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Consecutive circularly-polarized optical pulses generate and rotate electron spin polarization
through optical orientation and the optical Stark effect. We perform time- and magnetic field de-
pendent optical pump-probe measurements on gallium arsenide and observe a variable Overhauser
field growth that depends on external magnetic field and laser wavelength. We show that the time
dependence of the nuclear spin polarization can be attributed to the time-averaged electron spin
polarization produced along the external magnetic field direction.

I. INTRODUCTION

The manipulation of electron and nuclear spin polar-
ization in solids is of interest for potential applications in
both classical and quantum information processing. Un-
der certain conditions, the nuclear spin polarization time
can exceed the electron spin coherence time, providing a
reservoir to store information beyond the electron spin
coherence time [1-3].

Nuclear induced frequency focusing (NIFF) has been
observed and theoretically modelled in periodic optical
electron spin pumped semiconductor quantum dots and
epilayers [4-10]. The nuclear spin polarization builds to
discrete values corresponding to the repetition rate of the
periodic optical pulse train. This has been attributed to
the optical Stark effect from detuning from the trion exci-
tation energy. Previous optical pump-probe experiments
have investigated the relationship between the spectral
detuning from resonance of the periodic optical excitation
and the induced nuclear polarization produced by NIFF
[11, 12]. In our previous work, we also presented numer-
ical simulations of the nuclear polarization produced by
different optical pump spectral detunings from the trion
resonance and applied magnetic field history [12].

Measurements of the nuclear polarization build up dy-
namics in semiconductors have been performed with op-
tical pump-probe and other techniques [13-16]. These
experiments were not performed under conditions where
the NIFF effect would occur, and the nuclear spin po-
larization is shown to change exponentially, with a satu-
ration change in nuclear field and a single characteristic
saturation time.

In this article, we show that, under conditions that pro-
duce NIFF, the nuclear polarization time and build up
characteristics sensitively depend on the external mag-
netic field and pump wavelength detuning from the trion
resonance. We numerically calculate and measure the
Overhauser field growth as a function of time for various
magnetic fields and spectral detunings under periodic op-
tical pumping in the Voigt geometry. We present exper-
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imental time-resolved Kerr rotation (TRKR) measure-
ments, where by taking successive data points at fixed
external fields and pump-probe delays, the Overhauser
field build up behavior for different external fields and
spectral detunings is extracted. Observations from both
the experimental and simulated data demonstrate dras-
tically different nuclear polarization build up behavior
between positive and negative detuning. The difference
in build up behavior is most noticeable at magnetic fields
near the NIFF boundaries. In the case of positive detun-
ing, the nuclear polarization build up does not appear to
exhibit mono-exponential growth behavior. Our calcula-
tions and measurements show that, under the conditions
where the NIFF effect is present, the nuclear polarization
build up behavior changes over time due to the changing
time-averaged electron spin polarization produced along
the external magnetic field direction.

II. MODEL

The coupled dynamics of the electron and nuclear spin
systems under periodic pumping in the Voigt geometry
are calculated using the model outlined in Ref. [12]. This
model is equivalent to the one implemented in Ref. [8].

Optically oriented electrons in GaAs couple to the nu-
clear spin system through the Fermi contact term of the
hyperfine interaction [17]. Under an external magnetic
field, this interaction has been shown to polarize the nu-
clear spin system along the direction of the magnetic
field. The rate at which the nuclear spin polarization
changes can be described by the following rate equation:
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where I, is the nuclear spin polarization and (S)
is the time-averaged electron spin component along the
magnetic field [17, 18]. The variable I is the nuclear spin
number, and 77, and T7,, are the nuclear relaxation times
due to the electron and other mechanisms, respectively.
From Eq. 1, we see that the rate in polarization is di-
rectly dependent on (S,). The nuclear spin polarization



will produce an Overhauser field By that acts on the
electrons.
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Here, x; is the abundance of nuclear spin species, A; is
the hyperfine coupling constant, g is the g factor, and up
is the Bohr magneton [19]. The value bn is the conversion
factor between nuclear polarization and Overhauser field.

