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Abstract
A study of Optically Pumped Nuclear Magnetic Polarization on Galliureide
By
Yunpu Li

Advisor: Prof. Carlos A. Meriles

This thesis aims to study the dynamic process of optically pdmpuclear spin
polarization on Gallium Arsenide. First of all, the time-resdleptical Faraday rotation is
applied to observe the electron spin dynamics in the presenke ntitlear magnetic field.
And then the optically-pumped NMR is measured on different paraneteluding the
dependences of light helicity, irradiation intensity, photon energy, ilation time and
temperature. We report a new phenomenology at low irradiation intedsinhuclear
polarization model combining hyperfine and quadrupolar relaxation velajeed, with
experimental data supported. By exploiting the two competing mechanis@arious photon
energies, illumination intensity and NMR pulse sequences, we usefibighstray-field
NMR imaging to realize all-optical creation of three-dimendiquadterning of positive and
negative nuclear polarization on the micron length scale. Finallyefteet of nuclear spin
diffusion effect is investigated. We demonstrate in a remarkailg the unambiguous
evidence of diffusion, which results in a great enhancement of quadruglabeation in the

nanometer scale.
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|. Introduction

The concept of spin was first proposed by Wolfgang Pauliarly in 1922, the
Stern-Gerlach experiméentin the context of the deflection of a particle atoms beaoutfir
an inhomogeneous magnetic field) indicates that the particlessgoareintrinsic angular
momentum. In 1925, George Uhlenbeck and Samuel Goudsmit suggested an interpretation of
electrons spinning around their own dxishich Ralph Kronig also saw but did not publish.
The mathematical theory was worked out by Pauli in 1927. When Paad Worked out the
relativistic quantum mechanics in 1928, electron spin became an essentialrpaft the

Spin is a type of angular momentum. In classical point of vievg qualitative concept,
one can exert a kind of "torque” on a particle with spin by plaitilig a magnetic field
which acts on the electron's intrinsic magnetic dipole moment.rddt is that the spin
vector undergoes precession, like a classical gyroscope. In quantudmanesg spin is an
intrinsic physical property. It is convenient to describe by quamtumbers, ass= n/2,
where n is any non-negative integer.

Particles with spin can possess a magnetic dipole moment, wdrichecexperimentally

observed in several ways. The intrinsic magnetic momehtan elementary particle with

q

chargeq, massm, and spin angular momentui, iS,u:gz—
m

S=yh &, where the
dimensionless quantityis called the g-factor ands the gyromagnetic ratio.
Typical questions for the control of spin include (a) what is d&acefe approach to

generate a steady-state, non-Boltzmann spin population in a 8y@eriow long is the

system able to remember its spin orientation? And (c) how can spin be détected?



Nuclear magnetic resonance (NMR) was first described anduneebisi molecular beams
by Isidor Rabi in 1938 In 1946, Felix Bloch and Edward Mills Purcell expanded the
technique for use on liquids and solids.

All nucleons have the intrinsic quantum property of spin. The overall spin of the nucleus is
determined by the spin quantum numberA non-zero spin is always associated with a
non-zero magnetic momentvia the relationu = yhl . Those nuclides (with some rare
exceptions) that have either odd numbers of protons or odd numbenstr@inge also have
non-zero nuclear magnetic moments, and also have non-zero magoetgcasid some may
have non-zero quadrupole moments; therefore, such nuclides exhibitMiRyalNsorption
spectra.

If a nucleus of spin 1/2 is placed in a magnetic field, formmte, *H, the energy of a
magnetic momentin a magnetic field, is given byH =-uB,. Usually, B, is set to be
along the z axis. As a result, different nuclear spin states have differegiesnera non-zero
magnetic field. For a spin 1/2 particle, the two spin stateslgned either with or against
the magnetic field. The eigenvalue of each staté& js=mhy B. The energy difference
between the two states i&\E = yhB,, and this difference results in a small population bias
toward the lower energy state. The net magnetization, M, oftansysontaining N nuclear
spins will be proportional to the expectation value of the spin angamentum in

z-direction <I,>, M =Nyh<|I,>. According to Boltzmann statistical mechanics, at

Zme—yhmeb/kT
thermal equilibrium, <1, >=———--—, where k is the Boltzmann constant and T is

ze—yhmBo/ kT

m

temperature .



In simple terms, an oscillating fieR], which is perpendicular ®@®,, will deflect the M
from its thermal equilibrium position, as longRsis oscillating near the frequeney= yB,.
The electromagnetic radiation, such as a short square pulsensamtange of frequencies
centered at the same frequency as spin resonance, with the banofwedititation being
inversely proportional to the pulse duration. The energy generatsualy a coil, which
itself is a detection device. Applying such a pulse to nudpiss simultaneously excites all
the single-quantum NMR transitions. In terms of the net magietiz vector M, this
corresponds to tilting the magnetization vector away from itsibqum position (aligned
along the external magnetic field). The out-of-equilibrium nedigation vector precesses
about z-axis at the NMR frequency. When one by one spins retahne iground state, they
emit the electromagnetic radiation, which induces a current ipitheip coil, creating an
electrical signal oscillating at the NMR frequency. Thgnal is known as the free induction
decay (FID) containing the vector-sum of the NMR responses fildimeaexcited spins, and
the Fourier transformed FID is the NMR spectrum. More spadifi a 7 /2pulse is to
deflect the spins into x-y plane, and it is usually adopted asxtfieateon pulse prior to the
acquisition.

The conventional NMR is a powerful probe of chemical structutestren properties and
so on. It has been widely used in physics, chemistry, biologygicaten and those
cross-disciplines. However, the lack of sensitivity of detectsoa principle limitation. For
spin 1/2'H, y=26.751% 10rad Ts, in presence ofB, =9.4T at room temperature

_leyhBOIZKT + 1 o neiakr

_ 2 2 1 yhB, | ,
T=300K, <I,>= N :Etanhez—k_;’_)~ 5 10° S.I. unit. That means

only one out of 10* nuclei is spin polarized.



Thus, due to the fact that the electromagnetic energy involved in the detectidrofsiiea
transition induced, it requires active nuclear moments in large nuifilfés more) to have
acceptable signal-to-noise ratios. This in turn makes it necessary to kisamples.

The signal-to-noise ratio is always considered as the fundameestriction for an
experiment in estimating the amount of material, S®:Noc Ny, /7’ B t, where N is the
number of nuclear spins being observed, is the gyromagnetic ratio of the spin being
excited, y, is the gyromagnetic ratio of the spin being detgciand t is the experiment
acquisition time. Other factors involved in S/N are the probe filifactor (e.g., how much
of the coil detection volume is filled with samplend various other probe and receiver
factors.

The development in technologies, such as affordsigber-conducting high-field magnets,
magic angle spinning, innovated detection deviag @mplicated pulse sequences expand
the scope of NMR studies. On the other hand, soetbadologies, such as optical pumping
that can enhance the nuclear polarization by afauft 10° or more, have been applied on
several systems, showing great potentials in mla@ntronics detections and quantum
computing device manufacturing.

