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Local Manipulation of Nuclear Spin in a Semiconductor Quantum Well
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The shaping of nuclear spin polarization profiles and the induction of nuclear resonances are
demonstrated within a parabolic quantum well using an externally applied gate voltage. Voltage control
of the electron and hole wave functions results in nanometer-scale sheets of polarized nuclei positioned
along the growth direction of the well. Applying rf voltages across the gates induces resonant spin
transitions of selected isotopes. This depolarizing effect depends strongly on the separation of electrons
and holes, suggesting that a highly localized mechanism accounts for the observed behavior.
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Nuclear spin has been proposed as a robust medium for
quantum information processing [1] in the solid state [2].
Because of the ease with which charge can be controlled
in semiconductors, it is natural to use conduction elec-
trons as intermediaries in manipulating nuclear spin. One
approach is to tune the population and energy distribution
of the electrons [3,4]; our approach is to directly vary the
spatial overlap of spin-polarized electrons with lattice
nuclei. The ability to create nanometer-sized nuclear
spin distributions combined with long solid-state nuclear
spin lifetimes has important implications for the future of
dense information storage, both classical and quantum. In
addition, control over highly localized interactions be-
tween conduction electrons and lattice nuclei may provide
a means to manipulate such information.

Here, we use gate voltages to electrically position
~8 nm wide distributions of polarized nuclei over a
~20nm range in a single parabolic quantum well
(PQW). Optically injected spin-polarized carriers exploit
the contact hyperfine interaction to produce nuclear po-
larization in the vicinity of their confined wave functions
[5]. The thin sheets of polarized nuclei are laterally
defined by the diameter of a focused laser spot. The
application of resonant rf voltages to the gates provides
additional electrical control over nuclear spin. In this
case, nuclear depolarization is observed and is attributed
to a local charge mediated quadrupolar interaction in
contrast to a spin dependent coupling.

The sample [6] is an undoped 100 nm (100)
Al,Ga,_,As PQW [7] [Fig. 1(a)] grown by molecular
beam epitaxy. The aluminum concentration x is varied
from 7% at the center of the well to 40% in the barriers to
create a parabolic potential in the conduction band.

Electric fields applied across the gated PQW result, to
first order, in the distortion-free displacement of the
electron wave function position z, along the growth di-
rection. Experiments are performed at 6 K in a magneto-
optical cryostat with an applied magnetic field B,
perpendicular to the laser excitation direction. A semi-
rigid coaxial cable couples rf voltages to the sample gates.

207602-1 0031-9007/03/91(20)/207602(4)$20.00

PACS numbers: 76.60.Gv, 03.67.—a, 85.35.—p

Time resolved Faraday rotation (TRFR) measure-
ments [8] are performed using a 76 MHz femtosecond
Ti:sapphire laser tuned near the absorption edge of the
PQW (1.62 eV). Laser pulses are split into circularly
(linearly) polarized pump (probe) pulses with an aver-
age power of 2.5 mW (250 wW). Pulses are modulated
by optical choppers at f; = 3.3 kHz and f, = 1.0 kHz,
respectively, and are focused to an overlapping spot
(~30 um in diameter) on the semitransparent front
gate. Electron spin precession is well described by

0r(A1) = 0, e AT cos(2my At + ¢) + Oe2/T1, (1)
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FIG. 1 (color). (a) Sample orientation with respect to laser
excitation and applied magnetic field By. Sample normal is
tilted away from the laser propagation direction by an angle
a = 20°. A gold pad is annealed to contact the back gate; a
semitransparent layer of gold acts as the front gate. (b) Landé g
factor (left axis) plotted versus bias voltage U, in black and
central position z; of the electron wave function (right axis)

plotted versus U, in red.
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where 6 | is proportional to the spin injected perpendicu-
lar to the applied field, ¢ is proportional to the spin
injected parallel to the applied field, 7 is the inhomoge-
neous transverse spin lifetime, and 77 is the longitudinal
spin lifetime. The Larmor frequency v; = gugB/h de-
pends on the total field B acting on the electrons (i.e., the
sum of the applied field and the internal effective nuclear
field), the Landé g factor g, the Bohr magneton up, and
on Planck’s constant 4.

The Landé g factor varies with Al concentration x,
allowing us to track the position of the electron wave
function, z,, by measuring v; [9]. Figure 1(b) shows the
dependence of g on external applied gate voltage U,. We
use a fit to published experimental data relating g to the
Al concentration x [10], along with the dependence
of x on the growth direction z, to plot the dependence
of the electron wave function position z; as a function of
U,. For small voltages, the electron and hole form an
exciton and the electron wave function position varies
little with gate voltage. The data show an electron dis-
placement of 5 nm/V over a ~20 nm range (the corre-
sponding calculated hole displacement is —7.5 nm/V).
Calculations yield a full width at half maximum
(FWHM) of the electronic probability distribution,
l(z — z0)|?, of ~16 nm.

