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Multiple magnetic resonance of nuclei in a two-dimensional electron system
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Optical pumping can increase the polarization of nuclear spins in semiconductors, such as GaAs, by many
orders of magnitude, improving the sensitivity in conventionally detected nuclear magnetic resonance (NMR)
experiments. Optical detection of these NMR transitions may further increase the sensitivity, allowing an
all-optical NMR which is free of radio-frequency fields. Here we report all-optical NMR experiments in a
GaAs/Aly35Gag 65 As two-dimensional electron system. We observed multiple magnetic resonance of nuclear

1

species in the sample when the modulation frequency of the pump light was ;—— of the fundamental NMR

2m+1

frequency (multiple NMR), where m is an integer. Such multiple NMRs arise from interaction between modulated

spins of polarized electrons and nuclear spins.
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I. INTRODUCTION

Nuclear magnetic resonance (NMR) with high sensitiv-
ity is a powerful tool to study nuclear spin physics in
semiconductors [1]. Recent progress in quantum information
processing requires a deep understanding of nuclear spins,
which are almost ideal qubits for the manipulation and storage
of quantum information [2,3], especially in semiconductor
quantum structures where the nuclear properties may vary
on mesoscopic scales. In semiconductor NMR experiments,
dynamic nuclear polarization (DNP) via hyperfine interaction
with spin-polarized electrons allows accessing the nuclear
spins at much higher temperatures and much weaker magnetic
fields [4-6], however, there remain plenty of technical difficul-
ties to reach extremely high sensitivity and spatial resolution
for feasible quantum information processing.

Optically detected NMR (ODNMR) was a great step
towards this direction where the resonant effect of the nuclear
spins on electron spin polarization via hyperfine interaction
can be measured through the polarization of photolumines-
cence [7-12] or Faraday/Kerr rotation [4,5,13]. This technol-
ogy has been extended from bulk semiconductors to semi-
conductor quantum wells [14-20] and quantum dots [21,22]
with much less nuclear spins contributing to the signal.
Several kinds of resonance have been observed under ODNMR
conditions, for example, fundamental resonances [16,19,23—
29], mixed resonances [26,27], second harmonics [24-27], and
half-harmonics [26,27,30,31].

On the basis of ODNMR, the Awschalom Group carried
out an all-optical NMR [32-34] with the time-resolved
Faraday/Kerr rotation technique. This technique is free of
radio-frequency fields since the electron spin excitation by a
periodic optical pulse train not only prepares a hyperpolarized
nuclear moment, but also destroys it resonantly in a suitable
magnetic field which is proportional to the pulse frequency,
thus opening a door to study the complex electron-nuclei spin
interaction.

Here, we report an all-optical NMR measurement in a
GaAs/AlGaAs two-dimensional electron system (2DES). We
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modulated the pump light by an acousto-optical modulator
(AOM) and detected the NMR signal versus modulation
frequency of the pump light in a fixed external magnetic field.
Interestingly, lots of peaks (or dips) appear when the modula-
tion frequency equals 5.+, where f, is the fundamental NMR
frequency of nuclear species « and m is an integer. We ascribe
such multiple NMR signals to electron-nuclei spin interaction.

II. SAMPLE STRUCTURE AND EXPERIMENTAL SETUP

Our sample was a 2DES embedded in a GaAs/AlGaAs
heterostructure grown by molecular beam epitaxy on a (001)-
oriented semi-insulating substrate as shown in Fig. 1(a). A
1400-nm GaAs buffer layer was first grown on the substrate
followed by a 90-nm undoped Aly35GagesAs spacer layer,
a 14-nm Si-doped (3.1 x 10" cm™3) Al 35GaggsAs layer, a
10-nm undoped AlGaAs barrier layer, and finally a 7-nm GaAs
cap layer. The 2DES sample was mounted inside a vibration-
free optical cryostat with a tunable temperature from 6.5 to
300 K. An electromagnet provided a small transverse magnetic
field up to 750 G.