The optical pumping of nuclear spins is a dynanatapzation of nuclear spins, which
results from the polarization transferring betwesactron spin and nuclear spin through
electron-nuclear hyperfine interaction, under dady polarized light illumination. The
pioneer experiment of optically pumped enhancemanmuclear spins polarization in solid
state systems was accomplished by Georgs Lain|rethe experiments, a xenon lamp of 1

W with photon energy at about 1.2 eV was usedlumihate an n-doped Si sample at 77K.



After 37 hours of illumination with unpolarized ligin a 0.16 T field, the amplitudé*Si
NMR signal was observed to be enhanced by a faftér6 and inverted in sign relative to
the thermal equilibrium signal in the same fieldteA 21 h of irradiation with circular
polarized light in a field of only 0.1 mT, the NM8&lgnal was equivalent to the thermal
equilibrium value in a field of 1.5 T.

In 1990s, Barrett et al. initialed Optically PumpBiMR (OPNMR) experiments on
multiple quantum wells GaAs/gBal,As, examining the dependence on various parameters
(photon energy, light power and helicity, and terapee)®*°** Plus, the dependence of
OPNMR signal on parameters was invested in diftenestterials, e.g., GaAs!®141°>16.17.18
InP'20:21 cds? and CdTé*?*. Recently, OPNMR researches have been focused on
exploring the mechanisms of some optical pumpingnpmena, including some electron
states at fractional quantum Hall and integer qumnHall regime&® hyperfine shifts®
dipolar ordef® and so on.

Moreover, other optical pumping experiments on semductors made use of optical
method to indirectly detect nuclear polarizatioanly, optically detected NMR (ODNMR).
ODNMR has extreme spatial selectivity, unlike tloeneentional NMR which can only see
the bulk average magnetization. Therefore, ODNMBfigreat value to characterize defects
and impurities in specific structures. When nuclgains are strongly polarized by electron
spins via optical pumping, they exert a magneetdfinuclear hyperfine field) on electron
spins. By altering the nuclear spins polarizatioithwthe external electromagnetic

energy—e.g., RF pulses—the magnitude and direatiothe nuclear hyperfine field are

modified, resulting in the change of electron spprecession, dephasing, and



photoluminescence.

Gallium Arsenide (GaAs), which is the most commepresentative of a large class of
[1I-V and II-VI zinc-blende semiconductors, is wigaised in the manufacture of spintronic
devices. With its zinc-blende crystal structure,AG&ahas superb property in photon
absorption and emission so that its various forougk( quantum wells) are well studied on
the topic of optical pumping.

The optical detected and RF pulse detected (viadillr optical pumping on bulk GaAs

will be discussed hereby.



[I. Theory

2.1. Generating electron spin polarization optycall

The importance of generating non-Boltzmann spinuaton is not limited to spintronic
device application; it can also be used as a $emsipectroscopic tool to study nuclear spins.
Non-equilibrium spin is the result of some kindpafmping source as transport, optical, or
resonance methods. Once the pumping is turnedhafspin will relax to its equilibrium
value? The optical pumping is an optical method to gererabn-equilibrium spin
polarization and accumulate spins. Optical pumpimgemiconductor is a well-established
technique®’ that is, the angular momentum of absorbed cirbulaolarized light is
transferred to the medium. A simple reversal of ihemination helicity (from left- to
right-circularly polarized) also reserves the sifithe electron spin polarization.

The basic principles of optical pumping can bestitated by the example of GaAs, which
has direct gap at Brillouin zone center. The etettr band structure is showed in Fig. 2.1(a).
The conduction band wave functions have orbitalulargmomentum L=0, spin angular
momentum S=1/2, and a total angular momentum J3H@.valence band wave functions
have orbital angular momentum L=1, spin angular matm S=1/2, and a total angular
momentum J=1/2 or 3/2. The band gap of GaAs at dheter of the Brillouin
zonel'isE, =1.42eVat room temperature. Because of the spin-orbit loogipthe valance
band is split into the heavyl/light hole valance d#&i=3/2) and a split-off subband (J=1/2),

with the energy_ =0.34eV. For the illumination with circularly polarizedght, electrons



are excited to conduction band (J=1/2) via thecsiele rule in Fig. 2.1(bjAm, =+1. For

example, for the illumination of right circularlyofarized lights*, at the energy of

E=hw, Egs E< Eg+A electrons will be excited from the valence baridsthe

conduction band, i.e., from valence band heavy {rafe-3/2) to conduction band (m1/2),
and from valance band light hole &¥l/2) to conduction band (#1/2), with the rate of
3:1, which is noted in Fig. 2.1 b by the solid Bnéelhe numbers in the circle are the
transition rates. Denoting by and r the density of electron polarized parallel%ti2) and

anti-parallel (m=-1/2) to the direction of light propagation, thgirs polarization of the

sample is defined & =(n, —n_)/(n + n).

E
@ CB | 6 )
a electrons
m. -1/2 1/2 CB
Eg
VB HH ASO rs
VB LH holes
VB SO r7
k
r
wave vector

Fig. 2.1 Electrical energy level diagram and séectule for GaAs under illumination of
circularly polarized light. The numbers in circiegb) denote the rated for each transition.
For the example of right circularly polarized illumation, the spin polarization of the
sample iR =(1-3)/(1+ 3)=—1/z. The spin is oriented against the direction ofhtlig
propagation, since there are more transitions ftoenheavy hole that from the light hole

bands.

If the excitation involves the transitions from thgilt-off band, that is,E> E, +A, the

so’



electrons will not be spin polarized.



2.2. Optical Pumping of nuclear spins

Optical pumping (OP) of nuclear spins was firstotietically proposed by Kastfér
whereby large population bias in the ground statestoms can change absorption of
polarized light. Georgs Lampel’s warkn?°Si in 1968 showed that nuclear spin polarization
could be drove out of thermal equilibrium by simpght irradiation.

Let us take GaAs as the example, electron spirripateon is generated by the circularly
polarized excitation, which is not the thermal déiguum value at that temperature. Thus, via
electron-nuclear hyperfine interaction, electromsre transferred to nuclear spin reservoir.
At low temperature, electron spin relaxation tirme@riuch shorter than that of nuclear spin,
so that the nuclear spin polarization can be actated via many excitation cycles. In this
case, the nuclear spin polarization can be pumjtkdreoositively or negatively, depending
on the helicity of the pumping light. The nucleginsmagnetization can be measured and

manipulated by various methods, e.g., via pulsedR\NM

10



2.3. Optical Faraday rotation

Optical Faraday rotation (OFR) in a macroscopidype is the rotation of axis of the
linear polarized light when it propagates througmagnetized medium (Fig. 2.2 (a)). The
rotation angle
6 =VBlI, (2-1)
Where B is the magnetic field antlis the length of the sample along the path oftligh
propagation, an¥ is the Verdet constant.

