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ABSTRACT

OPTICALLY PUMPED NMR STUDY OF ELECTRON SPIN DYNAMICS
IN THE FRACTIONAL QUANTUM HALL REGIME

Nicholas N. Kuzma
Yale University
December 1999

A new optically pumped nuclear magnetic resonance (OPNMR) laboratory has
been built at Yale to extend the study of spin phvsics in the quantum Hall regimes
to lower temperaturex (T ~ 30 mK) and higher magnetic fields (B ~ 12T).

This facility was used to measure the electron span polanzation P as a function
of temperature and the Landau level tilling factor v around » = 1/3 1 two different
electron-doped multiple quantum well samples. In addition. our OPNMR measure
ments provided the firt evidence that below T =500 mkK . the spin-reversed charged
excitations of the v = 1/3 ground state become spatially localized over the NMR time
scale of about 40 microseconds.

The two-dimensional electron spin system at v =1/3 could also be dnven out
of equilibrium by varving NMR pulse parameters, which led to the establishiment of
clectron spin temperature different from the crvstalline lattice temperature. Obeer-
vation of this effect itplies that for T < 500 mR  the clectron spin-lattice relaxation
time 7, is between 100 microseconds and 500 milliseconds at v = 1/3.

We also report a preliminary attempt to use OPNMR as a probe of material
properties in heterostructures made of GaN  a novel semiconductor with a band
gap in the blue region of visible spectrum. Our fit NMR measurements of the
quadrupole shift and the linewidth at 1.5K <T <300K provide evidence that the
local electric fiekd gradients have an angular scatter of + 2°. exceeding the spread in
the local crystalline lattice orientations by a factor of ~ 20.
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Chapter 1

Introduction

I century physics has been the ongomng de-

One of the greatest sticcesses of 2
velopiment of a unitied theoretical framework. which deseribes both the properties of
matenials usesd in evervday life and many exotic phenomena that have been discovered
i modern phvsies lnboratories around the workl To gan insight= into the fundamen-
tal principles underiving this framework. matter is studied in extreme environments,
such ax ultra-low temperatures, hugh pressures. and strong maghetic tiekds. Under
these extraordinary conditions, quantum mechanics gives rise to surprising effects 1
macroscopic systemns. such as superconductivity. superfiudity. Bose-Einstein conden-
sates of laser-cooled atoms. and the Quantum Hall effect (QHE). These macroscopie
quantum phenotiena possess many highly unusual properties. ranging from diss-
pationless transport of electricity through matter to nuclear ferromagnetisin (as in
superfluid *He). vortices in superconductors and supetfluids. and long-range entropy
waves (second sound).

In most of these canes a macroscopic many-particle system finds itself in o con-
figuration where all microscopic details of motion of a large number of individual
constituents can be reduced to a sinall set of quantum numbers, which characterize
the entire system in a neighborhood of a certain quantum-mechanical state. Pertur-
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2 CHAPTER 1. INTRODUCTION

bations awav from this special state can be described ax sparse. weakly interacting
“quasiparticles”. while the unperturbed background plays a role of the “vacuum”
Thewe phenomena are especially appealing from a physicist 's point of view, since the
systems that exhibit them are well-defined enough to develop a detailed first-principles
theorv. and at the same time offer experimental access to their quantum-mechanical
parameters. Each discovery of a new macroscopic quantum systemn stimulated tremen-
dous progress both in theory (e.g. Landau-Fevnman theory of liquid heiium. Bardeen-
Cooper-Schrieffer theory of superconductivity) and experiment (SQUID magnetome-
trv. atom interferometry. and many others).

Technological advances of the T0°s made it possible to trap electrons within ex-
tremely thin (~10¢ A) semiconductor lavers. which opened up the study of two
dimensional electron svstems (2DES) by condensed matter physics. While being of
significant theoretical interest because of its fundamental properties, the 2DES ix also
closely related to the development of fabrication technology and has practical uses
electromies (e.g. 1 high electron mobality transistors. or HEMTs).

Application of strong magnetie tiekis (~ 10 Tesla) perpendicular to clean, high
electron mobility! 2DES samples at low temperatures (< 2K) led to discoveries of
the integer quantum Hall effect (IQHE) by von Klitzing et al. in 1980 (1] and the
fractional quantum Hall effect (FQHE) by Tsui et al. in 1982 [2]. They found that
the Hall conductivity is quantized in integer or simple fractional multiples of the
fundamental constant ¢?/h with a remarkable precision (now better than 10-*). The
integer ot fraction turiia out to be equal to the Landau filling factor v. defined as the
number of electrons per unit flux quantum.