We used a time-resolved Kerr rotation (TRKR) system to
carry out the all-optical NMR measurements. A mode-locked
Ti:sapphire laser gave the pump and the probe beams with
150-fs pulse trains at an 80-MHz repetition rate. The right o™
or left o~ circularly polarized pump light and the time-delayed
linearly polarized probe light were focused to spatially overlap
onto the sample with a diameter of 100 um and an angular
separation of 4°. The pump light intensities were modulated
by AOM, which was controlled by a function generator.
The modulation frequency range could be tuned from O to
100 kHz. Such a modulated circularly polarized pump light
played the roles of both Overhauser DNP and radio-frequency
fields [32]. The Kerr rotation angle was detected by a balanced
photoreceiver and a lock-in amplifier. It revealed the dynamics
of electron spins and thus the nuclear spin dynamics as they
affect each other through Knight interaction [4].

The photon energy of the pump light was fixed at 1.516 eV,
which corresponds to the resonance optical transition energy
of a ground state in 2DES at 7 K. The sample was intentionally
shined with a laser during the cooling process, which allowed
a much longer spin dephasing time (up to 4 ns) than that
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FIG. 1. (a) Sample structure. (b) Black circles and (c) red open
squares show the Kerr rotation signals at 7 K induced by ¢~ - and
o t-polarized optical excitations, respectively. They were measured
while probe pulse arrival time was fixed at a small negative delay
(~—67 ps) prior to the pump pulse. The solid lines are cosine fits,
and the different periods are evidence of nuclear magnetic fields. The
following experiments were carried out at different external magnetic
fields Bey = 117, 175, 233, and 291 G as indicated by arrows in (b).

in our previous works (about 1 ns) [35,36]. The long spin
dephasing time of the electrons enhanced the DNP via contact
hyperfine coupling. In this experimental setup, we could see
all-optical NMR signals for ®*Ga, 7'Ga, 7 As, and 2’ Al [37],
whose gyromagnetic ratios (spin) are 2.0108 (3/2), 2.5549
(3/2), 1.4349 (3/2), and 2.1829 (5/2), respectively.

III. RESULTS AND DISCUSSIONS

First we measured Kerr rotation signals versus external
magnetic fields at a fixed time delay (A7 ~ 12.433 ns). For the
following NMR experiments, optical excitation was always
on, and DNP gets saturated prior to the measurements. The
temperature was 7 K, pump (probe) intensity was 8 mW
(0.8 mW), and the modulation frequency of the pump light
was 13.33 kHz. As shown in Figs. 1(b) and 1(c), the black
circles and red open squares are the Kerr rotation signals
induced by o~ and o™ pump lights, respectively. The Kerr
rotation signals have different periods between 0 and 650 G,
which are 4.14 and 5.28 for o~ and o pump lights. As the
oscillating part of the Kerr rotation signal could be expressed as
Ok = cos(igg Biot At/h + @), where By includes the external
magnetic field and the nuclear magnetic field, so this difference
in periods comes from a polarization-dependent nuclear mag-
netic field caused by DNP via electron-nuclei spin hyperfine
interaction. So, we have successfully detected electron spin
dynamics and coupled electron-nuclei spin dynamics in a local
area of the laser spot size. Furthermore, the fitting results in
Figs. 1(b) and 1(c) suggest that the nuclear magnetic field is
about 80 G and the g factor is 0.417, being consistent with the
g factor of 2DES in Ref. [35].

In the all-optical NMR measurements, we swept the
modulation frequency of the ¢~ pump beam intensity fioq
with a slow rate (10 Hz s) by controlling AOM via a function
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FIG. 2. (a) Kerr rotation versus modulation frequency at external
magnetic fields By = 117 G (black line), 175 G (red line), 233 G
(green line), and 291 G (blue line), respectively. A lot of peaks
and dips can be seen. To give a better show, the curves have been
shifted vertically with a certain constant. The solid lines indicate
four magnetic fields, and some representative peaks and dips are
indicated by the open circles. The dashed lines are guides to the eyes.
(b) Modulation frequency as a function of external magnetic fields
shows multiple resonance at fields proportional to the modulation
frequency. The solid lines are linear fits. All of these resonances
occur at f,/(2m + 1) of ®Ga, "'Ga, 7 As, and 2’ Al for different m’s.