A modern picture involves the quantum-mechanicapoase of an atom to a magnetic
field. In this picture (Fig. 2.2 (b)), the atomibsarption and dispersion are both affected by
the magnetic field, and in this sense the Faradtgtion is to dispersion what the Zeeman
effect is to absorption (or emission). A linear ggdded beam can be decomposed to two
oppositely circularly polarized beams, which arsuased to propagate independently. Each
of the two circularly polarized fields has its ovmdex of refraction and attenuation
coefficient. In the presence of a magnetic fietay &tom in the medium shows the “normal”
Zeeman effect. So each polarization will propagaith its own index of refraction and

attenuation constant as a function of wavelengtméition frequency). The equation (2-1)

can be rewritten aﬂz%i%' Bl to the lowest order iB, where 4 is the wavelength,

2m,
nis the index of refraction, ands the transition frequency. At the Bohr frequerndythe

transition, the Faraday rotation angel reachemiétsimum (Fig. 2.2 (c)°

11



© B, (1)

Fig. 2.2 Faraday rotation angel.

The aforementioned Optical Pumping of nuclear s@n also be detected via optical
Faraday rotation by observing the electron spircgssion since the polarized nuclei can
exert large magnetic fields on electron spins.

This basic theory is not limited to the case ofa@ay rotation, which is for the
transmission of light through the sample. The sawperiment can be performed in
reflection mode (Kerr geometry). Kerr rotation m@&asnents may suit to large scale sample
characterization and analysis or on situation wiaesabstrate prohibitively absorbs the light

in the range of interest.

12



[11. Optically Pumped NMR Experimentson Gallium Arsenide

The advanced feature of GaAs is that it has a tdivand gap, which means its electron
spin can be highly polarized under circularly extttn. Thus, the degree of nuclear spin
polarization can be enhanced by orders of magnitude hyperfine interaction with
non-equilibrium electron spin systeth**** The optical pumping has to take place at liquid
helium temperature for practical purpose. The teatpee dependence of band gap energy

for GaAs has been well studfédwhich is 1.507 eV at 78K, and 1.519 eV at 5K.

3.1. Optical Pumping detected via time-resolvedi€@@ptaraday Rotation

The time-resolved Optical Faraday Rotation (OFR} wdopted to detect the motion of
electron spins in presence of a total magnetid fiehe experimental setup of time-resolved
OFR is shown in Fig. 3.1. In the experiment, a nhadeTi:sapphire laser with a duration of
200 fs and a repetition rate at 76 MHz was used. ldber was split into a pump beam and a
probe beam by a beam splitter. The pump was matllat 100 kHz by PEM with two
crossed polarizers, while the probe was choppé&dkbiz and one tenth of the pump intensity.
The lock-in amplifier reading the signal from thaldnced detectors at the reference
frequency of 95 kHz, was therefore sensitive omythe pump-induced changes in the
measured Faraday rotation of the probe beam. Awass used to focus and overlap the
pump and probe beams on the sample. At the zeay-délthe translation stage, the electron

spin polarization of sample was induced and théaxeel. The probe beam was split by a

13



Glan-laser polarizer. The combination of the hadfver plate and Glan-laser polarizer was to
orient the polarization plane of the probe beanthst, in the absence of Faraday rotation,
the two detectors were balanced. The laser repetititerval {p, was ~13ns, i.e., the probe
pulse only met the pump pulse at the zero-delajtippson the sample, in a period of 13ns.
The sample was placed in a continuous flow cryof@XFORD) and in good thermal

contact with the cold finger for low temperaturegmse.

— /\ 200 fs \
i \
ISR 76 MHz
Laser . |
PEM—> Polarizor Chopper|

- /E \ \ Translation
0CK-In stage
Amplifier Lens\ ‘ | :
| i 7,
Quate wav

Glan-Laser N plate
Sample ol arizor
Half-wave
plate

Fig. 3.1. Experimental set-up of time-resolved Hagarotation.

The time-resolved OFR signal at room temperaturgiven in Fig. 3.2, at the photon
energy of 1.393 eV (890nm), which is a little lwitver than the band gap energy (1.428V)
at room temperature. The signals are symmetricrifgint- and left-circularly polarized

illumination. The signal can be fit by the empitiéarmulaexp(-t /z,; ), where 7 is the

electron spin relaxation time, about 70 ps at roemperature.

14



o

o

T
e

Optical Faraday rotation signal (a.u.)
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Fig. 3.2. OFR signal as a function of time for Ga#tsroom temperature, showing the

electron spin relaxation time.

Voigt Geometry setup

Fig. 3.3. Voigt geometry. Electron spins preceds wie total magnetic filed.

Assuming there is an external magnetic field ergrin the sample (Moigt geometry, Fig.
3.3), the electron spin presseses along this fielthe precession frequency
isw=uB,,9/h=y09B,, . As shown in appendix, what is measured by thectias is the
projection of the precession along the detectignages toexp(-t /7, )cos , where
cosp = co¥ cop+ siA cost , (3-1)

wheregis the angle between the pump and proBlejs the angle betwee® and the pump,

15



and ¢is the angle betwedd and probe, that isp = f+6 . The time-resolved OFR signal is
strongly imposed by the angles. A simulation oflardgpendence is shown in Fig. 3.4, for
bulk GaAs at 78K in an external field of 6500G, dné electron g-factor is -0.41.

With the setup in Fig. 3.3, for the Si-doped (naypGaAs bulk (carrier
concentratio2.6x 10° cm®), at 78K, the OFR signal is presented in Fig. &6nsidering
the index of refractive for the sample 3.3, in the case of incident angle of probe at
proximately 45° (¢ =57.35), and pump ats5’ (6 =59.37). The fit gives parameters as
B =6456G perpendicular with respect to the probe, ahé 61.87, and ¢ =55.59. We

claim that the experimental curve is perfectly oejuced.

Magnetic field
probe e

‘SB probe

pump b
i Magnet Lzl

o

— 0
ileh ‘ —?OGC;Q
— 30deg

e BLSAMplE
p=30d

0.5+

0.0 s

OFR (a.u.)

-0.5+

200 400 600 800 1000
Time delay (ps) _}

=1

N

Fig. 3.4 OFR in Voigt geometry as a function ofident angle.
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Fig. 3.5. GaAs in Voigt geometry at 78K.

At 4.4K, the nuclear spin magnetization is getegldy optical pumping. This magnetic
field, whose direction and magnitude are dependerthe helicity of the illumination light,
affects the electron spin precession in additiemdhe external field. The time-resoled OFR
signal after 300 s of pumping at 1.50 eV (825nnghswn in Fig. 3.6. The electron g-factor

is -0.44. Fit by equation (3.1), the shifted fregoyeis about Aw =0.0038« 1¢°rad , which

gives the magnitude of the difference of the nudliedd (B, — B, ) almost 980G.
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Fig. 3.6. Optical pumping OFR of doped GaAs at 4.4k
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The manipulation of nuclear spins via electricad aptical means can be achie¥e**=°
Awschalom et al have demonstrated all-optical méthim tip nuclear moments in n-type
GaAs crystal. They used periodical excited elecspins to depolarize the nuclear spin field
instead of RF field€® Ohno et al have demonstrated the complete lighided resonance
spectra as well as the quadrupolar splittings i$&Sguantum well§! They also have
demonstrated local manipulation and detection byicalp method combined with
pulsed-NMR?*? Multiple NMR pulses can be applied to control fmpulation and the phase
of quadrupolar splitting if°As. This method not only can be applied to study phase
coherence in quantum states, but also the readbuwjuantum information stored in

multilevel nuclear spins in dense memory devites.
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3.2. Optically Pumped NMR on Semi-insulating GaAs

All the constituent atoms in GaA§Ga, ®*Ga, and’°As have nuclear spin 3/2. We used
Optically Pumped NMR (OPNMR) to monitor the dynarpmlarization of nuclear spins in

bulk GaAs at 9.4 T.

