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Directly Detected Nuclear Magnetic Resonance of Optically Pumped GaAs Quantum Wells
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Optical pumping strongly enhances nuclear spin polarizations in an n-doped GaAs/AlGaAs multiple
quantum well, allowing NMR signals of the GaAs wells to be investigated by direct, radio-frequency
detection in a 7.05 T field. The optically pumped NMR signals exhibit unanticipated dependences on
the pumping wavelength, polarization, and power. The temperature dependence of the "'Ga NMR
Knight shift is consistent with a g* value of —0.49 £ 0.02 for electrons in the wells, with no exchange
enhancement. We present evidence that the doped and photoexcited electrons do not reach a common

spin temperature under optical pumping.

PACS numbers: 73.20.Dx, 76.60.—k, 78.66.Fd

Nuclear magnetic resonance (NMR) spectroscopy is a
powerful local probe of the electronic and structural
properties of bulk materials. Unfortunately, the low sen-
sitivity of directly detected NMR has severely limited its
application in studies of microscopic samples (e.g., thin
films, quantum semiconductor structures, and nanocrys-
talline materials). The NMR signal amplitude is propor-
tional to the product of the number of nuclear spins Vv
and their average polarization P,=(I;). P, is usually
very small (e.g., typical nuclear spin splittings are ~5
mK in a 10 T field, making P, ~10 ~*-10 % in equilibri-
um at 100 K) so that direct detection of NMR signals in
solids usually requires N=10'7-10%, Clearly, much
smaller samples (N ~10'2~10'%) could be studied if the
nuclear spins were completely polarized (P, ~1). In this
Letter, we describe experiments in which nuclear spins in
a GaAs/AlGaAs multiple quantum well (MQW) struc-
ture are strongly polarized by optical pumping of inter-
band transitions with near-infrared laser light. Optical
pumping generates electrons and holes with nonequilibri-
um spin polarizations which then polarize the nuclei
through electron-nucleus hyperfine couplings, i.e., by dy-
namic nuclear polarization (DNP) [1-3]. This optical
pumping process has been studied extensively in the con-
text of optically detected NMR (ODNMR) in GaAs-
based samples [3-10]. We show that optical pumping al-
lows the direct radio-frequency detection of NMR sig-
nals from the quantum wells, report measurements of the
dependence of the optically pumped NMR (OPNMR)
signals on the laser power, wavelength, and polarization,
and describe measurements of NMR frequency shifts and
spin-lattice relaxation times (7;) made possible by opti-
cal pumping.

The MQW sample contains forty 300 A wide GaAs
wells separated by 3600 A Alg;GagoAs barriers, grown
by molecular beam epitaxy on a semi-insulating
GaAs(001) substrate. Si delta-doping spikes are located
in the centers of the barriers, yielding a carrier density
n,=6.3%10'" cm ~2 in each well at 3.8 K, with mobility
p=1.44%x10% cm?/Vs. The substrate was removed by
chemical etching, ensuring that light was absorbed only
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in the wells in our experiments. The resulting 17 pym
thick film (surface area =0.20 cm?) was affixed to a
sapphire block with vacuum grease and mounted on the
cold finger of a modified Janis Supertran-B cryostat in
the 7.05 T field of a Bruker MSL 300 NMR spectrome-
ter. An rf coil for NMR excitation and detection was
wound around the sample through grooves cut in the sap-
phire block. Optical excitation was provided by a cw
Ti:sapphire laser pumped by an Ar* laser. After
transmission through an optical fiber, the laser light
passed through a shutter controlled by the NMR spec-
trometer, a linear polarizer, a zero-order A/4 waveplate
(A =780 nm) and the quartz window of the cryostat. The
waveplate was adjusted to provide o *,0 7, or linearly po-
larized light at the sample, with > 95% polarization in
the 735-850 nm range. The magnetic field, the light
beam, and the growth axis of the sample were all parallel.
The laser spot size was —~0.33 cm? at the sample.
Polarization-sensitive photoluminescence (PL) and pho-
toluminescence excitation (PLE) spectra were obtained
by collecting luminescence within 5° of the incident light
and passing it through a A/4 waveplate (A =830 nm), a
linear polarizer, a Spex 0.22 m single monochrometer
(1.2 nm resolution), and an amplified photodiode. The
PL spectrum of the GaAs wells in the 7.05 T field shows
a single peak at 817 nm, 4.3 nm wide (FWHM). The po-
larization of the luminescence at 817 nm, defined as the
quantity Ut =17)/U*+17), is —2.6% for c* and
—5.2% for o~ excitation at 806 nm, 600 mW/cm?, and
5.7 K.