The Overhauser field contributes to the total magnetic
field B;,; and will alter the effective Larmor precession
frequency experienced by the electrons.
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Our experiments are performed in the Voigt geometry
where the external magnetic field is along the z-direction
and perpendicular to the optical axis and direction of op-
tical spin generation, z. However, the arrival of a sub-
sequent pump pulse can rotate spin polarization to be
along the magnetic field due to the optical Stark effect
11, 12].

The average spin component (S, ) is dependent on the
effective Larmor precession. This consequently leads to
coupling and dynamic feedback between the spin systems
through the Overhauser field. The dynamics of the nu-
clear polarization, described in Eq. 1, are non-linear and
further complicated by the Overhauser field feedback be-
tween the spin systems. The steady-state nuclear polar-
ization can be solved by setting the left-hand side of Eq.
1 to zero.
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The steady-state form of I,, is transcendental through
its dependence on (S,). A closed form expression of (S,)
from periodic pumping can be found in Ref. [11]. Cal-
culations of (S;) and the steady-state Overhauser field
as a function of applied magnetic field for both positive
and negative spectral detuning are shown in Fig. 1. The
external field dependence of (S,), neglecting the Over-
hauser field, for both negative and positive detuning is
shown in Fig. 1(a).

The total magnetic field shown in Fig. 1(b) is calcu-
lated from the steady-state Overhauser field using Eq. 2
and the external field. The coupling between (S;) and
I, leads to the total magnetic field exhibiting step-like
features with plateaus appearing near integer (or half in-
teger) multiples of guBhTTep for positive (or negative) spec-
tral detuning. This effect is nuclear-induced frequency
focusing (NIFF), where the value corresponds to synchro-
nization with the laser’s pulse repetition period (T}¢p) [4].
The laser repetition period and electron spin g-factor in
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FIG. 1. Relationship between (S;) and steady-state Over-
hauser field. (a) Calculated time averaged (S,) component for
negative detuning (819.5 nm) in blue and positive detuning
(818.2 nm) in orange. (b) Simulated steady-state total effec-
tive magnetic field for both detunings, showing that the posi-
tive detuning (orange) results in integer multiples of 5

guBTrep’
denoted by the grey dashed horizontal lines, while the nega-

tive detuning (blue) exhibits plateaus at the half-integer val-
ues. (c)-(f) The blue and green vertical lines correspond to the
integer and half-integer values, respectively. The orange and
red vertical lines are example external fields, and the orange
and red arrows demonstrate the magnitude and direction the
Overhauser field builds for the total field to reach the integer
or half-integer values.

our experiments are 13.16 ns and -0.44 respectively. This
yields a value for the factor m ~ 12.3 mT.

In the case of a long T}, relaxation time, the first term
of the rate equation Eq. 1 and the dependence of I, in
Eq. 2 suggests that both I,, and (S,) will change un-
til (S,) reaches a value of zero. For both positive and
negative spectral detuning, the component (S,) is zero
only at external field values corresponding to integer and
half-integer multiples of guBhTrep‘ In Fig. 1(c,e), these
external fields are marked by the dashed blue and green
vertical lines. For the case of negative detuning shown
in Fig. 1(c), the orange vertical line corresponds to an
initial external field slightly above an integer multiple of
WBhTMP. At this detuning and external field, the (S,)
component is negative in sign, which leads to a positive
increase of the Overhauser field. This is due to the con-
version constant (bn) having a negative value in GaAs.
The increasing Overhauser field will continue to increase
the total magnetic field until it equals the half-integer
multiple of guB’}”p, where the (S, ) component is zero. In
this example, the corresponding Overhauser field reaches
a value of approximately 4 mT, as represented by the
orange arrows in Fig. 1(c,d).

The red dashed vertical line corresponds to the case of
setting the initial field to slightly higher than the half-
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FIG. 2. Simulated Overhauser field growth profiles for different external field values and (a) negative detuning and (c) positive
detuning. Each curve is labelled with its external magnetic field value. In the case of positive detuning, we observe that
the curves for 129 mT and 130 mT result in the largest Overhauser fields but have an initial slow delayed growth before the
Overhauser field increases more rapidly. (b) and (d) show the Overhauser field profile plotted as a function of external field for

different elapsed lab times.

integer value. For this initial external field, the (S,) com-
ponent is positive in sign. Thus, the Overhauser field is
negative in value and decreases the total magnetic field,
which also results in the total magnetic field reaching an
integer-and-a-half multiple value of gual}mp . This steady
state Overhauser field shift is represented by red arrows
in Fig. 1(c,d).

