, gis

the electron g factor, up is the Bohr magneton, 7 is the reduced
Planck constant, 7;* is the electron spin dephasing time, Sy is
the spin polarization generated by the pump pulse along Z at
time # = 0, and Sp, accounts for any existing spin component
along the magnetic field axis at# = 0.
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FIG. 1. Schematic of spin polarization generation and precession in the presence of periodic circularly polarized pump pulses. (a) At time
t = 0, the first pump pulse generates an electron spin polarization (thin red arrow) along the optical axis Z. An external magnetic field (thick
blue arrow) is applied along the transverse direction. (b) At time ¢ = Ty, just before the next pump pulse is incident on the system, the spin
polarization has precessed and will lie somewhere in the plane perpendicular to the external magnetic field. (c) At time t = T, the next pump
pulse is incident on the system. The optical Stark effect manifests as a magnetic field along the optical axis experienced by the existing spin
polarization. The polarization rotates about the optical axis by angle ® (green). There is now a component of the spin polarization along the
external magnetic field direction. At the same time, spin polarization is generated along the optical axis, and the total polarization is the vector
sum of the two. The process outlined in this figure continues as pump pulses arrive at intervals of Trp.

In this paper, our pump-probe measurements are conducted
using laser wavelengths in the range from 818.2 to 819.4
nm. Photoluminescence measurements in this range show a
peak with a maximum at 819.2 nm and a full width at half
maximum of 3 nm, which the authors of Ref. [5] identified
as corresponding to neutral donor-bound excitons. Given this
identification, we consider the charged trion.

It has been shown that excitation with pulsed circularly
polarized light can lead to splitting of the two-fold spin degen-
erate excited electron state; this is known as the optical Stark
effect [16,17]. This splitting can be described as an effective
magnetic field along the optical axis which will rotate electron
spins about this axis over the duration of the pump pulse. If
the pulse duration is much less than the repetition time of the
laser pulses (1, < Tp), then the relations between the rotated
electron spin components pre (—) and post (+4) pump pulse
can be described by [18]

-1 041 __

+ __

Sh= R S, (2a)
S} = Qcos(®)S; — Qsin(P)S;, (2b)
S5 = Qcos(®)S; + Osin(P)S; . (2¢)

The optical Stark rotation angle @ due to the pulse, measured
in radians with respect to the y-axis, is given by

© ( Fz(%—iA) ) 2d)
" i —ori-ia+ 5))

while the rotation amplitude Q is given by

Q:

r2(1—ia) ‘ 2e)

T 0 T 0|

‘F(E —iA =)l (; —iA+57)
Both ® and Q are dependent on the pump detuning from

resonance A = (Eyump — E;)7,/27h and the pulse area 0 =

f 2|(d)E(t)|dt/h. A schematic of spin generation, precession,
and rotation is shown in Fig. 1.

The relationship between the spin precession about the
applied magnetic field and spins rotated into the field direction
by the optical Stark effect can be analytically evaluated by
setting S(t — 0)=S"* and S(t — T;p) =S~ in Eq. (1) and
plugging these into Eq. (2). From these relations, the spin
polarization components from pumping with an infinite train
of pulses separated by repetition time Ty, can be evaluated by
summing over each pulse with the remaining spin polariza-
tions from previous pulses. This summation is a convergent
geometric series whose analytic continuation can be written as

S.(1) = Sorcos(Qat — y)e /T, (3a)
Sy(t) = —Sorsin(Qt — y)e /", (3b)
Se(t) = =SoKrsin(QTrep — y)e /", (3c)

where
Qe T/ Ty sin ()

K = - )
1 — Qe Te/Ty cos(D)

o = Qcos(P) — KQsin(P),

_ . _ s1-1/2
r= [1 —2ae /T c0s(27Trep) +a’e 2T‘°P/T2] / ,

e Te/T Sin(QTep) )

= — arctan .
Y (1 — ae /T cos(QTrep)

21 1
So = <Q 4 ) R “Trep *
reos(y) — (& )rcos(Qley — y)e

The spin polarization generated per pump pulse after an
infinite train of pulses Sy is derived by plugging Eq. (3a) for
S,t — 0)= Sj and S;(t — Twp) = S, into relation Eq. (2a).
When the electron spin lifetime is greater than the repetition
time between pulses, the remaining spin polarization from
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FIG. 2. Simulated components of electron spin polarization under periodic optical excitation and the optical Stark effect in the absence
of nuclear polarization, at a time 13 ns after the arrival of the most recent pump pulse, as a function of external magnetic field, for optical
wavelength (a) 819.4 nm (negative detuning), (b) 818.8 nm (resonance), and (c) 818.2 nm (positive detuning). The z-component of electron
spin polarization S, is shown in blue (solid), while S, is shown in orange (dot-dashed), and S, is shown in green (dotted). In contrast to S, and
Sy, S¢ changes sign with the sign of optical detuning and is zero on resonance. The model assumes spin lifetime 7,* = 30 ns and pulse area