All OPNMR measurements described below were car-
ried out with the timing sequence SAT-7.-7p-DET,
where SAT represents a train of twenty n/2 pulses
separated by 1 ms that saturates (destroys) any polariza-
tion of the nuclear isotope of interest, 7, is a period dur-
ing which the light shutter is open, 7p is a period during
which the shutter is closed, and DET represents the
detection of NMR free induction decay (FID) signals fol-
lowing a single n/2 pulse. If 7p =0, OPNMR signals are
detected with the shutter open; otherwise, signals are
detected with the shutter closed.
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Figure 1 shows "'Ga (S =3/2, rf carrier frequency of
91.566 MHz) NMR spectra of the MQW, obtained at
5.1 K. Figure 1(a) is an OPNMR spectrum obtained in
8 shots with o* light (A =815 nm, 120 mW/cm?), with
7.,=30s and 7p=1s. The signals arise primarily from
the GaAs wells (see below). In addition to the intense
central line at 231 ppm, weaker and broader “satellite”
lines from the m = % 1/2— m = =% 3/2 transitions of nu-
clei with quadrupole splittings of 15 kHz are visible. We
infer from Fig. 1(a) that the signal-to-noise ratio per 300
A well (5.3x10" 7'Ga nuclei) is ~0.6 in a single shot.
Figure 1(b) was obtained with v, =0 and 7p=31s (i.e,,
without optical pumping). There is no detectable signal
because of the small, nearly equilibrium nuclear polariza-
tion of the wells and the very long T in the barriers
(see below). Figure 1(c) was obtained with t, =0 and
7p =5400 s. In this case, since 7p exceeds the barrier
T, (~2500 s), all "'Ga nuclei in the sample (N =2.7
% 10'®) make their thermal-equilibrium contributions (P,
=0.0011) to the spectrum. Comparison of the signal
amplitudes in Figs. 1(a) and 1(c) indicates that the spin
polarization of the nuclei in the wells is roughly —0.033
in Fig. 1(a), with the negative sign due to the inverted
(emissive) nature of the OPNMR signal. We observe
%Ga and >As OPNMR signals of comparable intensity
under the conditions of Fig. 1(a).

The origin of the satellite lines visible in Fig. 1(a) is
not fully understood. $°Ga OPNMR spectra of the GaAs
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FIG. 1. ""Ga NMR spectra of the GaAs/AlGaAs multiple
quantum well at 5.1 K. (a) 30 s of optical pumping after de-
struction of nuclear spin polarization (., =30s, 7p =1 s). Sig-
nals are primarily from nuclei in the GaAs wells. (b) 31 s delay
after destruction of spin polarization, no optical pumping
(=0, 7p=31 s). (c) 5400 s delay after destruction of spin
polarization, no optical pumping (v, =0, 7p =5400 s). Signals
are primarily from nuclei in the AlGaAs barriers. All spectra
have the same vertical scale but are offset for clarity. Frequen-
cies are relative to a 1M Ga(NO3)3qq) reference signal.

wells show larger satellite splittings, scaling with the nu-
clear quadrupole moment. This confirms that the satel-
lite lines are indeed due to quadrupole couplings and are
not experimental artifacts. Our estimates of the electric
field gradients due to strains produced in the GaAs wells
by the slight lattice mismatch with the Alo.1Gag9As bar-
riers (using a point charge model) and of the field gra-
dients due to the internal electric field produced by the
modulation doping show these to be too small to produce
the observed splittings. Nevertheless, the hypothesis that
these satellites originate from a lowering of the cubic
symmetry and a concomitant modification of the elec-
tronic structure near the well/barrier interface explains
their weak intensity in Fig. 1(a) and their absence in Fig.
1(c).