Spin-polarized photoexcited electrons generate nuclear
spin polarization within the PQW through dynamic
nuclear polarization (DNP) [11]. DNP, most efficient in
semiconductors at liquid helium temperatures [12], acts
through the contact hyperfine interaction, written as
Ayl - S = Ay/2(I"S™ + 17 S™) + Ayl.S., where the hy-
perfine constant Ay contains the squared modulus of the
electron wave function at the position of a nucleus, I is the
nuclear spin, and S is the electron spin [13]. This “flip-
flop” process is driven by the longitudinal component of
electron spin which can be varied by changing the sample
angle a [14].

The average nuclear polarization (/) can be extracted
from TRFR measurements of v; = gugzBo/h + Ay{l)/h.
The measurement of v; and the knowledge of the g factor
and applied field B, yields the nuclear polarization fre-
quency v, = Ag{l)/h. For GaAs, calculations show that
v, = 32.6 GHz for 100% nuclear polarization [15]; after
DNP, v, is measured up to 1 GHz in the PQW correspond-
ing to ~2.5% nuclear polarization. Changes in the local
nuclear polarization (/) within the PQW can be measured
directly as changes in precession frequency Av;.

To detect nuclear polarization we begin with an unpo-
larized nuclear lattice; optically pumping the PQW at
constant U, fixes the location of spin-polarized electrons
at z.. After 20 min TRFR data are taken to determine
Av, as a function of U, [16]. Comparing Larmor fre-
quencies of the polarized and unpolarized states, we

eF(At) = eleim/T; COS[W.(VL(ZmaX) + VL(Zmin))At + ¢]J0[(VL(Zmax) - VL(Zmin))At] + 0||€7At/T1,
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FIG. 2 (color). (a) Electron wave function shown schemati-
cally, centered at different polarizing positions z.. (3.3, 7.1, and
10.4 nm). (b) Corresponding nuclear polarization distributions
created at By = 3.98 T, by polarizing nuclei for 20 min at
position z. (blue lines). Nuclear polarization is measured as a
frequency shift Av; and is plotted as a function of z, (solid
points). Red curves are Gaussian fits to the data. Centers of the
Gaussian fits are 3, 6, and 13 nm, respectively.

determine Av; vs U,, shown in Fig. 2. The data show
localization of the nuclear polarization around the elec-
tron wave function’s polarizing position z.. Narrow dis-
tributions of nuclear polarization (~8 nm FWHM) can
be created at selected positions within our 100 nm quan-
tum well simply by tuning a dc bias voltage during the
polarization process. The steady-state width of these dis-
tributions, set by the range of the contact hyperfine inter-
action, is broadened by nuclear spin diffusion at a rate of
10 nm?/s [5]. Since our measurement is a convolution of
the electron and nuclear distributions, there is additional
apparent broadening.

A MHz frequency gate voltage causes the periodic
displacement of the electron wave function within the
PQW introducing a distribution of frequency components
into the electron Larmor precession. The upper curve of
Fig. 3(a) shows spin dynamics described by (1) of an
electron at a fixed position z; (no rf voltage) contrasting
the more complex dynamics with an applied rf voltage
(lower trace). A simple model is derived to explain the
additional frequency components introduced by rf
modulation:

2
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FIG. 3 (color). (a) Upper curve: 05 as a function of At with
no applied rf voltage (offset 1 mrad for clarity), By =6T,
U, = —0.1 V [fitby Eq. (1) red]. Lower curve: 6 as a function
of At at the same By, and U, with an off-resonant rf voltage of
0.785 V., at 28.5 MHz corresponding to a peak-to-peak
oscillation of z; of ~4 nm [fit by Eq. (2) red]. (b) Maximum
(Zmax) @and minimum (z,,;,) wave function positions plotted as a
function of U, for different rms rf voltages. Square (circular)
data points represent the upper (lower) bound of wave function
displacement 7., (Zmin)- Solid lines are fits to z;,, and Zpy;,-
Nuclear polarization is constant in (a) and (b); observed effects
are explained by electron dynamics alone.