For the case of positive detuning, the (S, ) component
is opposite in sign. Using the same intuition of the re-
lationship between sign of (S,) and the Overhauser field
magnitude, we illustrate the growth and direction of the
total magnetic field. In Fig. 1(e,f), we see that, for posi-
tive detuning, the total magnetic field is pushed to values

of integer %, represented by the blue dashed verti-
guBLrep

cal lines.

The (S;) dependence on external field can be described
as periodic with a period of —2 and crossing zero at

9B Trep
half this period. Since (S, ) is flipped in sign between pos-

itive and negative detuning, and not merely a half wave-
length shift, this implies that nuclear polarization growth
will be different between positive and negative detuning.
Qualitatively, this difference in polarization behavior can
be described with features seen in Fig. 1(c,e), where the
initial fields at the orange and red vertical lines are ex-
amples where the Overhauser field builds to nearly its
largest magnitude for negative and positive detuning, re-
spectively.

In Fig. 1(c), at the initial external field of the orange
vertical line, the initial (S,) component is nearly at its

largest magnitude. This leads to an initial rapid build
in nuclear polarization, as described by Eq. 1. As this
nuclear polarization builds and increases the total mag-
netic field, the (S,) component decreases steadily which
leads to a slower rate of change in polarization.

For the positive detuning example in Fig. 1(e), the ini-
tial (S;) component at the external field of the red dotted
line is of a small magnitude. This leads to an initial slow
building of the nuclear polarization. As the Overhauser
field builds in magnitude and increases the total effective
magnetic field, the magnitude of (S, ) increases slowly at
first and then more rapidly before decreasing again as
the total effective magnetic field approaches an integer
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multiple of T

We calculate this behavior by numerically integrating
Eq. 1 with respect to time for positive and negative de-
tunings and different external magnetic fields. The initial
nuclear polarization is set to zero for each integration.
The results of these calculations are plotted in Fig. 2,
where the qualitatively described growth behaviors can
be seen.

The calculations for negative detuning are shown in
Fig. 2(a,b). For the polarization behavior of initial ex-
ternal fields in the vicinity of the NIFF boundary, in Fig.
2(a), we can observe the rapid initial rate of polarization
followed by slower growth to their steady state values
over time. Fig. 2(b) shows the Overhauser field plot-
ted as a function of external magnetic field for different
elapsed times.
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FIG. 3. 2D Kerr data and plots of Kerr rotation as a function of time delay for different lab times. (a) Experimental 2D TRKR
data for external field of 133 mT and wavelength of 818.2 nm. Vertical axis is the pump-probe delays, and the horizontal axis
is the lab time. (b) TRKR data at select lab times plotted with respect to pump-probe time delay. The data corresponds to
vertical slices of the 2D data, denoted by the vertical white dashed lines in (a).

The calculated polarization behavior for positive de-
tuning are shown in Fig. 2(c,d). For initial external
fields near the NIFF boundaries, the rate of polarization
initially is slow in comparison to the rate of polarization
for negative detuning. These rates of polarization grow
logistically over time, where there is an inflection point of
rapid change followed by a slow approach to the steady
state value. This inflection point corresponds to the to-
tal effective field reaching the value at which the absolute
magnitude of (S, ) reaches its maximum value. Fig. 2(d)
shows how the Overhauser field as a function of exter-
nal magnetic field changes with elapsed time for positive
detuning.

IIT1. 2D KERR EXPERIMENTS

Optical pump-probe measurements of electron spin po-
larization are performed in order to monitor the change
in the Larmor precession frequency and Overhauser field
over time. The measurements are conducted at differ-
ent applied magnetic fields and for both negative and
positive detuning in order to see whether the simulated
Overhauser field growth profiles are reproduced.

The experimental data presented in this paper was col-
lected on a 2-pum-thick Si-doped n-type GaAs epilayer
with a carrier concentration of n =3 x 10 cm =3 at T =
10 K. The n-GaAs layer was grown by molecular-beam
epitaxy on a 1-pm-thick undoped AlGaAs layer, which
was grown on a 635-pum-thick undoped GaAs substrate.