Several theoretical breakthroughs led to a very detailed picture of the physics
governing the QHE [3. 4. 5]. While the “standard model™ of the QHE is very well de-

'Better than 10 cm?/(V s) for Si0; inversion layers and 10% cm? /(V s) for GaAs quantum wells.
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CHAPTER 1. INTRODUCTION 3

veloped. it has been almost exclusively based upon and coustrained by a single tvpe
of experiment. namely magnetotransport measurements.  Indeed. while the trans
port measurements are uniquely suited to probe some fundamental characteristics
of 2DES. they do not provide direct acvens to other important parameters, such as
magnetization. spatial distribution of the carriers. etc. Therefore. 1n order to deepen
our understanding of the physics of 2DES. it is imperative to develop new experi-
mental probes. The data produced by these novel techniques will provide an extra
testing ground for the existing theories, and may expose entirely new phenomena
which would stitnulate further theoretical progress.

Nuclear magnetic resonance (NMR) spectroscopy. which has made important con-
tributions to cotdensed matter phvsies [6]. 1s certainly a natural candidate for o new
probe of 2DES. In principle. simple NMR measurements could be quite informative.
The local field at the nucleus can be decomposed mto fields produced by the labo-
ratory magnet. the clectron orbital momentum. the electron spins. the nuclear spins.
ete.. each contributing to the frequency of the resonance. The electron spin contnibu-
tion is stnall (< 100 ppm). but detectable. and is called the Knight shift (K'¢) {7]. The
NMR lineshape can also provide insights into the dvoamics of 2DES. while the nuclear
spin-lattice relaxation time (T)) measurements characterize electron spin-flip scatter-
ing processes. Thus, NMR expeniments could be complitnentary to magnetotransport
measurements. since the latter do not directly probe the clectron spin degree of free
dom. This is particularly interesting because the Zeeman energy of valence electrons
in the available magnetic fickds is much sialler than the Coulomb interaction en-
ergy. which makes the spin degree of fricdom uniquely sensitive to electron-electron
correlations.

The typical dimensions of quantuin semiconductor structures. however, make it
difficult to use conventional NMR as a viable probe of 2DES. Sandwiched between
thick barriers. the semiconductor quantum wells containing the 2DES are just a tiny
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1 CHAPTER 1. INTRODUCTION

fraction (< 1%) of the bulk sample. In equilibrium. the NMR signal produced by them
is overshadowed by the tail of a mmuch larger barrier signal that is at nearly the same
frequency. Finally. tvpical nuclear Zeeman splittings (~5mKk in temperature units)
correxpond to the polarization of nuclei that is small even at low temperatures (~1 K)
and high magnetic fields (~ 10 Tesla). As a result. typical noise levels greatly exceed
the NMR signals from nuclei in the quantum wells. Going to still lower temperat ures
does not help much because the equilibration time of the nuclei becomes much longer
than the time scale of the experiment.

Fortunately. a technique called opticallv pumped nuclear magnetic resonance (OP-
NMR) has been able to circumvent the above difficulties. It involves resonant exar-
tation of the electrons acroms the bandgap of a semconductor quantum well using
circularly polarized laser light. which creates a non-equilibrium electron spin contig-
uration. The subsequent clectron relaxation drives the auclen into a highly polarized
state. 1 a spin-spin S interaction process closely related to the Overhauser ef-
fect (6. 8. This lends to a selective enhancement of the quantum well NMR signal
by a factor of ~100. making possible its direct, radiofrequency detection (9], Due
to the enormous difference in relaxation times between the electrome and nuclear
spin svstetns (71,/ T, < 107"}, we can turn off the laser light. wait for the electrons to
equilibrate, and still use an enhanced non-equilibrium nuclear spin polarization as a
probe of an equilibrium 2DES.

In this Dissertation. we report OPNMR measurcements in both fractional (v = 1)
and integer (v = 1) quantum Hall regimes, primarily focusing on the Knight shift and
linewidth of the quantumn well signal at and around v = 1. These two probes provide
new detailed information about spin polarization and dynamics of the 2DES.

The main result of our measurements is that the charged excitations of the v = 1
ground state exhibit sinall. but measurable amount of spin reversal. about ~ L of
a spin flip per quasiparticle or quasihole. This result is supported by the linewidth
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CHAPTER 1. INTRODUCTION

't

measurements around v = 1‘ which reveal rich spin dynamics of the 2DES. At each
filling factor v < { the linewidth exhibits a sharp maximum as a function of tem-
perature at T (05K, indicating a transition from the “motionally narrowed” to a
“frozen” OPNMR lineshape. consistent with our simulations. The amplitude of this
maximum drops off as the filling factor approaches v — 1. which we interpret as an
additional signature of spin reversal associated with the charged excitations of the
v =14 state. Companng the broadened spectra to the smuiated iine shapes provides
us with an estimate of ~ 40 us for the time scale over which the charged quasiparticles
are “localized™.