Figure 2 shows the dependence of the OPNMR signal
amplitude on the laser wavelength (OPNMR excitation
spectrum) along with the PLE spectrum for both o*
[Fig. 2(a)] and o~ [Fig. 2(b)] excitation. The confine-
ment of the electronic wave function inside the wells
breaks the continuum of electron and hole states into sub-
bands, and then the continuum of states along the well is
further broken up into Landau levels by the applied field
[11]. This structure in the density of states is reflected in
absorption and PLE spectra, and we expect it to show up
in OPNMR excitation spectra as well, since optical ab-
sorption is a prerequisite for optical pumping. Although
there is some correlation between the PLE and OPNMR
results near the band gap, the discrepancies become
worse as the laser energy is increased, presumably be-
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FIG. 2. Dependence of "Ga OPNMR signal amplitude
(closed circles) and PL intensity (open circles) on excitation
wavelength, for ¥ (a) and o~ (b) excitation. OPNMR mea-
surements at 30 mW/cm? and 5.7 K, with 7, =30 s and rp =0.
PLE measurements at 600 mW/cm? and 5.7 K, detected at 818
nm in a crossed polarizer configuration.
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cause the two techniques probe different physics. A peak
in the PLE spectrum is due to optical absorption followed
by carrier relaxation to a radiative state. A peak in the
OPNMR spectrum is due to optical absorption followed
by carrier relaxation to a nonequilibrium spin state,
which need not be followed by radiative recombination.

A surprising feature of Fig. 2 is the dependence of the
sign of the OPNMR signal on excitation wavelength for
o~ excitation. According to previous studies of optical
pumping in GaAs {3-10], the selection rules for inter-
band transitions imply that ¥ (o ) excitation generates
an excess of m = —1/2 (+1/2) electrons. DNP driven by
contact hyperfine couplings then generates negative (posi-
tive) nuclear polarization. Our results clearly contradict
this simple picture. We also find emissive OPNMR sig-
nals for both ot and o~ excitation in strongly n-doped
and strongly p-doped bul/k GaAs samples. In undoped or
weakly doped bulk samples, however, the sign of the
OPNMR signal is opposite to the helicity of the light.
The high field used in our experiments may account for
the unexpected behavior of the signs of the OPNMR sig-
nals through its effects on selection rules, the equilibrium
polarization of electrons and holes, or relaxation process-
es.

Figure 3 shows the dependence of the ®Ga OPNMR
signal amplitude on the laser power for various values of
7., with o® light at 815 nm, 7p =0, and T=5.7 K. The
signal saturates above 60 mW/cm?2. The saturation level
is independent of 7 up to at least 13 K and is the same
for 7'Ga. The PL intensity does not saturate below the
highest powers measured (~3 W/cm?). The OPNMR
signal amplitudes decrease strongly with increasing T
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FIG. 3. Dependence of ®Ga OPNMR signal amplitude on
laser power, for . =1200 s (filled squares), 30 s (open circles),
and 0.5 s (filled diamonds). For ease of comparison, signals are
scaled by the indicated factors. Inset: Dependence ’'Ga
OPNMR signal amplitude on temperature, for ot excitation at
814 nm and 30 mW/cm?, with t, =30 s and 7p =0.
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(Fig. 3, inset) but do not decrease with increasing laser
power up to at least 500 mW/cm?2. Thus, laser heating
effects are negligible.

The signal enhancement of OPNMR makes possible
studies of the complex spin susceptibility [x(g,»), ®— 0]
of two-dimensional (2D) electron systems through direct-
ly detected measurements of NMR relaxation rates and
Knight shifts [12,13]. In our sample, nuclear polarization
generated in the quantum wells by optical pumping
diffuses into the barriers with a diffusion constant [6]
~107" cm?/s, causing the total OPNMR signal to in-
crease with 7, up to 7, ~3000s. By observing OPNMR
signals at small or large values of 7., we can determine
NMR frequency shifts of nuclei primarily in the wells or
primarily in the barriers. "'Ga shift data as a function of
temperature are shown in Fig. 4. The barrier signal, ob-
served in the dark (r; =800 s, tp=1 s), has a nearly
temperature-independent shift of 239 ppm. The well sig-
nal in the dark (., =5 s, 7p=1 s) has a temperature-
dependent shift K(7") that can be fit by the form

K(T)=K;+Ktanh(g*upgB/2kT).

