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A new method of optical nuclear magnetic resonance, Larmor beat detection, is described and

demonstrated on a III-V semiconductor heterostructure.

Modulation of the circular polarization of

luminescence at the difference between two nuclear spin precession frequencies is induced by rf pulses.
One isotope provides a spin-locked reference field, while NMR transients of a second isotope are

observed optically in real time.

Order-of-magnitude improvement in resolution and sensitivity over

previous techniques is obtained, revealing weak electric field gradients in single epitaxial structures.

PACS numbers: 73.20.Dx, 76.60.-k, 78.55.-m, 78.66.Fd

In principle, solid-state nuclear magnetic resonance
(NMR) should be a valuable tool in structural studies of
semiconductor quantum wells and heterostructures. For
example, it has been proposed that the isotropic optically
induced Knight shift of the NMR resonance frequency
[1-3] could be used to map the excited state electronic
wave function of a quantum well with atomic resolution
[4]. Splittings due to the quadruple interaction of nuclei
with electric field gradients, measured by NMR, have
been attributed to strain in GaAs quantum wells [5] and
to localized defects in bulk GaAs [6]. In analogy to
observations on bulk GaAs [7], gradients at the nucleus
should also be induced by electric fields, allowing their
localized measurements.

In practice, conventional NMR has proven incapable
of probing single epitaxial structures both because of
the small equilibrium magnetizations ordinarily achieved
and because of the low sensitivity inherent in detection
by magnetic induction of precessing magnetization [8].
Large nonequilibrium nuclear magnetization may be ob-
tained in a semiconductor by optically pumping interband
transitions with circularly polarized light [9,10] and has
allowed pulsed NMR in stacked arrays of quantum wells
by conventional magnetic induction [11]. Quasi-steady-
state optical detection of nuclear magnetization through
an excited state Hanle effect [10] provides another sensi-
tivity boost [10,12] and has made possible low resolution
cw NMR of individual epitaxial structures [3,5]. Separat-
ing the processes of optical pumping, NMR, and optical
detection into distinct periods of time in the optical NMR
experiment [2,4,6] proved necessary to obtain spectral res-
olution equal to that of conventional time-domain NMR.
However, unlike conventional NMR, such time-sequenced
optical NMR requires field cycling and point-wise acqui-
sition of the desired interferogram.

We report here a new optical NMR experiment, Larmor
beat detection (LBD), which lifts these restrictions and al-
lows for the real-time optical detection of NMR transients
in semiconductors at fixed magnetic field. The LBD
method relies on the depolarization of semiconductor lu-
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minescence by two precessing nuclear hyperfine fields: a

reference field BY' and a signal field By®, correspond-
ing to distinct nuclear species. Irradiation with circularly
polarized light creates carriers with a large nonequilib-
rium electron spin-polarization vector P, along the static
Zeeman field Bg [1]. The degree of circular polariza-
tion p of subsequent luminescence measures the average
component of this electron spin polarization in the direc-
tion of observation [10]. Electron spin-lattice relaxation
competes with the optical decay of the excited state to
establish within nanoseconds a steady-state value pg of
luminescence polarization. In the presence of transverse
magnetic fields, P, is reoriented and diminished, reduc-
ing the observed p. Here the transverse magnetic field is
dominated by the total transverse nuclear hyperfine field,
BY' = By + BY!, where By® will be due to 7'Ga or
9Ga and BY' to As.

The modulation of luminescence polarization may be
quantified by solving the steady-state Bloch equation
governing P, [13] for the new case of two single-
frequency, circularly polarized nuclear hyperfine fields.
With the difference in Larmor frequencies given by w =
Wiy — Wref, We calculate

1
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where the transverse nuclear field magnitudes in reduced
units are defined as
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The denominator in Eq. (2) includes the net miscellaneous
nuclear hyperfine field components By'*° remaining along
the z axis, which add vectorially to By. The Hanle width,
By = 1/vy,.7 is the inverse lifetime (1/7) of the oriented
electron converted to field units through its gyromagnetic
ratio y,. The denominator in Eq. (1) neglects applied
rf fields, which are much smaller than B;\',g or Bﬁf.
Equation (1) with B! = 0 reduces to the well-known
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[10] Lorentzian describing the Hanle-effect depolarization
of p by a single transverse field B,