where J[x] is a Bessel function of the first kind. v; (zy,y)
and vy (z,,) are the Larmor precession frequencies at the
maximum and minimum positions sampled by the oscil-
lating electron wave function. Fitting the data with (2) we
can determine the maximum (zZ,,,c) and minimum (Z;,)
wave function positions as a function of U, for a range of
rf powers [Fig. 3(b)]. Fits to the data are calculated
assuming the wave function displacement is governed
by the relationship given in Fig. 1(b). The only free fitting
parameter is the amplitude of rf power across the gates,
which, as expected, is found to scale linearly with power
applied to the device. The data show that position modu-
lation amplitude, Az, varies with U ¢ at a fixed rf power;
Az increases for voltage ranges where the electron moves
more easily. This result combined with the excellent
agreement of our fitting function (2) with the TRFR
data [red line in the lower curve of Fig. 3(a)] demonstrates
our ability to displace the electron wave function over
nanometer length scales and on nanosecond time scales.

Applying a resonant rf voltage induces nuclear spin
transitions of the polarized nuclei. The continuous induc-
tion of these transitions results in sudden drops in the time
averaged nuclear spin polarization (I) shown in Fig. 4(b).
A decrease in (/) leads to a change in v, and thus 6 at a
fixed delay, whose sign and amplitude depend on our
choice of Ar and the amount that (/) changes. Nuclear
depolarization resonances are apparent for the three most
abundant isotopes in the sample, As (7.317 MHz/T),
71Ga (10.257 MHz/T), and %°Ga (13.032 MHz/T), at the
expected NMR frequencies [17]. The asymmetry of the
resonance peaks is due to the long time scales on which
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FIG. 4 (color). (a) Oy as a function of time delay Ar. Red
“X”” indicates Ar = 300 ps used for scan (b) showing 0 as a
function of applied gate frequency f, [(a),(b): By = 5.46 T,
rf voltage is 0.14 V.. ]. Dotted, dashed, long-dashed, and solid
vertical lines indicate literature values for %fNMR, %fNMR,
framrs and 2f\vr, respectively, for each color-coded isotope.
(c) Larmor frequency shift Aw; for different laser powers
during rf irradiation [(c),(d): By =3.98 T, rf voltage is
0.286 Vi, at 29.113 MHz for 20 s, depolarizing 7 As].
(d) Av; as a function of transient offset voltage where the rf
modulation is applied. Bias voltage U, is always reset to 0.0 V
when measuring Av; .

DNP acts in this sample; the induction of resonant spin
transitions quickly depolarizes (I), however, full repolar-
ization through DNP takes much longer. Measurements
also reveal resonances for each of these isotopes at 1 %
and 2 times the nuclear resonance frequencies. The
change in 6, approximately proportional to Av;, is
strongest for the 2fywr transition, followed in strength
by the fywmrs % fnMmr, and finally the % fnMr transition.
Resonances at 2fyur indicate the presence of Am = *2
transitions in addition to Am = =1 transitions (where m
is the nuclear spin number along the applied field). The
fractional resonances at % famr and % fnmr on the other
hand, are a result of these same Am = *1, =2 spin
transitions induced by harmonics of the rf modulation
frequency, which may arise due to nonlinearities in the
depolarization mechanism.

Spurious time-varying magnetic fields are ruled out as
a depolarizing mechanism due to the low leakage and
displacement currents between front and back gates as
well as a series of control experiments [18]. It is known
that Am = 0, =1, *2 transitions can occur from inter-
actions of the nuclear quadrupole moment with time-
varying applied electric fields modulated on resonance
[19]. Though rf voltages across the gates of our sample
could induce nuclear quadrupolar resonance (NQR), this
effect should persist regardless of the presence of laser-
injected carriers in the undoped PQW. In contrast, we find
that the application of resonant rf voltage modulation in
the absence of laser excitation leads to a greatly reduced
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Av; (~20% of Av; at 2.5 mW of average pump power).
Additional data [Fig. 4(c)] show that as laser power in-
creases and more carriers are injected into the PQW, Ay,
increases, suggesting depolarization mechanisms acting
locally in the PQW.

To investigate the spatial extent of the depolarization
mechanism, resonant rf oscillations are applied with the
electron wave function centered at different positions
along z. Nuclei are initially polarized at U, = 0.0V,
then U, is adjusted to an offset voltage and the electron
wave function is oscillated for 20 s depolarizing the 7> As
nuclei. The rf modulation is then turned off, U, is restored
to its initial value, and Av; is measured. Figure 4(d)
shows rf depolarization data where the depolarization
amplitude seems to correlate with the displacement of
the electron wave function shown in Fig. 1(b).