generator. Figure 2(a) shows the time-domain signal of the
probe beam for the cases of the external magnetic field
Bex = 117, 175, 233, and 291 G, respectively. There are lots
of peaks and dips [38] on the curves, and their positions are
far away from the fundamental NMR range for any isotope
species in our sample. In order to figure out the physical
meaning of these peaks (or dips), especially whether they have
a certain relationship with fundamental NMR, we compared
the gyromagnetic ratio (y) of these observed signals with
that of the fundamental NMR of all isotope species in our
sample, say, ®Ga, "'Ga, 7 As, and ?’Al, respectively. It
turns out that most of the y values equal ﬁ for certain
isotope species. Because of the noisy background, observed
peaks will inevitably contain noise, and noise does not shift
linearly with external magnetic fields. So, peaks identified as
resonances have to meet two conditions: (a) The frequency
of the peaks must be Tlﬂ for the fundamental NMR of
either isotope species. (b) These peaks must move linearly
with magnetic fields. Some representative peaks and dips at
different Bex’s are shown in Fig. 2(a). They form straight
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FIG. 3. A physical picture of the multiple resonance condition.
(a) The fundamental resonance of isotope species « is expressed
by a square-wave sequence with frequency f, = i (b) Pump light
intensity is modulated with frequency fi,0.a = fo/2 (it also works for
Jfimod = fo/2m). The first half cycle (0 — 2, light on) and the second
half cycle (2 — 4, light off) contain same high levels and low levels
of fundamental resonance. (c) Pump light intensity is modulated with
frequency fioa = fo/3 [it also works for fiea = fo/(2m + 1)], the
first half cycle (0 — 3, light on) contains two high levels and one
low level whereas the second half cycle (3 — 6, light off) contains
one high level and two low levels, and the nuclei systems could be
effectively modulated at this time.

lines, going through the origin. It is not difficult to identify
the resonances in the middle and right dashed lines, but the
identification of the resonance at 21.2 kHz when B = 291 G
is not so straightforward because of the noisy background.
Because it meets the conditions (a) (m = 7 for 2’ Al) and has
been confirmed by the data of the other magnetic fields, that
is, peaks at Bey, = 117, 175, and 233 G on the left dashed line,
it is thus identified as a resonance signal. Those peaks that do
not meet the above conditions are given up. The position of
the peaks identified as resonances at different Be’s are shown
in Fig. 2(b), and they could be fitted perfectly by straight lines
through the origin with the biggest difference being less than
5% for all experimental points. So, the relation between fioq
and f, could be expressed as fyod = %{ﬁ, which we call
the multiple magnetic resonance condition. Note that there
are many missing peaks (or dips) for the multiple magnetic
resonance and we have only observed m = 1 for " As, m = 2,
6,7, 12 for "'"Ga,m = 1,2, 4,5, 8 for ®Ga, and m = 1, 2, 3,
4,7 for 7 Al

Figure 3 shows a physical picture of the multiple resonance
condition. The fundamental resonance of isotope species « is
expressed by a square-wave sequence with frequency f, = ﬁ
where a is an arbitrary constant, the high levels of this square-
wave sequence are filled in blue as shown in Fig. 3(a). The
modulation frequency of pump beam intensity fioq could be
expressed by the other square-wave sequences with fiod = 3%
Of finod = 2m 5 For the sake of simplicity, we setm = 1 when
we compare these two cases, and the results can apply to
the cases with any integer m. When fi0qa = fu/2 [Fig. 3(b)],
the first half cycle (0 — 2, light on) and the second half
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FIG. 4. The FWHM of the 2’ Al’s multiple resonance signals as a
function of m at external magnetic fields B, = 117, 175, 233, and
291 G, respectively. They are fitted with Eq. (3) (solid lines), and the
nominal nuclear spin dephasing time of 2’ Al is identified as about 40
US.