0=m/4

previous pulses will constructively or destructively interfere
leading to resonant spin amplification (RSA) [10]. Pumping
on resonance with the optical transition energy (A = 0) will
yield no optical Stark rotation (® = 0) and Eqgs. (3a) and
(3b) will assume the form of previously derived equations for
resonant spin amplification for any time delay [19,20]. These
equations which describe the electron spin components of res-
onant spin amplification and their dependence on pump power
and detuning have been previously derived [21], however,
their formulation was defined for pump-probe delay t — 0
and was not generalized to all time delays. Figure 2 shows
the calculated components of the spin polarization produced
by periodic optical pumping and the optical Stark effect at
three wavelengths. Note that S, changes sign with the sign of
optical detuning.

Optically oriented localized resident carriers will couple
with nuclei; this is characterized by the Fermi contact term
of the hyperfine interaction. This interaction will transfer spin
momentum between the electron spin and the nuclear spin
systems in a process called dynamic nuclear polarization. The
spin momentum transfer process of nuclei for a magnetic field
along X can be described by the rate equation [22-24]

dl,, 1

4
dt = _T_le(luv - §I(I+ 1)<Sx>>

Ml
Tln’

“

where I, and (S,) are the time-averaged nuclear and electron
spin components along the external magnetic field, respec-
tively, 7i. is the nuclear polarization time due to the hyperfine
interaction with electrons, and 77, is the phenomenological
nuclear relaxation time due to all other relaxation processes.
For the results presented here, we set g = —0.44, T;, = 180
seconds, and T, = 20 seconds, consistent with values re-
ported in the literature [15,25-27]. For the experimental re-
sults presented in this paper, these long polarization and relax-
ation times exceed the time interval between measurements.
As such, a steady-state solution to Eq. (4) does not accu-
rately reproduce the observed behavior, and we must instead
numerically solve the differential equation. When optically
orienting electron spins with resonant excitation in the Voigt
geometry, there is no distinguishable spin polarization along
the magnetic field axis. However, with spectrally detuned

periodic pumping, there will exist a nonzero spin polarization
component rotated into the external field direction by the op-
tical Stark effect. The time-averaged electron spin component
along the magnetic field axis pumped by an infinite train of
pulses can be analytically evaluated by integrating Eq. (3c)
over the pulse repetition period Trep:

Ty

(67 rep/ T3 _ 1)KS()V Sin(Q]}ep - y)
Tiep

(Sy) = ®)

The complete time- and external magnetic-field-dependent
behavior of the nuclear spin system polarization due to the
electron spin system is described by plugging our analytic (S,)
into Eq. (4). The polarized nuclear spin system will exhibit an
Overhauser magnetic field B,. This additional field will add
to or subtract from the external magnetic field depending on
the polarization of the nuclear system (/,,). The total effective
magnetic field will change the Larmor precession frequency
of the electron spin system

Qeit = 8By = 28 (B + B, (6a)
h h
En = bn * Iav [tv (Sx(Btot))]jev (6b)
Aixi
o=y 2K (6¢)

T MBS
where A; is the hyperfine coupling constant and x; is the
abundance of particular nuclei denoted by subscript i. For
our simulations, we use hyperfine values of Axg7;s = 46 ueV,
Aga71 = 48.5 neV, Agago = 38.2 neV [5] and abundances
of XAs75 = 100%, XGa7l = 399%, XGa69 = 60.1% [28] This
feedback effect between the coupled electron-nuclear spin
systems under periodic pumping can be fully described by
the coupled equations Eqs. (4), (5), and (6). On the laboratory
timescales of our experiments, where the time between data
points is shorter than 7, and Tj,, the coupled spin system
does not reach steady state and dynamic nuclear polarization
within this regime will manifest nonlinear transient effects
on the electron spin system. These nonlinear interactions can
be modeled by numerically integrating the coupled equations
Egs. (4), (5), and (6). To simulate the nuclear spin polarization
response from the periodic pumping of the electrons within
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our experiments, we develop an algorithm where we perform
the following:

(1) Initially set the external field Bey to the parameters of
the experiment and set the initial condition nuclear polariza-
tion I, to zero.

(2) Numerically integrate the coupled Egs. (4), (5), and (6)
over the laboratory time of measurement at that external field
value.

(3) Set the calculated nuclear polarization as the new
initial condition for the next experimental magnetic field
measurement point and numerically integrate.

(4) Repeat steps 2 and 3 until all measurement points of
the experiment are replicated.

To account for the dipole-dipole coupling between nuclear
spins when the applied magnetic field is near zero, we also
assume that the nuclear polarization is reduced following the
relation [15]

Iav = av,0 * BgX[/(BgXt + EB%a)’ (7)

where By is the local field and has been theoretically calcu-
lated for GaAs to be 0.145 mT [24] and I, is the nuclear
polarization in the absence of the local field. Recent experi-
ments measured local fields to be on the order of 0.6 mT [29].
In our modeling, we set B, = 0.1 mT and & = 1.