(1) A model combined with Hyperfine and Quadrupokaxation

The sample was a bulk semi-insulating GaAs (@30 in thickness, surfaces orientation
[100], resistivity greater than i®cm, mobility greater than 60@Bn?/Vs) (American
Crystal Technologies) in a 9.4 T magnetic fieldbat temperature. The sample was placed in
a continuous flow cryostat (Janis) and in good rttercontact with a sapphire wafer to
facilitate heat dissipation (Fig. 3.7). Detectionasnv preceded by the protocol
Sat-T-F—-x/2, where T, and T, indicate illumination and dark intervals,
respectively. Saturatiors@) prior to illumination was carried out via a stgiof /2 pulses.

The beam diameter was ~ 1.5mm.
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'
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Fig. 3.7 OPNMR experimental setup of GaAs
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The OPNMR signals of'Ga as a function of light helicity were measuredved laser
intensity regimes. In Fig. 3.8, the high intensitynal shows dependence on light helicity, in
agreement to well-known resuits the OPNMR signal is at the maximum when the
guarter-wave plate sets the light to be right-/leftcularly polarized, and inverses the sign
when passing from right-to-left or left-to-rightrcular polarization. At the lower intensity

regime at this photon energy, the lack of respdasthe light helicity suggests a different

mechanism.
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Fig. 3.8 OPNMR as a function of helicity for 71Ga
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Owing to signal-to-noise considerations, most ssidiave been conducted using strong
illumination (5 mW and up, that is 37.5 mW/8min this regime, electrons (and thus nuclear)
spins polarize in one direction or the other depemadn light helicity. The excitation photon
energy dependence 6fGa NMR spectra which was measured over a wide rafigaoton
energy scale (between 1.36 eV and 1.7 eV) at 8Hbés several defining characteristics in
Fig. 3.9. Far above the band gap (1.52 eV), the sighe OPNMR signal may be controlled
with the light helicity and the spectrum exhibitscilations as a function of photon energy
due to the appearance of Landau levélslear the band gap, a maximum in the OPNMR
signal is observed at 1.503eV (825nm), 20meV belmvband gap due to the interplay of
photon penetration depth and electron spin polanizd. Below the band gap, a different
regime emerges where the OPNMR signal can no |ldmgeontrolled with light helicity and
always presents a positive value with respect éontlal polarization. Previous studies have
proposed mechanisms, perhaps involving an electspecies with a positive g-factgrbut
none have attempted to model this regime, nor hieg provided experimental tests of
these mechanisms.

The irradiation intensity dependent OPNMR for thmeaclei (‘Ga, ®°Ga, "°As) are
displayed in Fig. 3.10 at the wavelength of 825(n5@3 eV). The illumination time was
300 s. Previous literatures have reported the bigoes exponentially with light intensity
positively or negatively, depending on the lighti¢igy. ** Our observation shows at the very
low intensity the OPNMR signal increases positivadythe intensity increases for all nuclei
(inset, Fig. 3.10). The exponential increase ahdidaser intensity has been reported before

which is believed to be the increase of polarizedlear at the localized shallow donor
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Fig. 3.10 OPNMR signal as a function of illuminatimtensity for all nuclei
The time dependence of OPNMR signals’@&a was measured within a time range up to
20 minutes (Fig. 3.11). The linear increase is nkegk both at high power and low power.

The dark relaxation signal is included, showingeayiny linear increase.
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Fig. 3.11 OPNMR as a function of illumination time.

Finally, the temperature dependence’t®a OPNMR signals fors*illumination was

measured (Fig. 3.12). The optical enhancement deaaythe lattice temperature increases

22



for high power. The low power signal and dark sigmare measured at the same time. The
little jump at 6 K and 7.8 K was due to experiméetaors, caused by repeatedly lowing and

raising the temperature.

5

T T T T T T T T T T T T T
100uW

W

ot Inthedark _

]
(3,1
T

OPNMR Signal (a.u.)
3
T

15 1 o>

6 8 10 12 14 16 18
Temperature (K)
| I 1 L L I 1 1 | L 1 1 L
6 8 10 12 14 16 18
Temperature (K)

Fig. 3.12 OPNMR as a function of temperature

The process of optically polarizing bulk GaAs haem studied for many years. Previous
model proposes that the spin-electrons are exaitedspin exchange with electrons bound at
shallow donors. Those bound spin-polarized elestrtilen polarize proximate nuclei
primarily through the Fermi-contact hyperfine iratetion.

To address the loss of sensitivity to light hejigit Fig. 3.8 and the always positive signal
below the band gap in Fig. 3.9, a new model of ndéion mechanism is proposed here.
Previously, Paget and collaborators proposed a amésim of light-induced quadrupolar
relaxation®® This model was developed to explain the reductdbrOPNMR signal by
guadrupolar-induced depolarization, which is aredffof magnetic against an electric
interaction effect. Here, we consider quadrupaddeixation as a mechanism for polarization

which, in certain regimes, may dominate over hyperpolarization and reverse the sign of
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the NMR signal. Quadrupolar relaxation occurs na@allow donors as the capture and
release of electrons creates a fluctuating eledteld gradient. These fluctuations are
governed by the kinetic temperature of the elestrand therefore drive the nuclear spins to
this temperature, with no dependence on the elesfpon polarization. The equilibrium spin
temperature for nuclei under the quadrupolar icteya is always positive, and therefore
results in a spin polarization which is positivetwiespect to the external field.

For the sake of simplicity, we ignore the thermaayic nuclear and electronic
magnetization and nuclear-spin-lattice relaxatibfayes and others have showed the
nuclear-spin-lattice relaxation in single-crystatrsconductors (undoped and compensated)
can be neglected due to the very long nuclear lgpitime at very low temperature In the

standard description of OPNMR, the rate equatiajivisn by

di(r,et) 1 o1
€ TlH(r,e)UZ(r’H’t) o) —TlQ(r,H)

(.€.01)+ o)+D Vi ) .t )
, (3-2)

where H and Q stand for hyperfine and quadrupagtexation, I, , and |,, are the

equilibrium values. The first two terms are fronfaration processes and the last term is

from the spin diffusion. D is the diffusion coeféiat>40414243

T
The ratio of the two relaxation time scale is defined by, f =—2, where T, and T,

1H

are hyperfine and quadrupolar relaxation time.