The term Ktanh(g*upgB/2kT) represents a Knight shift
Ks(T) proportional to the equilibrium polarization of the
doped electrons. Using Ks(T=0)=-—5.7 kHz (—62
ppm), based on earlier estimates of hyperfine couplings in
GaAs [4], we obtain the orbital shift K, =242 ppm and
the effective electron g value g* =—0.49+0.02 (solid
line in Fig. 4). The derived g* is comparable to the bulk
GaAs value (g* = —0.44). We have also attempted to fit
the shift data with a temperature-dependent g* satisfying
g*(T)=g¢ +g¥ tanhlg*(TupB/2kT], as in earlier
studies of exchange-enhanced g values in 2D electron sys-
tems [14-17]. Poorer fits result. The lack of exchange
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FIG. 4. Dependence of the "'Ga OPNMR frequency shift on
temperature, with 6% excitation at 815 nm and 120 mW/cm?,
for nuclei in the wells observed in the dark (open circles), nuclei
in the wells observed during laser excitation (open squares), and
nuclei in the barriers observed in the dark (filled triangles).
The solid line is a fit to the data in open circles, as explained in
the text.
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enhancement in our case may be due to the low electron
density and low Landau filling factor (v=0.37). Under
light (r;=5 s, tp=0 s), the shift of the well signal
changes by an amount AK(T) which increases with de-
creasing temperature. AK increases with the laser power
only up to the saturation level discussed above. ®Ga
OPNMR measurements confirm that the observed shifts
are magnetic, scaling with the nuclear gyromagnetic ra-
tio.

Approximate values of T’y for nuclei in the wells can be
determined from the decay of the total OPNMR signal
with increasing tp for a fixed, small value of 7,. For
"'Ga, with ., =5s, we find T;~30s from 5to 15 K. T}
values determined previously by magnetoresistivity-
detected NMR measurements on an n-doped GaAs quan-
tum well are substantially larger [18], and may be in-
fluenced by spin diffusion.

If the spin polarizations of interacting nuclei and elec-
trons can be described by unique nuclear and electron
spin temperatures 7, and T, if DNP occurs via contact
hyperfine couplings, and if there is no “leakage” of nu-
clear polarization [1], then T, '—T ~'=(e/e,)(T.”!
—T7Y at steady state, where &, and ¢, are the electron
and nuclear Zeeman energies. In Fig. 1(a), T, = —170
mK, implying T, — T=0.3 K for g* = —0.49 (assuming
that steady state is reached in the wells at 7, =30 s).
However, the observed AK values imply T,—T =4 K.
Thus, we are led to propose that the photoexcited elec-
trons may not reach a common spin temperature with the
doped electrons. For example, our data can be explained
by assuming that, under laser irradiation above saturation
at T=35 K, the nuclei couple to doped electrons with
T.=~5 K and n,=6.3%10'" cm ™2 and to photoexcited
electrons with g*ugB/k <TX <0 and n*~1x10"
cm ~% T, would then be determined by the competing
couplings to doped and photoexcited electrons. Such a
large value of n,*, together with the small value of the
saturation power, necessitates excitation lifetimes and
electron spin relaxation times of ~1 us. The relevant ex-
citations may be long-lived, “dark™ magnetoexcitons
[19,20] (i.e., excitons composed of occupied m =1/2 con-
duction band and vacant m = — 3/2 valence band states).
The apparent decoupling of the electron spin tempera-
tures in this picture is not understood, but may be a
consequence of the high magnetic field.

Directly detected OPNMR has several advantages over
ODNMR, in that polarized luminescence is not required,
high magnetic fields can be used, pulsed NMR techniques
(e.g., multiple pulse sequences, double-resonance meth-
ods, multidimensional spectroscopy) can be adopted

without modification, and nuclei that are far from the op-
tically absorptive region or make negligible contributions
to the total nuclear hyperfine fields can be observed. In
future work, we plan to exploit OPNMR in studies of the
structural and electronic properties of semiconductor thin
films and heterostructures and to explore the generality of
OPNMR in other materials classes.
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