We have also performed measurements at a tixed tilling factor v = |

an a funetion
of temperature. which probe the neutral spin-Hip excitations of this ground state.
Our detaild K ¢(T) data indicate that v = 1, is a very “fragile” ferromagnet. which
ke 1ts polarization at much lower temperatures compared to v = 1 These data can
be directly converted to the clectron spin polanization P(T). which thus provides the
tirst experimental benchmark for the future theories of spin i the fractional quantum
Hall regime.

During our Knight shift measurements of the electron spin polarization it was
unportant to keep the 2DES in equilibrium with its environment by using weak radio-
frequency (rf) tipping pulses long after the laser light was turned off We have found
that an unexplained direct coupling of the f fiekls to the spins of 2DES ugniticantly
perturbs this equilibrium. leaving the clectron spin system trapped at a higher tem-
perature (compared to the bulk of the sample) for a relatively long time of at least
100 gs. This value in a factor of 1000 larger than any electronic time scale reported
in semiconductors so far.

In Chapter 2 we review the “standard model” of the quantum Hall effect and

the importance of novel spin-sensitive experimental techniques. [n Chapter 3 we will

discuss OPNMR experiments reported previously by other groups. The experimental
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6 CHAPTER 1. INTRODUCTION

difficulties that we had to overcome before we could carry out our measuretnents are
described in Chapter 4. along with the details of our NMR apparatus. the optical
pumping set-up. and the temperature control. Chapter 5 starts with the basics of
OPNMR spectroscopy and includes all of our equilibrium results on electron spin po-
lanization and spin dvnamics. whereas the non-equilibrium measurements of electron
spin-lattice relaxation time are deseribed in Chapter 6. In Chapter 7. we explore
another application of the NMR/OPNMR techmque, describing our prelimmary -

vestigations of GaN epitaxial lavers. Chapter 8 contains our conclusions.
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Chapter 2

Brief Review of the Quantum Hall
Effect

2.1 The Classical Hall Effect

A wan first discovered more than a hundred vears ago by Amencan graduate
student Edwin Hall. a current owing perpendicular to a magnetic tiekd not onlv
gives rise to the mechanical foree on the conductor. but also leads to a measurable
voltage drop perpendicular to the current. Figure 2.1(a) illustrates this for the classic
“Hall bar”: when the tield 8B ix pointing along : and the current [ is Howing through
a fiat bar along r. a Hall valtage Uy developes along y. which depends linearly on both

B and [

“”2-{’-—,. (2.1)

qn
where ¢ in the charge. and n is the number of carriers per unit area. This relatiouship
follows directly fromn a steady state balance between the Lorentz and Coulomnb forces
q7x B =g Ey and can be used in practice to determine the sign of the carriers (e.x.
electrons or holes). or as a convenient magnetic fickd probe (as in Hall sensors).

7
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8 CHAPTER 2. BRIEF REVIEW OF THE QUANTUM HALL EFFECT

2.2 Basic Phenomenology of the Integer Quan-
tum Hall Effect

The Quantum Hall effect takes place in very thin (w ~ 100 A) conducting layers
at low temperatures! and manifests 1sell in deviations from the linear form given
in Eq. 2.1. It is natural to define the two-dimensional conductivity and rexistivity

tensors @ and p=a ' in terms of the sheet current density j and electric field E as:

T O des P
j=( ")E. and E=(‘ ")j (2.2)
Tys Oy Pys Py
such that Equation 2.1 becomes: Pyl B) = _l_ 8 (2.3)
en

The quantum Hall effect in a clean snple v observed an step-like deviations (or
platraus) in p.y from this linear law. such as shown in Figure 2.2(a). Each plateau

occurs precisely (to better than 10 %) at:

1 A
h .
Pry (n' plalcmu) = —-' —“r‘ . (2.4)

where ¢ is an integer. ¢ is the electron charge. and A is the Planck's constant. Si-
multancously. the diagonal components of resistivity vanish (p,, = py, =0) near the

center of each plateau i p,,. as Figure 2.2(b) demonstrates.

2.3 Quantum-Mechanical Description

Following Landau [11] and assuming non-interacting electronus of mass m* and

g-factor g* (determined by the bad structure of bulk GaAs). we can write a single

n sufficiently thin conducting layers. the perpendicular motion of the electrons is quantiaed.
This mction will be completely suppressed, if the gap between the lowent and the next excited staten
(or “sub-bands™ ) due to such quantization is much greater compared to the Boltzmann factor kyT" as
weil as athet etiergy scalvs invalved. In this kmit. we can speak about a “two-dimensional” electron
system.
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2.3. QUANTUM-MECHANICAL DESCRIPTION 9

(a) ' T‘

©) 1 $49 .