Analysis of the feedback between the nuclear spin sys-
tem and electrons rotated into the magnetic field axis by
the optical Stark effect was recently performed by the au-
thors of Ref. [13]. This analysis also provides a formulation
of (Sy(Bit)), which is equivalent to the derived alternative
formulation presented by Eq. (5). However, the analysis
performed in Ref. [13] is limited to the steady-state sta-
ble solutions of the coupled electron-nuclear system. We
use our model to explore the hysteretic transient solu-
tions which describe and qualitatively replicate the previ-
ously unexplained nonlinear magnetic-field sweep-dependent
behavior in Ref. [12]. We justify this theoretical model by
performing additional optical pump-probe experiments inves-
tigating the nuclear spin polarization dependence on pump
wavelength and external magnetic sweep speed.

III. EXPERIMENTAL RESULTS

As described above, the angle & at which spins are ro-
tated into the x-axis by the optical Stark effect is dependent
on the pump area and detuning. This suggests that through
the coupled interactions between the spin systems described
by Egs. (4), (5), and (6), the nuclear system will acquire
dependence on the laser pump wavelength. This wavelength
dependence can be directly simulated by performing the mod-
eling algorithm under the experimental parameters of external
magnetic field and measurement timing. By performing this
simulation for different detuning A, we can replicate the
corresponding behavior observed in our experiments.

We compare the wavelength dependence predicted by our
model to our experimental results. The experimental data in
this paper correspond to a 2-um-thick Si-doped GaAs epi-
layer (doping density n = 3 x 10'¢ cm™3). The epilayer was
grown on a 1-pum-thick undoped AlGaAs epilayer, which was
grown on an undoped (001) GaAs substrate. Both epilayers
were deposited by molecular-beam epitaxy. We mounted the

sample in a helium flow cryostat and maintained the sample
temperature at 10 K.

We optically generate electron spin polarization in the
GaAs epilayer using a mode-locked Ti:S laser tuned near the
band gap of GaAs. The laser outputs a roughly 2-ps pulse
every 13.16 ns (76 MHz repetition rate). We detect electron
spin polarization using a pump-probe measurement scheme,
recording the Kerr rotation of a reflected linearly polarized
probe pulse at a fixed time delay after the spin-generating
circularly polarized pump pulse. An adjustable mechanical
delay line allows us to vary this time delay and make time-
dependent measurements. To facilitate this measurement, we
employ a cascaded lock-in detection scheme. We modulate
the pump helicity between right- and left-handed circular
polarization at 50 kHz via a photoelastic modulator; we
modulate the probe beam at 1370 Hz via a mechanical optical
chopper. For further details on the Kerr rotation measurement
technique, see Ref. [12].

We place the sample between the poles of an electro-
magnet, applying an external magnetic field transverse to the
optical axis. For magnetic-field-dependent measurements, we
fix the pump-probe time delay and vary the magnitude and
direction of the external magnetic field.

For the data presented in Fig. 3, the pump-probe delay
time is fixed at —160 ps, or 13 ns after the previous pump
pulse. The initial external magnetic field is set to —40 mT and
then increased in steps of 0.25 mT at 1.1 second intervals
until the external field reaches +-40 mT. The magnetic field
is then decreased in steps of 0.25 mT at 1.1 second intervals
until the field magnitude returns to —40 mT. Figures 3(b)-3(f)
show the Kerr rotation signal for five laser wavelengths. The
initial magnetic field upsweep (—40 to +40mT) is shown
by the solid blue line and the returning downsweep (+40
to —40mT) is shown by the dashed orange line. Note again
that the time between measurements is much shorter than the
timescales of nuclear polarization and depolarization in our
system.

The peaks in the data at laser wavelength 818.8 nm,
shown in Fig. 3(d), resemble resonant spin amplification in
the absence of dynamic nuclear polarization, and there is no
discernible difference in signal between magnetic field sweep
directions. This suggests that at pump wavelength 818.8 nm,
there is minimal Overhauser field interacting with the electron
spin system. This is consistent with the expectation that no
rotation due to the optical Stark effect should occur when the
laser wavelength is on resonance and, thus, no dynamic nu-
clear polarization occurs. Direct comparison with our model at
this wavelength suggests the electron polarization lifetime 7*
is approximately 30 ns. Assuming 7, is largely independent
of pump wavelength, we can replicate the changes in peak
shape produced by dynamic nuclear polarization measured
at other wavelengths by adjusting the pump laser detuning
in the model. Note that the effect on peak shape is different
depending on the direction of laser detuning, which is consis-
tent with the opposite sign of the Stark rotation angle ¢ for
positive and negative detuning. For example, in Fig. 3(f), with
pump laser wavelength 819.4 nm, we observe a prolonged
rising edge, relative to the data in Fig. 3(d), with the same
peak warping as our previous experiments [12]. However, for
positive detuning, as shown in Fig. 3(b), with pump laser
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FIG. 3. (a) Rotation angle @ of the electron spin polarization due to the optical Stark effect, as a function of the center wavelength of the
incident circularly polarized laser pulse, calculated from Eq. (2d). (b)—(f) Above: Kerr rotation measured as a function of external magnetic
field for a fixed pump-probe delay of 13 ns. Below: Simulated spin polarization magnitude as a function of external magnetic field for a fixed
pump-probe delay of 13 ns. In both experiment and simulation, the field is swept from —40 to +40 mT (blue solid line) for the upsweep and
from 440 to —40 mT (orange dashed line) for the downsweep. Each of (b)—(f) correspond to a different pump and probe wavelength marked
in (a). Kerr rotation is directly proportional to electron spin polarization in our experiments, so the experiments can be compared qualitatively