A Ti:Sapphire laser is used to optically generate and
detect electron spin polarization in the GaAs sample.
The Ti:Sapphire laser is modelocked and outputs pulses
with a 2-ps temporal width every 13.16 ns, which cor-
responds to a repetition frequency of 76 MHz. In the
experiments, the time-resolved Kerr rotation (TRKR)
measurement scheme is used, in which a pump laser pulse

excites an electron spin polarization, and a time-delayed
probe laser pulse measures the electron spin polarization.
The pump beam is sent through a photoelastic modula-
tor, which modulates the pump polarization between left
and right circular polarization, and the probe beam is
modulated by a optical chopper at a frequency of 1.37
kHz. After reflecting off the sample, the probe beam
passes through a Wollaston prism, which splits the re-
flected probe into two components linearly polarized at
+45° / -45° with respect to the initial probe polarization.
The intensity difference between the two components is
recorded and processed by two cascaded lock-in ampli-
fiers at the photoelastic modulator and optical chopper
frequencies, and the Kerr rotation signal is measured.

In order to experimentally characterize the nuclear
spin polarization as a function of the laser wavelength,
the external magnetic field, and lab time, the following
measurement scheme is used. We first fix the time delay
between the pump and probe beams at a fixed exter-
nal field. Kerr rotation measurements are performed at
intervals of approximately 1.1 s for a duration of 1 to 3
minutes, which results in a total of 60 to 180 data points.
During this time, the nuclear field is allowed to build up
under the specific combination of the pump-probe delay
time and the external field. After performing Kerr ro-
tation measurements over this duration, the time delay
between the pump and probe beams is changed by an in-
terval of 4200 ps. Subsequently, Kerr rotation measure-
ments are performed again for the same duration under
the same external field at the new delay time. The mea-
surement procedure is followed until all delay time indices
from 0 ps to 5000 ps are traversed, which results in 2D
Kerr rotation data in which the axes are laboratory time
and pump-probe delay time. At the beginning of every
delay time increment, we temporarily set the external
field to 0 mT for 15 s. This ensures that the nuclear spin
system is depolarized at the start of every 1 to 3 minute



55¢
~ 5.41 = :
ﬁ — | Lab time (s)
] 0s
I ? o 531 | 1s
2s
Qs , 7+
52| 5.2 iy
G“: . _ | 16s
| 136 mT - — | — s
z 5.1 i > 51| == o
5 n
c 5.01 501 : ]
a "] 10 20 30 40 50 &0 134 136 138 140 142
>
o
) <) d)
bl e e et
L 5.2/ 52|
- 34 mT
o 123 mT Lab time (s)
P 1132 mT { 0s
E ﬁ 311 131 75 mif 31 / 6s
5 mi B 12
3 so|@om 5.0/ z 185
36 s
| 130 mT | 7is
491 49 08 e
2amT 144 s
4.8 127 m1 48| == 1805
0 50 100 150 128 130 132 134 136
Lab Time (s) External Field (mT)

FIG. 4. Larmor frequency curve fits for all lab times, different external fields, and both spectral detunings. (a,b) Larmor
frequencies for negative detuning. The magenta and red horizontal dashed lines correspond to the predicted NIFF half-integer
values of 10.5 and 11.5 of n % 2w/Trep. The Larmor frequency rapidly changes to approach one of these half-integer values
depending on the external field. (c,d) Larmor frequencies for positive detuning. The blue and green horizontal dashed lines
correspond to the predicted NIFF integer values of 10 and 11 of n % 2w /Trep. The predicted delayed growth behavior for fields

with larger predicted Overhauser field is observed.

duration of Kerr rotation measurements.

The 2D Kerr rotation data for positive detuning and
133 mT external field is shown in Fig. 3(a), where the
vertical axis is the pump-probe delay time and the hori-
zontal axis is the laboratory time over the 1 to 3 minute
duration over which the Kerr rotation measurements are
taken. The color of the 2D plot corresponds to the Kerr
rotation value in arbitrary units. Since the nuclei are ini-
tially depolarized and the nuclear spin polarization grows
on the scale of minutes, each vertical slice of the data al-
lows us to view Kerr rotation measurements for different
pump-probe delay times, affected by the same amount of
nuclear polarization at a given lab time. Vertical slices of
the data for different lab times are plotted in Fig. 3(b),
where we can see the change in Larmor precession fre-
quency of the electron spin polarization for increasing
lab times. This change in Larmor precession frequency
is due to the building Overhauser field from the nuclear
polarization. As the total magnetic field felt by the elec-
tron spins is the sum of the external field and the Over-
hauser field, the lab time dependent magnitude of the
Overhauser field can be inferred by the change in Lar-
mor precession frequency.