(c) Y )

Figure 2.1: Sample grometries used in the quantum Hall effect: (a) the classic “Hall
bar”. (b) a theorist's coucept of the “Corbino disk™. where the Hall voltage is applied
azimuthally via Vi = 54’ (as in Laughlin's Gedankenezperiment). and (¢) the top
view of a typical sample used in inagneto-transport measurements.
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Figure 2.2: (a) Field dependence of the Hall resistivity p,,. exhibiting plateaus at
h/e* = 25812805 k1 divided by an integer 1. Plateaus for 1 =2, 3, 4. 6, and 7 can be
clearly seen. (b) - The corresponding p,, trace. Adapted from [10].
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2.3. QUANTUM-MECHANICAL DESCRIPTION 11

particle Hamiltonian as:

_ |
T 2me

M

(b - EA)3 -g"usS-B. (2.5)

where up is Bohr magneton. The magnetic vector potential A can be chosen using

Landau gauge (A, = Br. A, = A, =0). which leads to the solution in the form’:
N
vlrw) = exp [+ pow) (o) . (2.6)
vh 7

where \(r) satistiex a linear oscillator equation:

" 2m* . m* -

)+ Sy ((E + gunsB) - ?.;f(:-:“)‘] \r)=0 (2.7)

with = i and 1= - 20 (2.8)
mee B

Thus the solutions (1. y) to Equation 2.5 can be expressed i terins of Hermite
polvnomials and are localized 1. but extended (an plamn waves) along y. with the

energy levels given by

) £ > x'unB (2.9)

E, = h..-r(rH-,1 3

2

Thewe are Landau levels, which in the abwence of disorder are highly degenerate since
py can assume any values in the continuum. If the geometrv s tinate, the momentum
py becomes both quantized and limited since rg as defined bv Eq. 2.8 correspoids
to the center of y(r) and has to be finite. The number of states per level can then
be counted. and we can define Landau level filling factor as the number (integer or
fractional) of these degenerate Landau levels occupied:

- 2—'—'-(- (2.10)
v B .

Mere 1 = -1
Nate that in CaAs term Aw, s much larger than £x = g pa 8. oo that Landau levels are arranged
in pairs (Eqne) — Ean = Ez). that are widely separated ffrom each other.
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12 CHAPTER 2. BRIEF REVIEW OF THE QUANTUM HALL EFFECT

where n is the two-dimensional electron density and ng =e¢B/he in the density of
magnetic flux quanta penetrating the sample plane. For example. at v =1 the first
Landau level is spin-up. with the next available state being spin-down, separated from
others by a gap equai to Zeeman energy Ex (see footnote on the previous page).

As the magnetic field changex (Fig. 2.2). the filling factor v sweeps through the
integer values, at which a gap to the next available state opens up and the system
experiences stidden changes in energy needed to add or remove flux quanta. How
does this lead to the observed plateaus i p,, 10 Figure 2.2(a)?

Laughlin propased an elegant explanation. which can be applied in the “Corbino”
geometry. shown in Figure 2.1(b). We can pick the ecigenfunctions (Eq. 2.6) such
that they are localized 1 the rndial dimension and extended around the annulus
anmuthally. In our Gedankenerperiment we can apply the Hall voltage by varving
a magnetic flux through the annulus, keeping the B fiekl throughout the sample
constant.

Extended states that enclose the varving magnetic flux will gan a phase factor of
2z around the loop for each extra quantum of magnetic ux added to the annulus.
and thus their azimuthal momentum will change. resulting in the displacement of
the wave function radially (since the radial coordinate and the azunuthal moment um
correlate an ro and p, in Eq. 2.8). In each Landau level. the wave functions will shift
into each other's steps radially. transferring a unit of charge per Landau level. per
flux quantum added. from one edge of the sample to the other.

In presence of some disorder this argument still hokls, with one exception: the
available states at the Fermi energy are localized. and thus do not contribute to the
charge transport from edge to edge. This way the fundamental relation between the
induced EMF £ = p,,/ = £& and the current | = £Q is tixed by Equation 2.4 even
though the magnetic field is changing over a certain range. Thus the dependence of
Pry On1 the properties of just the extended states leads to the formation of plateaus.
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2.4 The Fractional Quantum Hall Effect

Figure 2.3 illustrates the fractional quantum Hall effect. where by going to stronger
magnetic tields and using samples with higher mobilities it is possible to olwerve

plateaus similar to those in the integer effect. but occurring at the values of:
ah