In order to generalize this result to an arbitrary signal
spectrum, it is convenient to isolate the components of this
response that are linear in an arbitrary set of signal fields

sig,i .. . . . .
by~ , where i indexes lines in the spectrum, including
lines from more than one signal isotope when applicable.
Expanding a generalized version of Eq. (1) in a sum of

. sig,i . sig,i
Taylor series about by®" = 0 and assuming by® < bR

ives
& bE (1)

p(t) = —2po Z(Whﬁg’j(ﬂ

sig,i

+ O((by )3))cosw,~t, 3)
where w; = wgjg; — W and where only term linear in
cosw;t are kept. Linear response with good sensitivity

requires that b}f?f ~ 1 and b;s\l;g’l < 1. Note that the
aggregate spectral width of the beat frequencies need only
be <1/7 for the steady-state electron Bloch equation to
apply, providing a bandwidth of many MHz. As written

in Eq. (3), the time dependence of the magnitudes b}fff and

(a)

FIG. 1. (a) Schematic depiction of the evolution of "'Ga and
>As nuclear hyperfine fields during Larmor beat detection. The
“reference” field ("As) is shown precessing in a cone about
the z axis defined by the static magnetic field (not shown),
in steady-state response to weak off-resonance irradiation, the
“signal” field ('Ga) is shown as a purely transverse field
precessing about the static field. The vector sum of the two
fields is shown as an elevated rosette, and its projection, of
relevance to the Hanle effect, is shown in the x-y plane.
(b) The transverse component of the vector sum trajectory
is shown projected onto the 2D Hanle curve describing
luminescence depolarization. The vertical component of the
projected curve gives p, which now oscillates, primarily at the
Larmor beat frequency.

sig,i . .
by~ is due to the transverse relaxation for each separate
nuclear hyperfine field. With weak irradiation or with
spin locking, b&' changes slowly (Ty, ~ 1 s) compared
to the decay of b,s\}g” (<1 ms). Under these conditions,
the Fourier components of p near the beat frequencies
are essentially those present in the transients of the signal
nuclei alone.

Figure 1 illustrates schematically the orientations for
the signal and reference nuclear hyperfine fields during
Larmor beat detection. The spin-locked ">As reference
field plays a dual role: Its transverse component provides

brf, while its longitudinal component helps increase

detection sensitivity for By® by contributing to BY'*° in a
direction antiparallel to the applied Zeeman field, thereby
reducing the denominator in Eq. (2).

Figure 2 shows a real-time "'Ga free induction decay
(FID) recorded using optical Larmor beat detection and
the timing sequence SAT-7,-7/2-DET. Here SAT rep-
resents a train of ten 77 /2 pulses (10 ms apart) applied to
each of the principal isotopes (®Ga, "'Ga, and "°As) to
provide a reproducible condition of saturation or null spin
order before each shot. A period 7, of optical nuclear
polarization is followed by a 77 /2 pulse delivered to 7'Ga,
and DET represents Larmor beat detection of the "'Ga
NMR free induction decay during weak "°As irradiation
off resonance.

As in ordinary NMR, the 1D real-time FID experiment
has sensitivity inferior to an analogous 2D experiment in
which spin locking is used to prolong the transverse signal
magnetization [14]. Here the sequence needed is SAT-7 -
(6)4-1:1-DET, in which an on-resonance pulse of tip angle
6 and phase ¢ induces free evolution during ¢, and detec-
tion is prolonged by spin locking of the remaining "'Ga
magnetization while irradiating the reference ">As isotope

10

Amplitude (arb. units)
o »

T T T

0 200 400 600
Time (usec)