IV. EXTRACTING OVERHAUSER FIELD
GROWTH

By curve fitting the vertical slices of the 2D Kerr data
to a decaying cosine A cos(QAt + ¢), we extract the Lar-
mor precession frequency as a function of lab time. These
2D Kerr measurements are repeated for different applied
external fields for both positive and negative spectral de-
tuning. The positive detuning measurements are con-
ducted at 818.2 nm, and the negative detuning measure-
ments are conducted at 819.5 nm. The fits of Larmor
frequency for all fields and lab times and both detunings
are summarized in Fig. 4. Fig. 4(a) shows the change
in Larmor frequency for negative detuning. We observe
that the Larmor frequency changes over lab time and
approaches the integer multiples of either 10.5 or 11.5
of n* 2m /T,¢p, depending on whether the initial Larmor
frequency is less than or greater than 11 times 27/T.p.
Fig. 4(c) shows the change in Larmor frequency for pos-
itive detuning. For the initial external field values whose
Larmor frequencies lay in the center between the mul-
tiples of 27 /T,.,, we see the growth behavior predicted
in Fig. 2(c), where the change in precession is slow at
first and then rapidly increases and then saturates. This
inflection point in the rate of change corresponds approx-
imately to where the total effective magnetic field results
in the largest (S,) magnitude. In Fig. 4(b) and 4(d), we
observe that the Larmor frequency approaches the half-
integer or integer multiples of n % 27 /T, as shown in



Fig. 1(b).

Note the growth curves for 131.5 mT in Fig. 4(c),
where the Larmor frequency drifts but does not reach
the integer multiple values of 27 /T,..p,. This is due to the
instability of nuclear polarization for this region for posi-
tive detuning. We observe that this region has the small-
est magnitude and slope of (S,) with respect to field [Fig.
1(e)]. This leads to both the slowest rate and change in
rate of nuclear polarization. The observed drift in Lar-
mor precession may be due to small fluctuations in the
external field crossing over the unstable point. We re-
measured data for 131.5 mT and observe similar but not
identical behavior, as shown in Fig. 4(c).

V. CONCLUSION

We have numerically simulated and experimentally
measured how the Overhauser field changes in a system
that exhibits nuclear-induced frequency focusing. The
Overhauser field changes in response to the changing
magnitude of the electron spin polarization and, thus,
does not exhibit a single characteristic saturation time.
In the case of positive spectral detuning and external
magnetic field further from the NIFF boundaries, the rate
of change of the Overhauser field increases as the total
effective magnetic field approaches the NIFF boundaries,
and we show that this behavior can be observed in both
the numerical simulations and from 2D Kerr measure-
ments.

The numerical results were calculated using an iter-
ative model to determine the electron and nuclear spin
polarization and assumes an Overhauser field distribu-
tion produced by the spectral distribution of the laser
pulses used in the experiment [12]. Other sources of inho-
mogeneity that are potentially present in the experiment,
such as variation in the external magnetic field over time,
are not accounted for in the simulation and could be re-
sponsible for the slightly different behavior measured at
131.5 mT for positive detuning in Fig. 4(c). Physical
parameters of the model such as the T; and Ty times
are chosen to qualitatively demonstrate the behavior of
the experimental results. The numerical results shown in
Fig. 2 assumed Ty, = 400 s, Ty,, = 600 s, Ty = 30 ns,
power area § = 7 /4, and 50 discrete bins for nuclear po-
larization spanning an inhomogeneous pump wavelength
with a standard deviation of 0.6 nm.

We have experimentally observed and extracted the
lab time dependent growth of the nuclear polarization as
it approaches the magnetic field plateaus produced by
NIFF. These observations are corroborated by numeri-
cal calculations. We show that the growth behavior for
both positive and negative detuning is determined by the
(S,) magnitude. We also demonstrated an experimen-
tal TRKR measurement technique in which the lab time
dependent nuclear polarization growth can be directly
inferred.
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