Pry (plateau) = v =

(2.11)

where ¥ =" is a simple fraction rather than an integer. The strongest effect takes

p'ace at v = 1' with distinct plateaus in p,, and minima in p,, also observable at

many other fractions. e.g. v =1 4. 4 1 4 and soon.
Although similar in appearance to its integer predecessor. the fractional quantum
Hall effect (FQHE) has one unportant distinction: it cannot be explained without
considering electron-electron mteractions.  Indeed. the indepeident electron picture
discussed in section 2.3 does not predict that any energy gaps  or any other feature
should be found at the fractional filling of ¥ = | as opposed to. for example. v = i
By assuming that the electron spins are fullv polarized by the strong magnetic
tiekds at low temperatures. and keeping in mind the need to minimize Coulomb repul-
sion between electrons. Laughlin proposed the following famous fonn for the many-

body electron wave function for a v = 1 ground state [3):

l N , N
Vel IN) = expl - - Zl:d" n(:, -a)". (2.12)
Wy G

pe
where the complex variables 3, = r + 1y are functions of the ;** electron coordinates
and {y = (he /e B)'7? in the magnetic length.

This function significantly minimizes the Coulotb electron-electron interaction
energy by placing m zeroes (vortices) in vy (3,) at the location of all other () #1)
electrons, thus greatly reducing the probability of overlap between a given pair of
electrons. Each vortex in y'w(s,) cotresponds to an additional phase shit of 2x
along a closed loop around the vortex. and thus can be associated with one magnetic
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14 CHAPTER 2. BRIEF REVIEW OF THE QUANTUM HALL EFFECT

Figure 2.3: Overview of the observed fractions in the FQHE measurcments. The
dashed diagonal line represents the classical Hall resistivity (Eq. 2.3) and the solid
curve with step-like structure (plateaus)  the experimental results. Diagonal resis-
tivity p,,(B) is drawn on a separate scale. with regions of p,, = 0 (corresponding to
the plateaus in p,,(B)) and sharp spikes between some of them. The filling factors
cotresponding to each fraction are marked with arrows. Adapted fram {12].
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2.5. SPIN IN THE QUANTUM HALL EFFECT 15

flux quantum. Placing m vortices on each electron translates into the filling factor
v =n/ng = |/m. This suggests that the wave function in Eq. 2.12 will lead to a gap at
v=1 adding or removing magnetic fux will create cither free vortices or electrons
having fewer than m flux quanta associated with them, at an extra energy cost.
Laughlin's “Corbino disk™ argutnent can also be directly applied to his wave func-
tion ¢ (Eq. 2.12). with a remarkable result: excitations associated with the free flux
quanta or with the electrons lacking a vortex can be described as fractionally charged
(e.k. q=1r) quamiparticles and quasiholes {13, 14]. Indeed. such objects have been

recently observed in the magnetic focusing [15] and shot-noise [16] experiments.

2.5 Spin in the Quantum Hall Effect

Although the existence of fractionally charged excitations has been by now exper-
imentally established. the most basic questions about their key properties. such as
effective mass, spin. and ter-particle interactions still remain to be answered the
oretically and experimentally. For example. spin plaved no role in Laughlin’'s earlv
description of the fractional quantum Hall effect. where he assumed that electrons
are alwavs fully polarized by a strong magnetic field for O<v < 1.

Halperin was the first to point out [17] that this need not be the case in GaAs.
The spin can be included in a Hamiltonian of a two dimensional electron system by
considering the terins that correspond to the Coulomb electron-electron interaction

and the Zeeman coupling of the electron spins to the external magnetic fiekd:
N 1 r . 2 R
H = /J‘r{gz—;;z(p— ;A)W..(r)g -K uuB-S} +
+ g/d"r/d“r' [pte)-p| ViE=2) [aF) -p): . (2.13)

where r. p. and A are two-dimensional vectors in the (r.y) plane and Vx A = B = Be,.
Here W, (r) and ¥ (r) are the fermion field operators, p(r) = £, W2 (r)Wa(r) and
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16 CHAPTER 2. BRIEF REVIEW OF THE QUANTUM HALL EFFECT

S(r) = %)_"',,,‘, ‘b;(r)d‘...,@.,(r) are the electron density and spin density operators.
and the colous : : denote a normal ordered product with respect to the fermion fieki
operators. The first term describes the motion of spin-1 electrons in the perpendicu-
lar magnetic field (as in Equation 2.5). whereas the last term takes into account the
Coulomb interaction between the electrons with the potential V(r—r') = ¢4/( ¢ £t} ).
assuming a constant background charge density p. For GaAs quantum wells, the di-