FIG. 2. Real-time optical detection of the "'Ga free induction
decay in a GaAs heterojunction. Following 7, = 5 s of op-
tical nuclear polarization, a 3.6 ws, 3.152 MHz, 7 /2 pulse to
71Ga at time zero creates the transverse nuclear “signal” field.
A 0.6 mT, 1.824 MHz "As spin lock 54 kHz off resonance
provides the transverse “reference” field. Luminescence polar-
ization, sampled during free evolution and demodulated by a
frequency near the Larmor beat frequency, is digitized to give
the observed transient. The transient shown represents 100 av-
erages taken in 10 min total time. The transient’s rise time is
due to filter response.
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during #, (DET). The optical transient in DET, now at
the difference in irradiation frequencies, is demodulated,
integrated, and plotted versus #; to yield the desired NMR
interferogram. By inserting a 7 pulse at f;/2 we may
record the spin-echo interferogram, and by extending the
pulse the full length of #; we may record a nutation tran-
sient. The signal-to-noise ratio per shot improves in these
2D experiments by ~(T',/T>)! 2 since the signal persists
for the spin-locking time T, (~1 s) instead of the de-
cay time 7, for the FID (~100 ws). The spectrum of
interest can be shifted away from artifacts due to drifts in
the total signal amplitude by applying time proportional
phase incremenation (TPPI) [15], in which the phase of
the on-resonance preparation pulse is stepped according
to ¢ = wrpp1t1.

The sample studied was a single p-channel
GaAs/AlGaAs heterojunction grown along the [001]
axis by molecular beam epitaxy [3,16]. A substrate
of semi-insulating GaAs supports a 2500 nm layer of
undoped GaAs, followed by a 6.5 nm layer of undoped
Al,Gaj—,As (x = 0.36), a 30 nm layer of p-type
Al,Ga;_ As (x = 0.36) doped with 6 X 107 /cm? of
Be, and a 21 nm layer of undoped GaAs. The photolu-
minescence spectrum of the sample reveals the expected
lines at 818 nm (bulk exciton luminescence) [3], and
825 and 830 nm (e line and d line, respectively, of
H-band luminescence) [16], which have been assigned to
transitions involving the recombination with electrons of
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FIG. 3. Optical NMR spectra of the heterostructure.

(a) Steady-state cw "'Ga optical NMR spectrum (see text).
(b) Fourier transform of 7'Ga free induction decay in ¢,
following a & = 77 /2 pulse, recorded by Larmor beat detection
in #;. (c) Spin-echo spectrum. (d) Nutation spectrum. Each
spectrum (b)—(d) results from a ¢, transient at each #; point,
with the entire set of transients taken in 30 min.
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the 2D heavy holes localized near the interface between
GaAs and undoped AlGaAs.

The sample was attached by high vacuum grease
(Fig. 2) or varnish (Fig. 3) to a G-10 fiberglass probe
immersed in 2 K superfluid “He. The 240 mT Zeeman
field, optical detection axis, and sample growth axis were
nominally parallel. A GaAs/AlGaAs laser diode deliv-
ered ~5 mW cw of circularly polarized 780 nm light over
~1 mm?, incident 15° off axis. Sample luminescence
passed through a 50 kHz photoelastic modulator, a linear
polarizer, and 830 nm bandpass filter (FWHM 10 nm),
and was detected with a silicon avalanche photodiode in
linear mode. For steady-state experiments, the photocur-
rent was demodulated by 50 kHz. For Larmor beat ex-
periments, the photocurrent was demodulated by 50 kHz
plus the relevant beat frequency. The demodulated signal,
proportional to the time-dependent difference in intensity
between left and right circularly polarized luminescence,
was digitized.

As a point of reference, Fig. 3(a) shows the quasi-
steady-state cw "'Ga optical NMR spectrum (7 = 30 s)
of the heterostructure, reproducing the result of Ref. [3]
on our sample. The signal grows in during optical nuclear
polarization with a time constant of 500 s. This steady-
state spectrum is featureless even for "'Ga Rabi frequen-
cies small compared to the dipolar local field, while in
contrast the Fourier transform (7, = 5s) of the "'Ga
FID recorded using Larmor beat detection shows a well-
resolved triplet [Fig. 3(b)]. Since a spin-echo experiment
[Fig. 3(c)] refocuses evolution due to static field inhomo-
geneity, chemical shifts, and heteronuclear dipolar cou-
plings, the surviving triplet structure is shown to be due
to quadrupole coupling. Splittings observed in the %°Ga
spectra (not shown) scale with nuclear quadrupole mo-
ment, verifying this conclusion. The nutation spectrum
[Fig. 3(d)] in which the triplet splitting is half as large
also verifies a quadrupole coupling and reveals an w; of