cycle (2 — 4, light off) contain same high levels and low
levels of fundamental resonance, so the nuclei systems will
not respond to this modulation frequency, in other words, the
contributions from the two half cycles are the same, and a
lock-in measurement cannot see any difference. The case is
quite different for fi,0a = fu/3 [Fig. 3(c)] where the first half
cycle (0O — 3, light on) contains two high levels and one low
level whereas the second half cycle (3 — 6, light off) contains
one high level and two low levels, meaning that the nuclei
systems could be effectively modulated when fioq =
and multiple magnetic resonance has occurred.

Such a simple picture may be described in more math-
ematical detail with the following assumptions. The first
assumption is 7, Kt} K t, < 1,, where 7, and 7, are the
dephasing time 7, of the electron spin and the nuclear spin,
respectively. #; is the time interval between successive pulses
of the femtosecond laser, and 7, is the square-wave chopping
period of the pump laser. The typical values of #; and 7, are
12.5 ns and 10 pus. The Larmor frequency of electron spin
w, is much larger than that of nuclear spin w,. The second
assumption is that there is a weak coupling between the
electron spin and the nuclear spin, through which the electron
spin (a net spin is optically generated via the pump laser
with circular polarization) could be transferred to nuclei. It
is described with a nominal coupling coefficient . The TRKR
measurement system has the following arrangement: The z
axis points to the direction of the pump laser, the y axis points
to the direction of the transverse magnetic field, and x, y, z
together make a right-handed coordinate system. With all the
assumptions outlined above, we find that a net nuclear spin at
the multiple resonance (as a function of time) goes as follows

Ja
2m—+1
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(see the Supplemental Material [39]):
Sux X Acos(wpt +7),

. (D
Snz ~ A Sll’l((,()n[ + )/),
with
A= 0[A1A2A3
1 t, 1
= S —
V(@ete? + 11 (0,7,)° + 1
1% 1 Ty
X — E)
n/[2m + Déwt, P +1 12 .

Yy=vitrt+n
= arctan[w, 7. ]
+ arctan[w, 7,] + arctan[(2m + 1)dwT, ],

where §w = w; — W, With wy = 27 /t) = 27 fineqa and w,, =
w, /(2m 4+ 1) for any integer m. A and y; describe the transfer
of the electron spin to the nuclei; A, and y, describe the
accumulation of nuclear spin in one pump period; Az and y;
describe the multiple resonance condition. Thus, it is easy to
see that the net nuclear spin becomes significant if and only
if 2m + 1)éwt, < 1, which means the signal reaches peak
values when f0q4 = with a full width at half maximum
(FWHM),

2m+1

1
.Cm+ 1)

Considering the number of resonance signals as well as
signal strength, the FWHM of the >’ Al’s resonances at different

8f = 3
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integer m’s was studied at external magnetic fields Bey, = 117,
175, 233, and 291 G. The results are shown in Fig. 4. Larger
error bars were obtained when m was small. The reason is that
the peaks located in the high-frequency range for small m and
the frequency of the pump light are controlled by AOM, whose
response is no longer a good square wave at high frequencies.
All the data except Bex = 117 G can be fitted well by Eq. (3).
The fitting results are shown in Fig. 4 by lines, and we obtain
7, for 2 Al of about 40 ps. This value is smaller by four to
five orders of magnitude than that of traditional NMR [1] as
electron-nuclei spin interaction is the key factor in all-optical
NMR and 1, measured here is strongly limited by the electron
spin dephasing time.

IV. CONCLUSIONS

Strong interaction between nuclear spins and electron spins
gives rise to a rich spectrum of all-optical NMR for the
three spin- 3/2 nuclei and spin- 5/2 nuclei in the AlGaAs
barrier. By scanning the intensity modulation frequency of
circularly polarized pump light with AOM, we observed
multiple nuclear magnetic resonance at #ﬁ‘H, which could
give us more information to understand the electron-nuclei

spin physics.
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