to the simulated data.

wavelength 818.2 nm, we observe a prolonged falling edge
relative to the case with small detuning in Fig. 3(d).

Note that the experimental results measure Kerr rotation,
the amplitude of which depends on laser wavelength through
both spin polarization generation and detection [15]. The
numerical results plot the spin polarization §,, ignoring the
wavelength dependence of detection. We observe in our mea-
surements a difference in amplitude between the center peak
near Bey; = 0 and the other peaks. This amplitude difference
between the center peak and its neighbors roughly follows
the detuning in sign, but it does not emerge from our model.
Similarly, we failed to predict the degree to which the center
peak is narrowed. This observed narrowing is most extreme
for negative detuning. The width of the zero-field peak in
magnetic field sweeps is usually indicative of the electron spin
lifetime of the system, but the nuclear field can artificially
narrow the center peak. Due to the dipole-dipole coupling im-
plemented in the model via Eq. (7), the nuclear field is reduced
near zero external field, though it does not fully vanish until
Bext = 0. Thus the edges of the center peak will shift inward,
but its center will stay fixed at zero external field. This is
demonstrated in the simulated Kerr rotation. We suspect that
these discrepancies between our observed and modeled center
peak amplitudes and widths may be attributable to an electron
spin lifetime that changes with wavelength, external magnetic
field, or nuclear polarization.

In performing a field sweep, the nuclear polarization’s time
dependence incorporates the time spent at the measurement
fields. Longer time spent at each fixed external field suggests
that the nuclear system has more time to approach its steady-
state value. However, over the scan the nuclear polarization
builds up from interactions during the previous measurement
points. This buildup is increased with longer measurement
intervals.

To experimentally determine the nuclear system’s time
dependence, we adjust the time interval between fixed field
measurement points. In our previous experiments, measure-
ments were taken for 1.1 s between incrementing field steps
of 0.25 mT which is effectively a magnetic field sweep
rate of 0.23 mT/s. To increase the time spent between field
steps, we increase the number of measurements recorded at
each external field step. For example, 2 x corresponds to two
measurement points taken at each field value, leading to half
the effective magnetic field sweep rate.

The Overhauser field can be extracted by performing field
sweep scans at multiple time delays between pump and probe
pulses [12]. This results in two-dimensional Kerr rotation
data as a function of both time delay and external field.
The nuclear polarization is reset before each field scan by
setting the external field to zero. This assures that magnetic-
field sweep-dependent nuclear polarization builds to the same
magnitudes at the corresponding external field values. We
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FIG. 4. Comparison of experimentally obtained and simulated Kerr rotation and Overhauser field for time-dependent field sweeps. (a) Kerr
rotation measured as a function of external magnetic field for a fixed pump-probe delay of 13 ns and laser wavelength 818.2 nm. The external
field is swept from 120 to 180 mT in steps of 0.25 mT. The labels indicate the number of measurements taken at each magnetic field. Here, 1x
corresponds to the field step timing and spacing used throughout this paper, effectively 0.23 mT/s. The exception is 0.5, which utilized the
same field step timing as 1x but skipped every other field step. The field sweeps are offset vertically for clarity. While a pump-probe delay of
13 ns is shown, measurements were recorded for a series of delays to extract the Overhauser field. (b) Overhauser field for the external field
sweep shown in (a), extracted from time- and field-resolved Kerr rotation measurements as described in the text. (c) Simulated spin polarization
magnitude as a function of external magnetic field for a fixed pump-probe delay of 13 ns. The simulated experiment follows the same procedure
and detuning outlined in (a), and the sweeps are likewise offset for clarity and comparison. (d) Simulated Overhauser field corresponding to
the same experimental conditions. The black dashed line corresponds to an experiment with 500x the number of measurement steps at each

field, effectively a steady-state measurement.