35.1 kHz (where w; = 715\;gBl and B; is the magnitude
of the circular component of the applied rf field). The
lack of a peak at 52.6 kHz, where 2w; would fold into
the nutation spectrum, proves that there are no strongly
quadrupole-perturbed sites (wg > w;) contributing to
the spectrum.

The spectra of Figs. 3(b)-3(d) are consistent with a
roughly Gaussian distribution of 7'Ga quadrupole split-
tings (mean splitting of —18.6 = 0.1 kHz and FWHM
of 4.6 = 0.3 kHz), corresponding to an electric field gra-
dient whose principal component along [001] is V,, =
—6.76 X 10'® V/m? (where the sign is obtained as dis-
cussed below). The mean quadrupole splitting varied
from 12 to 20 kHz between Dewar cooling cycles.

An electric field gradient (EFG) can be induced at a
nuclear site in GaAs when its tetrahedral symmetry is
broken due to local bonding effects (inconsistent with the
observed narrow distribution of quadrupole couplings) as
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well as by changes in electron distribution due to strain
[17] induced by lattice mismatch or external pressure.
Quadrupole couplings observed previously in quantum
wells have been attributed to external strain such as that
developed in a rigidly mounted sample upon cooling [5].
Assuming that our splittings are due to external strain
perpendicular to [001], we infer a strain of 70 ppm and
in turn a pressure of 8.2 X 10% Pa (0.082 kbar). An EFG
can also be induced by electric fields [7]. Symmetry
arguments show, however, that an electric field E[po1]
(such as the built-in electric field of the heterojunction)
in a cubic crystal gives rise to an EFG whose principal
component along [001] vanishes, so that varying the angle
between By and [001] would be required to measure
Efoo1]- Since a ®*Ga quadrupole splitting as small as
1.0 kHz is resolvable, the current technique, modified
to allow variation of the angle between B( and crystal
axes, could be used to sort out these contributions and
thus to measure internal electric fields with a resolution
of 50 kV/m and strains as small as 4 ppm in a single
heterojunction.

The dependence of the satellite ratios on preparation-
pulse tip angle # measures the "'Ga nuclear spin polariza-
tion (and reveals the sign of V,, [18]). Assuming a single
spin temperature, the satellite ratios measured as a func-
tion of # indicate nuclear spin polarizations on the order
of —10%. The calculated polarization enhancement due
to ONP is approximately 2000.

Larmor beat detection bears a superfluid resemblance
to optically pumped NMR detected via a gas-phase alkali-
halide magnetometer [19]. That experiment relies on
a time-dependent linearly polarized transverse reference
field and uses a ground-state Hanle effect to observe small
real-time changes in transverse (‘“‘signal”) fields. The
large nuclear hyperfine reference field and relatively short
electron spin lifetime allow the present method to work at
far higher static fields, with bandwidth large enough for
real-time solid-state NMR.

In conclusion, optical Larmor beat detection makes use
of two precessing nuclear hyperfine fields to convert the
excited-state Hanle effect into a high-sensitivity linear op-
tical NMR, method capable of real-time detection. The
method applies to all samples where optical NMR by
the Hanle effect is observable for two nuclear hyperfine
fields, each comparable to the larger of the static field or
Hanle width, a prerequisite satisfied by many known sam-
ples up to static fields of greater than 1 T [2-6,10]. In
addition to an orders-of-magnitude sensitivity advantage
over magnetic induction, it allows improved sensitivity
and an orders-of-magnitude resolution advantage relative
to steady-state optical NMR techniques. Arbitrary pulsed

NMR techniques can be adapted and the resulting tran-
sients observed in real time or with spin-locked detection.
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