For a spin 3/2 system, the average expectatiorevafiu ,at thermal equilibrium is given

by<1, >eq:%tanh@E /KT W tanh§E KT . FOrAE << KT, <1, >eq=§%.
The steady-state value for hyperfine relaxation Hi§=§ASZ , with AS, =M :
T4 1+7/T,
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where§, :i% is the polarization of electrons due to the ligktitation, S, is the thermal
equilibrium polarization of electronss is the recombination lifetime of electrons afg is
the spin-lattice relaxation time of the electrons.

S, =1/2tanh- g3 B/2K])

As shown in Appendix B, in the high magnetic fiétdit

_ar

i:e E) _1 (3_3)
Ty To

1 27

L () — e 3-4
leo (yN e( )) 1+0)H21_H2 ( )
f:fO%F(r,e). (3-5)

wheref, is a constant which is a property of the nuclendeu investigation, anfél(r,8) is

the spatial term of radius and angle.

1 e—4(r/a0—1) r .
F(r,0)= 5 (=)
1+ 3cos ¢ - (:I__F&+2f7)e—2r/a0 I a,
3 &

Here, the idea of the light penetration depth ispéed. ThereforeI'(z), the donor
occupation factor, is a function of depth, sam®@(&¥, the incident laser power. The total
OPNMR signal is proportional to the integral (sunf) lgover r and &. To predict the
OPNMR signal, a relationship betwedr(z)and P(2) is needed.

We simulate< 1, > in a simple three-dimensional cubic lattice witripdical boundary

conditions. The nuclear spin system starts witlo-peiarization.

In equation (3-5), f, is a fitting parameter,f, o It is difficult to determine how

}/2
RQ
much laser power enters the sample due to scafteffroptics and reflection at the wafer

surface. And it is impractical to use a standardatosolute determination o I, > due to
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very long relaxation times, so the OPNMR signalrisspnted in arbitrary unites. Also, the
sensitivity of the NMR probe changes with tempemgtgo room temperature signals do not

provide an accurate standard.
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Fig. 3.13 Theoretical Predictions for OPNMR signeéaid in data for three nuclel®As
(black),**Ga (red),'Ga (green).

As seen in Fig. 3.13, when applied to the caseasérl with o’ illumination and short
irradiation times, the model accurately predicts thagnitude of the OPNMR signal vs.
power curve, including the crossover between théicityeindependent quadrupolar
dominated regime to the helicity dependent hyperfolominated regime as intensity

increases. The continued signal growth at highaveps, beyond the point wherE has

reached is maximum value, indicates a high-magffieiid regime wherel/T,,, scales with
the free electron concentration. By adjusting tlaue of f,, we obtain fits from each

nucleus in the same sampi&Ga,®Ga, and®As (Fig. 3.10). These curves exhibit the correct

trend where the larger product of quadrupolar mam@@and electrostatic anti-shielding
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R, ("As>*Ga>'Ga) and smaller magnetic moment (magnetogyric ratjo)

("*As<**Ga<'Ga) results in the crossover being shifted to hidgser intensity in the order

of "Gad’Ga<’As.
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(2) Optical Patterning of Nuclear Polarization

Spatial control of nuclear polarization has manpliaptions, e.g., separately tuning the
resonance conditions for arrays of confined elestrarhese effects have been shown to
perform coherent spin rotations of shifting eleog® Current methods for patterning
nuclear polarization are limited by the need ofdaragnets, lithographic printing techniques,
or high-filed gradient§®> Here, we demonstrate a three dimensional pattgrpssitive and
negative nuclear magnetization with all-optical noet.

Our model which combined the hyperfine and quadarpioteractions predicts that not
only can the magnitude ok |, >vary throughout the depth of the sample, but tge sif
<I,> may vary as well. Qualitatively, for high laserws and near to above gap
irradiation, the majority of the light is absorbeear the surface of the sample, with a high
donor occupation fraction and free electron comedion, I'is close to 1, f is large. The
OPNMR signal is then almost entirely due to thisioegwhere hyperfine relaxation is
dominant (Fig. 3.14a). As the photon energy is ledewell below the band gap, the
penetration depth becomes large and the rate ofr@tien per unit volume is much lower,
and is spread throughout a larger region of thepgann this case, the OPNMR signal is due
to a large region of the sample with lower donocupation fraction and free electron
concentration where quadrupolar relaxation domméEey. 3.14b). For near and above gap
irradiation, the OPNMR signal will always be limitéadl the region near the surface due to
small penetration depths. However, by reducing taser power, the free electron

concentration and donor occupation fraction in thegion may be lowered so that
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guadrupolar relaxation dominates (Fig. 3.14c). (yethere also exists an intermediate case
for both laser power and photon energy where theORNMR signal is zero. This model
predicts that in this case |, > is not zero throughout the sample, but ratheretrame

regions of positive and negative |, > (Fig. 3.14d).
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Fig. 3.15 Stray-Field-Imaging experimental setup.
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We employ the Stray-Field Imaging (STRAFI) techrtfy which makes use of the
gradients in the stray field of the 9.4 T magnetha temperature of 6.5 K, unless otherwise
noted. The schematic experimental setup is shovgin3.15a.

To ensure good thermal conductivity, we use Apiekbgrease to mount the sample of
thickness 35@:m atop a long, rectangular sapphire strip. The $trighges the opposite sides
of a 3 cm diameter opening at the center of atbpper plate, whose orientation relative to
the static magnetic field can be slightly adjusisthg screws connected to the outside of the
cryostat via long G10 rods. A split-coil surrounglithe sample (and sapphire wafer) as part
of a purpose-made cryogenic probe serves as tiefraduency source. The coil shape and
size are chosen so as to optimize the samplegfifiictor while avoiding making physical
contact with the support wafer or GaAs crystal.shsewn in Fig. 3.15, the area illuminated
by the laser beam on the sample surface is defigeal proximal 1x1 mMmsquare window
etched on an aluminum-coated sapphire strip aligoembincide with the coil central gap.
We use an optical expander to widen the laser ksa@s to reach a 5-mm-diameter waist
before the aluminum window, thus ensuring homogeseimtensity over the optically
pumped surface. We control the beam helicity usingear polarizer and a quarter wave
plate. We illuminate the sample at 6.5 K througl tuartz windows at the bottom of a
modified cryostat (Janis-Varitran), and use the @&ids protruding at the upper end of our
NMR probe to align the GaAs wafer perpendicularhte direction of the static magnetic
field. To accomplish this, we adjust the coppetelarientation while monitoring the part of
the laser beam reflected from the aluminum-coasggblsire; this method allows us to reach

a sample orientation precision better than half egrele. In preparation for the
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optical-pumping experiments reported herein, we doocted extensive preliminary
experiments aimed at determining the magnetic fggltlient as a function of the sample
position within the magnet bore. For this purpase,recorded thé'Ga NMR signal from
the GaAs wafer at room temperature for multiplgldisements of the cryostat from its rest
position atop the magnet. NMR spectra were attausdg a simple excitation-acquisition
protocol with 1-us-long RF pulses so as to ensure the broadest eanithandwidth
possible. The magnetic field gradient is linearraiae sample volume and exceeds 70 T/m at
the maximum displacements we tested. For the pregtical pumping experiments, we use
a somewhat moderate gradient (19 T/m) as a realotrabeoff between spatial resolution
and signal-to-noise ratio for typical illuminatimes (10 min).