fit the Kerr rotation with a decaying cosine as a function
of time delay Ae=2"/T cos (Qet At — y) separately for each
field value. This provides the effective Larmor precession
frequency and subtracting out the external field in accordance
with Eq. (6) will give the Overhauser field. For all experimen-
tally extracted B,, shown, the measurements were taken at time
delays between —1920 and 41920 ps at intervals of 160 ps,
and the magnetic field was swept from 120 to 180 mT in steps
of 0.25 mT at 1.1 s intervals. The fitting procedure treated
the data measured at negative time delays as positive delay
times offset by 13.16 ns. This was done to ensure that there
were enough oscillations in the time-resolved Kerr rotation
data for fitting. The y term in Eq. (3) was used as the initial
fitting parameter for the phase. Figures 4(a) and 4(b) show
the measured Kerr rotation at 13 ns pump-probe delay and
extracted Overhauser field for effective field sweep rates of
0.5x, 1x,2x,and 4x.

The same effective sweep rates can be implemented into
the model by inputting the same array of the experimental ap-
plied field values used in Fig. 4(a). The calculated Overhauser
fields shown in Fig. 4(d) qualitatively replicate the observed
magnetic-field sweep-rate-dependent peak warping behavior.
Our simulations demonstrate that slower external field sweeps
allow for the nuclear system polarization to build for more
time between subsequent external field values. The periodic
Overhauser field will alter the effective Larmor precession of
the electron spin system and elongate (for positive detuning
at 818.2 nm) the spin polarization peaks with respect to the
changing external field. This observed sweep-rate-dependent
distortion of the Kerr rotation data is replicated by our simu-
lations in Fig. 4(c).

IV. DIRECTION DEPENDENCE

We have shown that the nuclear polarization changes sign
dependent on whether the external magnetic field is increased
or decreased [12]. Analysis conducted with this model can
probe the nuclear system’s dependence on how the external
field is changed to uncover the origin of this hysteretic behav-
ior. Our model analytically describes the Overhauser field’s
dependence on the rotated S, component of the electron spin
system. This dependence can be seen by rewriting the nuclear
rate equation Eq. (4) in terms of (S,), e 4+ (Tilp + %ﬂ)]av
T%%I (I + 1)(S;). We see that when I,, = 0, the growth of
the nuclear polarization follows the time-averaged S, value at
that particular external field. Integrating Eq. (4) as a function
of changing field suggests that, over the duration of the
field sweep, the nuclear polarization will cumulatively build
and will increase or decrease depending on the value of
the integrated (S,). We can modify the model to allow for
negligible time for nuclear polarization to build and show in
Figs. 5(a) and 5(b) that the sign of the integrated (S,) com-
ponent depends on whether the external field is increasing or
decreasing (dBgown = —dByp). We can further investigate the
nuclear polarization’s coupled dependence on integrated (S,)
and time by modifying both the integration time of our model
and the magnetic field sweep direction. Numerical integration
intervals of 0.11 s [Figs. 5(c) and 5(d)] and our experimental
time interval 1.1 s [Figs. 5(e) and 5(f)] are both much less
than the nuclear 7}, time and allow more time for the nuclear
polarization to increase in magnitude. Comparing upsweeps
[Figs. 5(a), 5(c) and 5(e)] to downsweeps [Figs. 5(b), 5(d) and
5()], we see that the sign of that increase depends on the sign
of the integrated (S, ).
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FIG. 5. Simulated average component of spin polarization along the external field direction (S,) and its connection to the Overhauser field
for increasing integration times. Each plot displays (S, ) as a function of external magnetic field magnitude (solid blue line), integrated (S.) over
the course of the field sweep multiplied by bn and scaled 50x (dashed orange line), and resulting Overhauser field due to (S,) (dotted green
line). At each applied magnetic field magnitude, the optical Stark effect rotates some electron spins into the direction parallel to the magnetic
field. During the course of a field sweep, the change in external field magnitude changes the degree to which the spin polarization is rotated.
The time duration between field steps then changes the amount of accumulated (S,). By starting with zero net nuclear spin, the Overhauser
field is proportional to this accumulation of (S,). Since the integrated (S,) has opposite sign for upsweeps and downsweeps, the Overhauser
field takes on different character for the two directions of magnetic field sweep.

V. CONCLUSION

In summary, we show that the optical Stark effect model
can explain the previously unexplained hysteretic field-sweep
direction-dependent behavior of the nuclear spin system in
GaAs [12]. Dynamic nuclear polarization due to spins excited
by a periodic train of pulses and rotated by the optical Stark
effect has been previously observed and characterized in
ZnSe [11]. In those studies, the nuclear system’s 77 time was
orders of magnitude shorter than the laboratory time of their
measurements [30,31]. Hence, their nuclear system quickly
reached steady state during their experiments and no field
sweep direction dependence was observed. In our system,
the long T}, allows for the nuclear polarization to continue
building over the duration of the field scans. The polarization

increases or decreases depending on the integrated (S,)
component with respect to the change of field. This model
lends insight on the dynamics of the coupled electron-nuclear
spin system and how it can be manipulated with optical pulses.