electric constant is ¢ < 13, and the effective electron mass and the effective g-factor
are m® =0.07m,. and g° = -0.44. where m, s the bare electron mass in vacuum.
Defining the magnetic length to be Iy = (Ae /¢ B ) and using the numbers above,
we can estimate that even in a 10 Tesla tield the Zeeman energy of the conduction
clectrons! (Ez =g upB = 3K) s much smaller than both the Coulomb repulsion en-
etgy (Ec-=ed/ely ~ 175 K) and the evelotron energy”® of sumilar magintude (for the
typieal electron densities used). Therefore, the ground state of the total Hamiltonan
mayv have some spins reversed. if the cost in Zeetnan energy s outweighed by the gain
in the Coulomb energy. The latter also depends on spin. since the total wavefunction
(which includes both spatial and spin components) must satisfv Fermi statistics.
Similarly. the low-lving excited states of the svstem mav have a total spin quantum
number which 15 quite different from the spin of the ground state. Here we consider
two tvpes of excitations. neutral and charged. which are induced by increasing the
temperature (e.x.. spin waves) or by varving the filling factor (e.g. skyrmions) awny
from the T=0, vy=1 fully polarized IQHE ground state. As Figure 2.4 shows, bath
the spin waves and the skyrinions cause a reduction in the total spin of the 2DES.
In a theory developed by S. L. Sondhi et al [18] and applied tov = 1 by H. A. Fertig

et al [19]. skyrmions are charged spin textures. described in terms of a smoothly

‘Hete all energtion are in units of temperature (i.e. divided by the Boltzmann constant ky).

Given by the first term in Equation 2.9.
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(@) ?t?tt

skyrmion

~300 A

Figure 2.4: Schematic representations of a fully spin-polarized ground state (a). along
with its neutral and charged excitations: (b) spin wave. and (c) spin texture called
“skyrmion”.
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18 CHAPTER 2. BRIEF REVIEW OF THE QUANTUM HALL EFFECT

varving unit vector fieki m(r). This defines the local spin orientation and gives the
topological charge density via p(r) = (- v /8% ), m(r) - [0, m(r) x dym(r)]. with v=1
and an implicit summation over the two-dimensional coordinate indices . J. The

effective Hamiltonian is a functional of m(r) and can be approximated as:

E[ml='§/«{‘r(v:n)‘ “4";', /d’r(n m.(r)] + -/d’ /{’ """_"(:. (2.14)

where p, = e /{ 1oy ZTeip ) 18 the spin stuifiness®. The firt term represents the Couiomb
exchange energy cost. which in a two-ditnensional case is independent of how large
the spin texture is spatially. Instead. the effective size of the skyrmion is determined
bv a balance between the cust in Zeeman energy to flip additional spins (the second
term in Eq. 2.14) and the benetit i Coulomb energy (the last terin) of spremding
the charge density over a wider area. Thix effective size can be parametrized by the
amount of spin reversal, asmociated with each new unit of charge added to the svstem
as the tilling factor ix changed. and thus can be measured experinentally.

The neutral excitations of a quantum Hall ferromagnet were considered by Y A,
Bvchkov et al [20] and C. Kallin and B. I. Halperin [21]. who computed the dispersion
relation for spin warres ([, s the moditied Bessel function):

E(k)=l'un3+%vg l “‘xl’(-—l—ﬂ—) ’o("fl) (2.15)
This result. based on including both the direct and exchange Coulomb energies in
addition to the Zeeman term. can be used to calculate the spin polarization of the
v = | ground state as a function of temperature, yet another experimentally observable
consequence of electron-electron interactions.

These advances in theory called for the development of novel spin-sensitive probes
of the quantum Hall effect. as new testing grounds were needed to gain further insight
into this rich macroscopic quantuin phenomenon.

‘Here p, was not cortected fur the Anite quantum well thickness.
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Chapter 3

Optically Pumped NMR:

Background and Previous Results

3.1 Optical Pumping and Dynamic Polarization

Ever since the discovery of NMR by E.M. Purcell, H.C. Torrey, and R.V
Pound [22]. the avmlable NMR sgnal (and thus the smallest detectable ample
size) hax been a concern. A typical nuclear Zeeman splitting £z, in a labora-
tory field of ~ 10T is about 5mk in temperature units. which means that even
down to T = 300 mK the equilibrivan distribution of nuclei among possible m; states

(=1 <my <) is close to uniform in the “hot™ limit:
Ezn & B € kyT . (3.1)

with the resulting nuclear polarization being very siall:

L LT . s
TR i W PP S [M.B‘ @2
2"" ]exp[.—'?.!?ﬂ 3 kaT kyT

In our case of T =300mK. / = 1. and A, B/kp = SmK. we only have P, = 1.4x10-2.
Since NMR experiment detects the net magnetization from N nuclear spins. (M,) x VP,.