With a natural NMR linewidth of approximately 4kHborf69Ga and a gradient of
approximately 19T/m, we achieved spatial resoluiiorthe z-direction of 20 microns. As
shown in Fig. 3.15b, data are acquired by firstirsding the spin transitions with a series of
RF pulses, after which the sample is illuminatedhwcircularly polarized near-gap
irradiation followed by signal acquisition via a/2pulse and inductive detection of the
transverse magnetization.

The STRAFI data in Fig. 3.16 correspond directlythie sign and magnitude of nuclear
polarization as a function of depth in the sample.the lowest illumination intensity
(4mW/cnf), the polarization is positive throughout the simpnd is nearly independent of
helicity, consistent with the bulk experimehtsreported previously. At the highest
illumination intensity (102 mW/cf) the sign of the polarization throughout much lué t

sample may be controlled with light polarizatioansistent with many previous bulk studies
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in this regime“**® Here, the intermediate regime is of interesthia tegime of intermediate
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Fig. 3.16 (a) Spatial patterns of nuclear polarmator different laser intensities. (b) RF
pulse sequence. (c) Incoming light illuminates Haenple from the left (coincident with
higher frequencies in the setup, see upper homatoaxis.) The origin is chosen to

approximately coincide with the GaAs wafer surface.

illumination intensity, using" polarization, regions of opposite spin polarizatiare
created within close proximity in the GaAs wafern@gative signal is found closer to the
surface of the sample where absorption is greatebilectron spin-exchange dominates the
nuclear polarization process. A positive signal eates from that portion of the wafer where
the light intensity has decayed. In these regidneduced absorption, the donor occupation
fraction decreases such that the quadrupolar patlésn mechanism is dominant. By
adjusting the wavelength of light (Fig. 3.17), wary the optical penetration depth,

controlling the length scale of the patterns ofpiaation. For example, for irradiation at 810
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nm, our analysis reveals that we created featymeoaimately 40 microns wide.
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Fig. 3.17 Stray Field Imaging of nuclear polarimatifor ®*Ga as a function of irradiation
wavelength after an irradiation of 10 min. Red @sncorrespond tas" helicity and black

curves correspond tas” . Decreasing the wavelength to 810 nm creates riesmtu

approximately 40 microns in length.

Without detailed knowledge of the electron recomabon dynamics, optical absorption at
high-field and low temperature, and kinetics ofcalen capture at donors, it is difficult to
guantitatively model the dependence of the pattemidlumination wavelength and intensity.
However, assuming a single binary recombinationhaeism and Langmurian binding of
free electrons to donors, combined with literatwadues for optical absorptidh we

reproduce the shape of the STRAFI images as aifumot illumination intensity for a given
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wavelength (Fig. 3.18). We also note that for negierimental conditions there is a region
of positive polarization localized at the irradiitsurface. We attribute this to a depletion
layer of low donor occupation near the surfaceefBrj defect states pin the Fermi-level mid
gap at the surface and an electric field exterms fihe surface into the bulk. Shallow donors
may be ionized in the regions where the electritdfiexceeds about 5000 V/éhThe

approximate width of the depletion layer is gived®: L = (%)”2,

whereg is the dielectric constantg, is the vacuum permittivityg,is the potential of the
pinned Fermi-level at the surface, andis the charge carrier density. In order to
theoretically reproduce STRAFI images, a depletayer of 50um was included in the
simulations.

Assuming the Fermi-level is pinned mid-gap, thigesponds to a carrier concentration of
~1014 cn, which is similar to the free electron concentrasi predicted by the simplified
model for a semi-insulating sample at low tempegatwith optical illumination. Given this
very simplistic model, the agreement with experit{€&g. 3.18) is nearly quantitative.

We also investigated the isotope dependence opdtierning process (Fig. 3.18). As
expected, the isotope with the larger quadrupolenemd and smaller gyromagnetic ratio
required greater irradiation intensity to trangitirom positive to negative polarization.
Comparing the intermediate irradiation intensityadia Fig. 3.18 (for example 14 mW/én
we observed the unique situation where differeptbises of the same chemical species have
opposite polarization at the same location in tAm@e, suggesting the ability to create

hetero-nuclear spin order via dipolar or indirecodipling®®
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Fig. 3.18 Stray Field Images of nuclear polarizatid’’Ga and°Ga. The isotope with larger
guadrupolar moment and smaller magnetic momentsitrans from the negative hyperfine
regime to the positive quadrupolar regime at higtradiation intensity. Simulated STRAFI
images for’°Ga capture the changing shape of the distributfonuclear polarization with

illumination intensity.

Optical pumping can be combined with NMR pulse sagas to further control nuclear
polarization. As a proof of principle, we combinpdriods of optical pumping of varied
intensity and wavelength with NMR pulses to isolate regions of hyperfine- and
guadrupolar-induced polarization (Fig. 3.19). Masgphisticated NMR pulse sequences
exist that interconvert various types of spin orded coherence, which may be combined

with spatially-patterned polarization to create@age of spatially-dependent spin dynamics.
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Fig. 3.19 Optical pumping parameters may be chaserhat (a) quadrupolar relaxation

dominates, or (b) both mechanism act simultaneooslgifferent regions in a sample. By

combing periods of optical pumping with differentansity and wavelength, separated by

7 pulses, only (c) the hyperfine or (d) quadrupolalapzation remain.
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(3) Spin diffusion and Saturation of polarization

The light excitation leads to polarization of thaseclear spins that are in the vicinity of
localized defects, described by the first two termgquation (3-2), as a source term. The
third term acts as a source of polarization for sEmuclear spins which are not directly
contact with the localized electrons. The evolut@inuclear magnetization in GaAs is
believed to (1) have fast relaxations by the etertrapped at the donor centers, up to a
distance from the donor site equal to the diffusiadiusd, where the evolution of the
nuclear magnetization by spin diffusion is negligi{2) beyond ¢ , the spin diffusion plays
a dominant role and the magnetization is homogesaad increase in a time of order of the

bulk nuclear relaxation timé>3"-3¢3%4qn, |iterature, the diffusion radius is larger than the

Bohr radius a,°, where a, is the electron Bohr radius, in the order of 200 bulk GaAs.

Using 10" cnf/s as the value of diffusion constant D, we ruinautation of <1, > as a
function of time for''Ga (Fig. 3.20) which shows a very similar trend @®¥NMR signal vs.
7, ) as Fig. 3.11.

Previous experiments of evidence of spin diffusisere done by switching off the light
excitation and measuring the characteristic timéhefresulting decay of the nuclear fiéfd.
However, the simulation shows that if the polaitratis easily saturated in the vicinity of
localized donor center, while spin diffusion assiffte polarization to spread out more
efficiently, an enhanced polarization can be acdated via tens of hundred repetitions of
“illumination-diffusion” cycles. This is a directvaelence of the existence of spin diffusion

within the range of the diffusion radius.
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Fig. 3.20. Simulation of OPNMR signal vs. illumiratitime for’'Ga.