ACKNOWLEDGMENTS

J.R.I. was supported by the Department of Defense through
the National Defense Science and Engineering Graduate Fel-
lowship (NDSEG) program. The work at the University of
Michigan is supported by the National Science Foundation
under Grant No. DMR-1607779. Sample fabrication was per-
formed at the University of Michigan Lurie Nanofabrication
Facility.

[1] B. Urbaszek, X. Marie, T. Amand, O. Krebs, P. Voisin,
P. Malentinsky, A. Hogele, and A. Imamoglu, Nuclear spin
physics in quantum dots: An optical investigation, Rev. Mod.
Phys. 85, 79 (2013).

[2] E. A. Chekhovich, M. N. Makhonin, A. I. Tartakovskii,
A. Yacoby, H. Bluhm, K. C. Nowack, and L. M. K.
Vandersypen, Nuclear spin effects in semiconductor quantum
dots, Nat. Mater. 12, 494 (2013).

[3] G. Lampel, Nuclear Dynamic Polarization by Optical Elec-
tronic Saturation and Optical Pumping in Semiconductors,
Phys. Rev. Lett. 20, 491 (1968).

[4]J. M. Kikkawa and D. D. Awschalom, All-optical
magnetic resonance in semiconductors, Science 287, 473
(2000).

[5] E. A. Zhukov, A. Greilich, D. R. Yakovlev, K. V. Kavokin, I. A.
Yugova, O. A. Yugov, D. Suter, G. Karczewski, T. Wojtowicz,
J. Kossut, V. V. Petrov, Yu. K. Dolgikh, A. Pawlis, and M.
Bayer, All-optical NMR in semiconductors provided by reso-

nant cooling of nuclear spins interacting with electrons in the

resonant spin amplification regime, Phys. Rev. B 90, 085311

(2014).

F. Heisterkamp, A. Greilich, E. A. Zhukov, E. Kirstein,

T. Kazimierczuk, V. L. Korenev, 1. A. Yugova, D. R. Yakovlev,

A. Pawlis, and M. Bayer, Inhomogeneous nuclear spin po-

larization induced by helicity-modulated optical excitation of

fluorine-bound electron spins in ZnSe, Phys. Rev. B 92, 245441

(2015).

[7] G. Salis, D. T. Fuchs, J. M. Kikkawa, D. D. Awschalom,
Y. Ohno, and H. Ohno, Optical Manipulation of Nuclear Spin
by a Two-Dimensional Electron Gas, Phys. Rev. Lett. 86, 2677
(2001).

[8] D. Gammon, Al. L. Efros, T. A. Kennedy, M. Rosen, D. S.
Katzer, D. Park, S. W. Brown, V. L. Korenev, and 1. A.
Merkulov, Electron and Nuclear Spin Interactions in the Optical
Spectra of Single GaAs Quantum Dots, Phys. Rev. Lett. 86,
5176 (2001).

[6

—

205203-7


https://doi.org/10.1103/RevModPhys.85.79
https://doi.org/10.1103/RevModPhys.85.79
https://doi.org/10.1103/RevModPhys.85.79
https://doi.org/10.1103/RevModPhys.85.79
https://doi.org/10.1038/nmat3652
https://doi.org/10.1038/nmat3652
https://doi.org/10.1038/nmat3652
https://doi.org/10.1038/nmat3652
https://doi.org/10.1103/PhysRevLett.20.491
https://doi.org/10.1103/PhysRevLett.20.491
https://doi.org/10.1103/PhysRevLett.20.491
https://doi.org/10.1103/PhysRevLett.20.491
https://doi.org/10.1126/science.287.5452.473
https://doi.org/10.1126/science.287.5452.473
https://doi.org/10.1126/science.287.5452.473
https://doi.org/10.1126/science.287.5452.473
https://doi.org/10.1103/PhysRevB.90.085311
https://doi.org/10.1103/PhysRevB.90.085311
https://doi.org/10.1103/PhysRevB.90.085311
https://doi.org/10.1103/PhysRevB.90.085311
https://doi.org/10.1103/PhysRevB.92.245441
https://doi.org/10.1103/PhysRevB.92.245441
https://doi.org/10.1103/PhysRevB.92.245441
https://doi.org/10.1103/PhysRevB.92.245441
https://doi.org/10.1103/PhysRevLett.86.2677
https://doi.org/10.1103/PhysRevLett.86.2677
https://doi.org/10.1103/PhysRevLett.86.2677
https://doi.org/10.1103/PhysRevLett.86.2677
https://doi.org/10.1103/PhysRevLett.86.5176
https://doi.org/10.1103/PhysRevLett.86.5176
https://doi.org/10.1103/PhysRevLett.86.5176
https://doi.org/10.1103/PhysRevLett.86.5176

DOMINGUEZ, IAFRATE, AND SIH

PHYSICAL REVIEW B 101, 205203 (2020)

[9] S. Markmann, C. Reichl, W. Wegscheider, and G. Salis, Univer-
sal nuclear focusing of confined electron spins, Nat. Commun.
10, 1097 (2019).