P, =

19
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20 CHAPTER 3. OPNMR: BACKGROUND AND PREVIOUS RESULTS

the small polarization forces .V to be large (.V > 10'7). The “brute-force™ approach
of cooling the sample to boost its nuclear polarization (and thus NMR signal) ix
much more impractical than it might seem. since the longitudinal nuclear relaxation
time (T,;) usually is prohibitively long (up to many hours in clean samples) at low
temperatures. Thus, ax the sample is cooled. the nuclear polarization lagx behind
other sub-svstems. remaining much “hotter” than the lattice until the equilibrium s
reached on the T time scale. It is also necessary to wait for the nuclear magnetization
to build-up after each 1.2 tipping pulse. which effectively destrovs (M),

This “conventional wisdom™ was overturned in dramatic faxhion by theorist AW
Overhauser (8], who predicted in 1953 that up to a 1000-fold increase (compared to
equilibnium) of the nuclear polarization can be achieved in a svstem of coupled electron
ancd nuclear spins by saturating the electron spin resonance. Although greeted with
great skepticisin by the resonance comtuamty, his proposal was tested and uphebd
expenimentally by T R. Carver and C. P Slichter [23]. who were able to boust the
polanization of "Li nuclei by a factor of 100 after irradiating the metal at the electron
spin resonance frequency. The “Overhauser effect™. i its various guises. has gone on
to be one of the most important and frequently used techniques in magnetic resonance.

G. Lampel was the tirst to obwerve similar effect in a solid by “opticallv-puiping”
the clectron svstem in pure silicon with a aircularly polarized infra-red light in 1968 (24].
In his experiment he obtained an enormous increase in ®Si signal by a factor of 15.000
in a very weak field of 1 G at 77 K. His seminal work led to the developiient of optically
detected NMR techniques in GaAs [25].

All of these phenomena. collectively called “dynamic polarization™. arise from
electron-nuclear spin-spin coupling. which can be represented by the 1-8 terin in the

Hamiltonian:

M = 1,ABS, + A1-S - v ABl, = ,ABS, + ALS, - wABI, . (3.3)
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3.2. OPNMR EVIDENCE FOR SKYRMIONS 21

lrradiation of the sample repopulates the ditferent my states. which changes the
electron-nuclear relaxation rates away from their equilibrium values, leading to a
build-up of large non-equiibrium polarization in the nuclear spin system. The spin-
lattice relaxation rates in the electron and nuclear systems, however. differ by orders
of magnitude. which makes it possible to detect nuclear hvperpolarization when the
electrons have reached equilibrinm, long after the irradiation of the clectron system

has stopped.

3.2 OPNMR Evidence for Skyrmions

Optical pumpng was applied to GaAs quantum wells by R. Tyvcko amd S E.
Barrett [9. 26. 27} i 1994 1995 to study spin phvsics of two-dimensional electron gas
(2DES) m the quantuin Hall regiine After detecting a signal 9] from the quantum
wells, one of their tirst goals was to try to measure the clectron spin polanization of
the 2DES as a function of the tilling factor and temperature pear v = 1. which Prof.
B. 1. Halperin (Harvard) suggested was a good place to start,

The electron span polarization mav be obtained by measuring the Knight shift
(K ) of the quantum well nucler. which ix due to the same 'S Fermn contact hy-
pettine coupling term i Eq. 3.3 that is responsible for polarizing the nucler during
optical pumping.

Figure 3.1 (top) shows K(v) data tv S.E. Barrett ¢t al [26]. which is in striking
disagreement with the independent electron maodel described in Chapter 2. where the
electron spins are assumed to be fully polarized in the partially filled first Landau
level (i.e. at v < 1). while each electron introduced into the next available Landau
level is spin-down. thus reducing the overall spin by 1, for » > 1 (solid line. Fig. 3.1
(top)).

Rather. these data suggest that electron-electron interactions lead to formation of
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Figure 3.1: Top panel: Spin polarization plotted vs. filling factor v and compared with
both a single particle and Skyrmion-based model. The single-particle polarization is
based on a simple counting argument. one spin flip per unpaired flux quantum for

v<l, and S, =1, for v > 1. Bottom panel: Electron spin polarization as a function
of temperature at a filling factor close to » = |. Reprinted from Barrett ct al. (26].
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3.2. OPNMR EVIDENCE FOR SKYRMIONS 3

charged spin textures at filling factors just below and just above v = 1. As charged
excitations, the anti-skyrmions (v < 1) and skyrinions (v > 1) are apparently ener-
getically more favorable compared to the isolated holes and spin-flipped electrons
respectively. which results in a significant amount of spin reversal per unit charge.
parametrized by A = 8 = 3 spin fips per anti-skyrmion or skyrmion. It is the
presence of these quasiparticles that is believed to be responsible for the dramatic
depolarization of the 2DES otwerved by 5. E. Barrett et ai on either side of v = 1.
These findings were subsequentlv confirined by magnetoabsorption spectroscopy mea-
suretnents of electron spin polanzation bv E.H Aifer ¢t al [28] and M. J. Manfra et
al. [29] in the neighborhood of ¥ = 1. whereas the transport imeasurements right at

v = | supported the existence of skvnnion anti-skyrinion pairs [30. 31).