We detected thé’Ga and®®Ga OPNMR signal with the aforementioned basic optica
pumping experimental setup, in a 9.4 T magnet,.2tks (Fig. 3.7). The semi-insulating
GaAs crystal was mounted on a sapphire wafer, whitlon the cold finger of the Janis
cryostat. The pulse sequence $&at— T—- [ -~/2 (Fig. 3.21). The SaturatiorBat is a
string of z/2pulses, followed by illumination timd, and dark timeT,. And in the
following experiments, T and T, may be fractioned intoN, intervals, i.e., T, = N x{
and T, = N_ xt, . After repeating a multiple intervals of “light«&, the final acquisition is
conducted after ar /2 pulse. Thet, and t, were set by a shutter which received the TTL
signals from the spectrometer.

First of all, it is necessary to recognize and e the effect of relaxation in the dark. In

Fig. 3.21 a, as dark tim@, increases, the signal from dark relaxation becostesger.

We can see in Fig. 3.21 b that for the hyperfineniated polarization witho™ optical
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pumping at high intensity (183mW/émnof light excitation, the dark relaxation does not
change the line shapes, but for the illuminatio®@&mnW/cn?, the dark relaxation changes
the line shape. To exclude the impact of the reéiaman the dark, we acquired the spectrum
A (T, =30s,T,=0) and B (T, =0, T, =300s), and got the addition of each point of A and
B which was spectrum C (C=A+B). We find that theelishape of C is equivalent to
experimental spectra D, which was féf =30sandl, =300s (Fig. 3.21 c). So we claim
that what we observed is irrelevant to dark reliaxatin absence of light illumination, the
evolution of nuclear spin system is completely goed by spin diffusion. Although the total
bulk average magnetization remains unchanged, rdmesfer of magnetization by spin

diffusion modifies the polarization experienceddpgical pumping.
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Fig. 3.21°Ga OPNMR spectrum. The RF pulse sequence is shovtheonpper left. The
total dark time is varied on the lower left. Ancetpure “dark spectra” are sown on lower

right.
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In previous OPNMR experiments, samples were exptuskght for a continuous protocol
as a relative longT, (usually a few minutes) followed by a shoff (orT, =0), the effect
of diffusion was not strongly supported. Howevey, é&xtending T, and dividing the
continuous protocol into many cycles, we are ablesgée the effect of diffusion. In our
experiment, we fix the total illumination tim& and dark tim@,. By increasing the
number of the cyclesN, , we reduce the pumping timg for each cycle, so that the OP
polarization built from whatever mechanism is smalbugh and can be redistributed by
diffusion process during, , while total bulk-average polarization does nairae. Thus, for

every t_—t, cycle, the optical pumping builds up and diffuseslistant nuclei. In this way

of pumping and diffusion cycles, we note that thadjupolar effect is most affected.

b Laser Intensity [mW/cm?]
100 200

A
)
S
)
> 102 mW/cm?2
'g 1 1 1
[
=
(1] | |
e 71GaT=6.2 K
B A=822nm, G,
M >d 123 mW/cm2
86 mW/cm?2
2 mW/cm2
— N;=30 187 mW/cm?2
25 0 -25 25 0 -25
Frequency [kHz] Frequency [kHz]

Fig. 3.22"'Ga NMR Spectrum at different laser intensity fbk =1 and N, =30.
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In Fig. 3.22, we present five sets 6fGa NMR spectrum at featured illumination
intensities chosen from the curve of magnetizatisna function of laser intensity, whose
total magnetization is represented by the blaclctspm. The curve of magnetization as a
function of laser intensity has been reported m Bil0. In the regime of strong illumination,
the hyperfine mechanism dominates and gives negatiplitude, and in the regime of weak
illumination the quadrupolar dominates and giveatieely small positive amplitud®. The
total illumination time T, and dark timeT, are kept as 30s and 300s, respectively. Thus,
the contribution from dark relaxation for everyweiis equivalent and can be just ignored. In

the high power regime (187 mW/@nthe fraction of . and T, plays no role; in the

intermediate regime (123 mW/éni02 mW/cm, and 86 mW/crf), the influence of 30

( }
I Tp N
TIGa NMR — 30 0 1
A=822 nm, — 30300 1
0,,02mwW — 30 300 30

Frequency [kHz]

\ »
Fig. 3.23 A set of'Ga NMR spectra. The pure optical pumping spectrushdsvn in blue.

repetitions raises up the central hyperfine peak&ven flip it from negative to positive, due
to the strengthen of the quadrupolar effect. Inltiveest power regime (2 mW/dn where

the quadrupolar completely dominates, the repetitisther enhances the positive peak. A
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reference of the pure effect of 30 s pumping iseddd Fig. 3.23 as the blue curve. The dark
relaxation always drives the nuclear spin to atp@sspin temperature, due to the thermal
equilibrium with the lattice.

In Fig. 3.24, a series ofGa NMR spectra for illumination ob*at 55 mWi/crfis
displayed. The left spectra were directly obtaifredh acquisition, while the right ones were
subtracted the dark relaxation from the left. TRef” spectra were the acquisitions aftér
without waiting in the dark. And for all othersgthotal illumination time and dark time were
kept as constant. At this intensity, the hyperfieature is displayed in the Refs. For a fixed
ratio of T, /T, as N, increases, quadrupolar effect is enhanced NAt=1, the spectra are
similar to the Refs, showing the hyperfine featuf¢. N, =30, the central peaks of
transition almost become positive. Finally, Bt =1500, they are completely dominate by
guadrupolar effect, leaving no evidence of hyperfialaxation. And for a fixed number of
repetitions, the amplitude of ; = 300sis much lager than that of , =150s. This indicates
that longer waiting time in dark means more effedii redistribution of polarization, so that
the quadrupolar interaction can build up more magaton in each cycle.

The isotope®Ga has been investigated at 120 m\W/émFig. 3.25. The spectrum for
N, =1 is the same as the Ref, where the hyperfine retaxes dominant and the OP signal
is negative. An obvious transition happens wh¥n=300, i.e., t =0.1s and t; =0.5s,
the hyperfine signal is tampered dramatically. Mt=6000, i.e., t, =0.00% and
t, =0.0255, the hyperfine effect is eased up completely, ilgga huge quadrupolar effect.
The one by one comparison betwé&da andGa at the same light intensity is in Fig. 3.26.

Due to the larger quadrupole moment and smallesrggignetic ratio 0f°Ga, at 55 mW/cfh
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it shows a more positive signal whif&a is at zero-crossing (black). The diffusion plags
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Fig. 3.24"'Ga NMR spectra for illumination ot"at 55 mW/cri. For Bekgrd, T, =0and

T, =150s (top) and 300 s (bottom). For R&f =30sand T, =0.

important role such that a significant increaseuadrupolar way exhibits ffGa by means
of fraction the illumination and dark time. At 150W/cn¥, the fraction does not modify the
line shape by a huge amount. However, by companitly "‘Ga, ®°Ga still shows a bigger

change due to its lager quadrupole moment.
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Fig. 3.25°%Ga NMR spectra foro* at 120 mW/crh For Bekgrd T, = 0andT, =150s. For
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Fig. 3.26 NMR spectra fo’Ga and’'Ga. °®Ga shows an enhanced quadrupolar effect with
multiple repetitions at 55 mW/cnthan’*Ga.
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Fig. 3.27 A comparison between thermal polarizatiod optical pumping with quadrupolar

splitting.
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Fig. 3.28 The NMR spectra 6fGa and®Ga as a function of light power. The strain-induced

quadrupolar splitting of'Ga is stronger than that $%Ga.