The periodic displacement of the electron probabil-
ity density under the application of rf voltages varies
the local electric and magnetic field landscape acting on
the lattice nuclei in the PQW. Resonances due to the
modulation of the effective electron magnetic field acting
on the nuclei, B, = Ay(S)/hiyy, can be ruled out since
measurements show that the spin of the optically in-
jected carriers, (S), has no effect on the depolariza-
tion resonance amplitude. The motion of the electron
wave function within the well, however, also produces
time-varying magnetic fields, electric fields, and electric
field gradients (EFGs) at the nuclear sites. Calculations of
the time-varying fields induced between the electron and
hole charge distributions within the well indicate the
presence of magnetic fields, electric fields, and EFGs on
the order of 0.05 G, 10° V/m, and 10'* V/m?, respec-
tively. While magnetic fields may at least partly induce
transitions at the fundamental NMR frequency, electric
fields and EFGs through the quadrupolar moment will
induce Am = 0, =1, and *2 transitions at both the fun-
damental and at twice the NMR frequencies. This local
NQR interaction is the most likely candidate respon-
sible for the depolarization resonances observed in our
samples.

The experimental data show our ability to control
local interactions between electrons and nuclear spin in
a PQW with an externally applied gate voltage.
Quasistatic bias voltages allow the patterning of the
nanometer-size nuclear spin distributions and rf voltages
periodically displace carriers in the PQW inducing NQR.
These depolarization resonances can be controlled both
electrically and optically yielding a great degree of
flexibility in techniques for coherent nuclear control.
The ability to electronically control nuclear spin may
be advantageous in quantum information processing
[20] and in spintronic devices where nuclei can produce
large and localized effective magnetic fields in otherwise
nonmagnetic materials.

207602-4

We thank R. J. Epstein and D. C. Driscoll and acknowl-
edge support from DARPA, ONR, and NSE

(2]

(3]
(4]
(5]
(6]
(71
(8]
(9]
[10]

(11]
[12]
[13]

(14]
[15]

[16]

(17]

(18]

[19]
(20]

*Corresponding author.

Email address: awsch@physics.ucsb.edu

N. A. Gershenfeld and I.L. Chuang, Science 275, 350
(1997).

J. M. Taylor, C. M. Marcus, and M. D. Lukin, Phys. Rev.
Lett. 90, 206803 (2003).

W. Desrat et al., Phys. Rev. Lett. 88, 256807 (2002).
J.H. Smet et al., Nature (London) 415, 281 (2002).

L. Tifrea et al., Phys. Rev. Lett. 90, 237601 (2003).

Y. Kato et al., Science 299, 1201 (2003).

R.C. Miller et al., Phys. Rev. B 29, 3740 (1984).

S. A. Crooker et al., Phys. Rev. B 56, 7574 (1997).

G. Salis et al., Nature (London) 414, 619 (2001).

C. Weisbuch and C. Hermann, Phys. Rev. B 15, 816
1977).

G. Lampel, Phys. Rev. Lett. 20, 491 (1968).

G. Salis et al, Phys. Rev. Lett. 86, 2677 (2001).

Optical Orientation, edited by E Meier and B.P.
Zachachrenya (North-Holland, Amsterdam, 1984).

G. Salis et al, Phys. Rev. B 64, 195304 (2001).

D. Paget, G. Lampel, B. Sapoval, and V. L Safarov, Phys.
Rev. B 15, 5780 (1977).

In order to measure vy, as a function of U,, scans of 6
are taken as a function of U, at each value of At and then
the data are fit to extract v;. Scans take 7 s after which
U, is reset for 120 s (well above the minimum time
necessary to maintain the original nuclear polarization
profile). This process ensures that the initial nuclear
polarization profile is maintained and remains undis-
turbed by the measurement process.

27Al (11.135 MHz/T) resonances have not been ob-
served, possibly due to the low aluminum concentrations
within the PQW (7% at the center).

To ascertain the effect of time-varying magnetic fields
created by rf currents near the PQW, a semitransparent
sheet of 50 A of Ti and 50 A of Au is evaporated 100 nm
above the PQW and rf currents are passed through it.
Depolarization resonances are observed at fyygr but not
at %fNMR. Small resonances, likely due to the presence of
unintentional time-varying electric fields, are observed
at 2fymr. In order to achieve resonance amplitudes
comparable to those observed in this report using these
time-varying magnetic fields, currents of about 10 mA
(~200 G) are required. These currents are orders of
magnitude larger than leakage currents (<100 wA) pass-
ing through our sample. It is therefore unlikely that time-
varying magnetic fields due to spurious rf currents are
responsible for the resonances reported here.

E. Brun et al, Phys. Rev. 129, 1965 (1963).

G. Burkard, D. Loss, and D. P. DiVincenzo, Phys. Rev. B
59, 2070 (1999).

207602-4