[10] J. M. Kikkawa and D. D. Awschalom, Resonant Spin Am-
plification in n-Type GaAs, Phys. Rev. Lett. 80, 4313
(1998).

[11] E. A. Zhukov, E. Kirstein, N. E. Kopteva, F. Heisterkamp, 1. A.
Yugova, V. L. Korenev, D. R. Yakovlev, A. Pawlis, M. Bayer,
and A. Greilich, Discretization of the total magnetic field by
the nuclear spin bath in fluorine-doped ZnSe, Nat. Commun. 9,
1941 (2018).

[12] M. Macmahon, J. R. Iafrate, M. J. Dominguez, and V. Sih,
Observation of magnetic field sweep direction dependent dy-
namic nuclear polarization under periodic optical electron spin
pumping, Phys. Rev. B 99, 075201 (2019).

[13] N. E. Kopteva, I. A. Yugova, E. A. Zhukov, E. Kirstein,
E. Evers, V. V. Belykh, V. L. Korenev, D. R. Yakovlev,
M. Bayer, and A. Greilich, Theoretical modeling of the nuclear—
field induced tuning of the electron spin precession for localized
spins, Phys. Status Solidi B 256, 1800534 (2019).

[14] S. A. Crooker, D. D. Awschalom, J. J. Baumberg, F. Flack,
and N. Samarth, Optical spin resonance and transverse spin
relaxation in magnetic semiconductor quantum wells, Phys.
Rev. B 56, 7574 (1997).

[15] Optical Orientation, edited by F. Meier and B. P. Zakharchenya
(Elsevier, Amsterdam, 1984).

[16] J. A. Gupta, R. Knobel, N. Samarth, and D. D. Awschalom,
Ultrafast Manipulation of Electron Spin Coherence, Science
292, 2458 (2001).

[17] S. E. Economou, L. J. Sham, Y. Wu, and D. G. Steel, Proposal
for optical U(1) rotations of electron spin trapped in a quantum
dot, Phys. Rev. B 74, 205415 (2006).

[18] I. A. Yugova, M. M. Glazov, E. L. Ivchenko, and Al. L. Efros,
Pump-probe Faraday rotation and ellipticity in an ensemble
of singly charged quantum dots, Phys. Rev. B 80, 104436
(2009).

[19] C. J. Trowbridge and V. Sih, Phase effects due to previous
pulses in time-resolved Faraday rotation measurements, J. Appl.
Phys. 117, 063906 (2015).

[20] M. M. Glazov and E. L. Ivchenko, Resonant spin amplification
in nanostructures with anisotropic spin relaxation and spread of
the electron g factor, Semiconductors 42, 951 (2008).

[21] I. A. Yugova, M. M. Glazov, D. R. Yakovlev, A. A. Sokolova,
and M. Bayer, Coherent spin dynamics of electrons and holes in
semiconductor quantum wells and quantum dots under period-
ical optical excitation: Resonant spin amplification versus spin
mode locking, Phys. Rev. B 85, 125304 (2012).

[22] M. 1. D’yakonov and V. I. Perel’, Optical orientation in a system
of electrons and lattice nuclei in semiconductors, Sov. Phys.
JETP 38, 177 (1974).

[23] A. Abragam, The Principles of Nuclear Magnetism (Oxford
University Press, New York, 1961).

[24] D. Paget, G. Lampel, B. Sapoval, and V. 1. Safarov, Low field
electron-nuclear spin coupling in gallium arsenide under optical
pumping conditions, Phys. Rev. B 15, 5780 (1977).

[251J. M. Lu, M. J. R. Hoch, P. L. Kuhns, W. G. Moulton,
Z. Gan, and A. P. Reyes, Nuclear spin-lattice relaxation in
n-type insulating and metallic GaAs single crystals, Phys. Rev.
B 74, 125208 (2006).

[26] G. Kaur and G. Denninger, Dynamic nuclear polarization in III-
V Semiconductors, Appl. Magn. Reson. 39, 185 (2010).

[27] D. Kolbl, D. M. Zumbiihl, A. Fuhrer, G. Salis, and S. F.
Alvarado, Breakdown of the Korringa Law of Nuclear Spin
Relaxation in Metallic GaAs, Phys. Rev. Lett. 109, 086601
(2012).

[28] L. A. Machlan, J. W. Gramlich, L. J. Powell, and G. M.
Lambert, Absolute isotopic abundance ratio and atomic weight
of a reference sample of gallium, J. Res. Natl. Bur. Stand. 91,
323 (1986).