As may be noticed, some spectra shown with hypeifiteraction exhibit the quadrupolar
splitting. We claim that it is due to the stain uicéd by tiny grease drops on the sample
surface. In Fig. 3.27, we present the optically pacthsignals, together with the residual

thermal polarization, which was acquired right eftden the liquid helium temperature was
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reached before any light exposure. At room tempegathere is no strain induced by grease,
so the blue spectrum shows no quadrupolar splittdg interesting comparison of
guadrupolar splitting between the two isotopesigq B.28 shows clearly that the splitting of
"'Ga is always stronger that that’66Ga. As the light intensity goes down and quadrupola
interaction dominates, the splitting disappearsc&the origin of the quadrupolar splitting is
out of scope of this paper, we simply claim tha&t guadrupolar splitting is caused by grease

induced strain.

An important tendency dfGa central peak amplitude as a function of eadhsidn time
t, is shown in Fig. 3.29. In this experiment, the edlaHumination time was always fixed as
30 s. For shorter illumination tim¢_, the repetition number was bigger, so that theale
dark time was longer, e.g., fay =5ms the repetition number equals 6000, and the total
dark time T, = 600@t,. The curves with dotes are experimental readaud, the ones
without dots are processed as the doted valuesastdd the dark relaxation values. We
chose the light intensity as 120 mW/gnso that the central peak amplitude for
t, =50mswas negative, which is a typically hyperfine donmha he central peak amplitude
almost goes linearly witht, , which means the quadrupolar polarization domsatel beats
off hyperfine relaxation. However, the curvature fip =5ms indicates two things that (1)
the polarization is not saturated in this regi@),dlthough the polarization is so little in 5 ms,
by increasingt, the diffusion moves away more polarization near tbcalized donor
center, then ultimately the maximum polarizationdoyadrupolar relaxation will be reached.

In another word, the curve will asymptotically rbaa value which is the maximum

46



polarization by quadrupolar interaction, because docertaint, the diffusion rate is
optimum so that the polarization near the dona witl be totally transferred away, and by
further increasing thet, the total polarization will not increase. 5 msas the limit
resolution of the shutter in our setup. We belieith a shutter in higher resolution, one can

see the asymptotic trend achieved and get an dgiimaf the diffusion constant.
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Fig. 3.29°°Ga central peak amplitude as a function of darletim

Considering that the rates of hyperfine and quamlewprelaxation are both functions of
distance from a give donor site, this suggests pbssibility of achieving nuclear spin
polarization on a similar scale to the Bohr radiutd0 nm in GaAs), which can be applied to

the spin-based quantum computing devises.
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V. Summary

In this work, we have presented some featuredynfmic nuclear spin polarization on
GaAs. We recall that the experimental methods ptede here is very general. The
time-resolved optical Faraday rotation has beenlieppo observe the electron spin
precession under nuclear spin field, with high gefity and spatial resolution. And the
optically-pumped nuclear magnetization has beensored via pulsed-NMR. Based on the
measurements of OPNMR on GaAs, we have observeathaw illumination intensity the
OPNMR signal is independent of light helicity andpdn energy. We have developed a new
model of nuclear spin polarization process, whidmbines hyperfine relaxation and
guadrupolar relaxation. We have demonstrated thisihtensity OPNMR signal is due to
guadrupolar effect. And the transition from quaddap-dominated to hyperfine-dominated
behavior occurring at increasing values of laségrisity in the correct order is supporting
our model. By harnessing the different dependencaagnitude and sign of OPNMR signal
through the depth of the sample at different illnation condition, we have demonstrated an
all-optical creation of three-dimensional patteghiof nuclear spin polarization in micron
scale via stray-field imaging method. Such nuclkgain fields can be applied to tune the
resonance frequency of confined spins, giving a degree of freedom in spintronic device
architectures with optical and electrical contrdfally, a demonstration of nuclear spin
polarization in nano scale via diffusion has beede) providing a depth understanding for
the process of nuclear spin polarization by optmahping. The nano scale inhomogeneity

in semiconductor also provides a potential toauwantum information technology.
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Appendix

A: Optical Faraday Rotation in Voigt geometry

A 7

.
1 probe ,r"’ B

ﬁ\.};n;s.ﬁ. ";',j.;r-fi'l\

s

The optical pumping is along the Z' while the praben the direct of Z, the angle in

between is@p. To get the projection of OA on the Z, it is cle@ar do a coordinate

transformation from X’'Y'Z’ to XYZ.
x=A"X, (A1)
where the corresponding Euler Angle is{, 0).

Assuming the length of OAis 1, we can get

sinéd sinwt
X=|—sind coswt | , (A2)
0
1 0 0
and A*=|0 cosp Sinp|. (A3)
0 -sinp cow
sind sinwt
So that x= A'X'=| —cosgp sird comt|. (A4)

sing sing cosut
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The total projection of OA along the Z axis ®sf cogp+ Sip SiA cast.
We tested time-resolved Kerr rotation in Voigt getm on CdTe at room temperature
(Fig. Al). Due to the qualitative large value oktalon g-factor (-1.27) we see spin

precession in a short time delay. This was the fial for the understanding of Voigt

—j\ B | sample

0.0 T T T T T T 1 - L - L)

geometry.

2
-
@
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=]

Kerr Rotation (a.u.)
o
o
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b
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00 ™™
0 20 3 40 5 6 70
Delay (mm)

Fig. A1 Voigt geometry for CdTe at room temperature
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B: Expression for ‘f ” in the High-field limit

Paget et. al. give the expressions for the hypedind quadrupolar relaxation rate$’as

A0 e

T e o
=T D)y B (1)~ En() [2K (92)? 200

TlQ + T4 1+a)2 5 (82)

In the high magnetic field limit, wherey,,z,, , andm,z,and w,r,are much larger than

one, these expressions become:

i — 2F(7Nbe(r))2

T a)IiTH (B3)
=TT () - B TE 22+ 22
10 DT @olq (B4)
And
_Tﬁ 1 bz(r) Kiy-1%
T 1-T [ (Eq (0N - E (N @} (2 ) Tw (B5)
Given,
—=ozn
Ty (B6)
1
—="+o,n
T, T, (B7)
N CAAL
1+o.z,vn (B8)
We get
_ 1 bz(r) z | —10
1-r [bQ(Eoff(r) Eon(r))]2 ; c, (Bg)

Rearrange, we get
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f=f,—LF(r.0)
1-T , (B10)

with

e74(r /aofl)( r/ 80)4

SO lag+ 2% fag g™ "™ T (1~ 3cos @ ),

(B11)

and f, is a constant.
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