[29] V. M. Litvyak, R. V. Cherbunin, K. V. Kavokin, and V. K.
Kalevich, Determination of the local field in the nuclear spin
system of n-type GaAs, J. Phys.: Conf. Ser. 951, 012006 (2018).

[30] A. Greilich (private communication).

[31] F. Heisterkamp, E. Kirstein, A. Greilich, E. A. Zhukov,
T. Kazimierczuk, D. R. Yakovlev, A. Pawlis, and M. Bayer,
Dynamics of nuclear spin polarization induced and detected
by coherently precessing electron spins in fluorine-doped ZnSe,
Phys. Rev. B 93, 081409(R) (2016).

205203-8


https://doi.org/10.1038/s41467-019-08882-y
https://doi.org/10.1038/s41467-019-08882-y
https://doi.org/10.1038/s41467-019-08882-y
https://doi.org/10.1038/s41467-019-08882-y
https://doi.org/10.1103/PhysRevLett.80.4313
https://doi.org/10.1103/PhysRevLett.80.4313
https://doi.org/10.1103/PhysRevLett.80.4313
https://doi.org/10.1103/PhysRevLett.80.4313
https://doi.org/10.1038/s41467-018-04359-6
https://doi.org/10.1038/s41467-018-04359-6
https://doi.org/10.1038/s41467-018-04359-6
https://doi.org/10.1038/s41467-018-04359-6
https://doi.org/10.1103/PhysRevB.99.075201
https://doi.org/10.1103/PhysRevB.99.075201
https://doi.org/10.1103/PhysRevB.99.075201
https://doi.org/10.1103/PhysRevB.99.075201
https://doi.org/10.1002/pssb.201800534
https://doi.org/10.1002/pssb.201800534
https://doi.org/10.1002/pssb.201800534
https://doi.org/10.1002/pssb.201800534
https://doi.org/10.1103/PhysRevB.56.7574
https://doi.org/10.1103/PhysRevB.56.7574
https://doi.org/10.1103/PhysRevB.56.7574
https://doi.org/10.1103/PhysRevB.56.7574
https://doi.org/10.1126/science.1061169
https://doi.org/10.1126/science.1061169
https://doi.org/10.1126/science.1061169
https://doi.org/10.1126/science.1061169
https://doi.org/10.1103/PhysRevB.74.205415
https://doi.org/10.1103/PhysRevB.74.205415
https://doi.org/10.1103/PhysRevB.74.205415
https://doi.org/10.1103/PhysRevB.74.205415
https://doi.org/10.1103/PhysRevB.80.104436
https://doi.org/10.1103/PhysRevB.80.104436
https://doi.org/10.1103/PhysRevB.80.104436
https://doi.org/10.1103/PhysRevB.80.104436
https://doi.org/10.1063/1.4907912
https://doi.org/10.1063/1.4907912
https://doi.org/10.1063/1.4907912
https://doi.org/10.1063/1.4907912
https://doi.org/10.1134/S1063782608080137
https://doi.org/10.1134/S1063782608080137
https://doi.org/10.1134/S1063782608080137
https://doi.org/10.1134/S1063782608080137
https://doi.org/10.1103/PhysRevB.85.125304
https://doi.org/10.1103/PhysRevB.85.125304
https://doi.org/10.1103/PhysRevB.85.125304
https://doi.org/10.1103/PhysRevB.85.125304
https://doi.org/10.1103/PhysRevB.15.5780
https://doi.org/10.1103/PhysRevB.15.5780
https://doi.org/10.1103/PhysRevB.15.5780
https://doi.org/10.1103/PhysRevB.15.5780
https://doi.org/10.1103/PhysRevB.74.125208
https://doi.org/10.1103/PhysRevB.74.125208
https://doi.org/10.1103/PhysRevB.74.125208
https://doi.org/10.1103/PhysRevB.74.125208
https://doi.org/10.1007/s00723-010-0155-7
https://doi.org/10.1007/s00723-010-0155-7
https://doi.org/10.1007/s00723-010-0155-7
https://doi.org/10.1007/s00723-010-0155-7
https://doi.org/10.1103/PhysRevLett.109.086601
https://doi.org/10.1103/PhysRevLett.109.086601
https://doi.org/10.1103/PhysRevLett.109.086601
https://doi.org/10.1103/PhysRevLett.109.086601
https://doi.org/10.6028/jres.091.036
https://doi.org/10.6028/jres.091.036
https://doi.org/10.6028/jres.091.036
https://doi.org/10.6028/jres.091.036
https://doi.org/10.1088/1742-6596/951/1/012006
https://doi.org/10.1088/1742-6596/951/1/012006
https://doi.org/10.1088/1742-6596/951/1/012006
https://doi.org/10.1088/1742-6596/951/1/012006
https://doi.org/10.1103/PhysRevB.93.081409
https://doi.org/10.1103/PhysRevB.93.081409
https://doi.org/10.1103/PhysRevB.93.081409
https://doi.org/10.1103/PhysRevB.93.081409