The Kmght shift temperature dependence data at v =1 (Figure 3.1 (bottom})
probe the neutral spin-Hip excitations which can be dentified as thermallv-exeited
spin-waves 10 the theoretical approaches of N, Read and S. Sachdev {32]. M. Kasuner
and A.H. MacDonald {33]. and other groups [34]. Electron-electrun interactions are
important here, since the data clearly does not fit the nou-interacting model (dashed

line. Fig. 3.1 (bottom)).

The exceptional ability of OPNMR to directly probe the electron spin degree of
freedom makes this technique a tool of choice to study electron-clectron nteractions.
Due to the fermiotic nature of electrons these interactions strongly depend on the spin
variable and thus are revealed in spin-sensitive measurements. This idea was at the
basis of our mativation to use OPNMR in the study of the fractional quantum Hall
cffect. a phenomenon that exists only because of strong electron-electron interactions.
Furtherinore. both v =1 and v = 1/3 ground states are expected to be fully spin-
polarized. so we were interested in comparing the behavior of these primary integer
and fractional quantum Hall ferromagnets.
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3.3 Recent Applications of Optical Pumping be-
yond GaAs

In this section we review some of the latest work using optically pumped NMR
by various research groups.

C.A. Michal and R. Tvcko used optical pumping of InP to study polarization
transfer between different nuclear species [35). They found that *'P nuclei. which
are spin one-half. couple to the optically pumped polarization of '"*In in an unusual
way. This causes the PP signal to develop very slowly (on the time scale of millisec-
onds) during a weak NMR tipping pulse. independently of the nitial *'P polanzation.
The contribution of mdium to this effect was established directly in a separate mea-
suretnent by applving a tippig pulse at the '*In frequency. which modulates the
evolution of ' P signal. The exact mechatusin of this coupling is not well understood,
and the question of its existence 1n other semiconductor systems remains open (for
instance. we have not seen it 1 our GaAs experinents).

In another development. T Pietral aned M. Tomaselli established the possibility
of optical pumping in CdS [36]. Thev report achievement of a factor of ~ 2 increase
in '3Cd polarization at a temperature of T = 2K after pumping the interband tran-
sitions in single crvstals with a blue-green laser light. This increase s still significant
since at that temperature the nuclear relaxation times are on the order of 2 hours,
while the optical pumping is reported to boost ''3Cd NMR signal in about 10 minutes.

The reader in further referred to Chapter 7. where we describe our initial attempts
to study epitaxial layvers of GaN. a wide bandgap semiconductor with a uniaxially

svinmetric wurtzite crystal structure.
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Chapter 4

Experimental Set-Up

4.1 Multiple Quantum Well Samples

The Quantum Hall effect study reported in this thesis would not be possible
without samples of unprecedented quality, grown by Loren Peiffer and Kenneth West
at Bell Laboratoriex. The samples are in many wavs unique. as preces from the sane
wafer provide new data for succesave generations of experimentalista, m different
research groups around the workd.

We used two different electron-doped GaAs multiple quantum well (MQW) sam-
ples to study electron spins near the Landau filling factor u-{. Both samples, labeled
10W and 40W according to the number of quantum wells. were grown by molecular
beamn epitaxy on semi-insulating GaAs(001) substrates. The vital dimensions of the
MQW structures for both samples can be found in Table 4.1.

Figure 4.1 shows a getieral schetnatic of the MQW structure. common to both
samples. and the corresponding cuergy band diagram. The evenly spaced GaAs
quantum wells are separated from each other by much wider Aly | GageAs barriers.
Silicon delta-doping spikes located in the center of each barrier provide the electrons
that becomne confined in each GaAs well at low temperatures. producing 2DES with

25
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26 CHAPTER 4. EXPERIMENTAL SET-UP
Table 4.1: Dimensions and other parameters of the GaAs samples.

Parameter (units) Sample 4J0W Saipe 10W
Grower's [D number 35934 10 10 91.1
Quantum Well width, « (A) 300 260 °
Quantum Well material GaAs GaAsx
Barrier width (A) 600 J120°
Barrier material Al 1GageAs Alp 1 Gag g An
Number of dentical lavers 40 10
Submtrate width (mm) 0.5 0.5
Substrate material GaAs (001) GaAs (001)
Two-dimensional area (mm?) 6 x5 6 x4
Electron density, n (em ) (6.69 £ 0.03) < 10" | (775 £ 0.04) < 10°
Field. at which v=1 (T 276 3.20
Max. "'Ga Kmght shift (kHa) 9.03 11.79
Electron mobility, u (—r;'z!';i) > 14 108 > 14 < 108

* These numbers were scaled down from their nominal as-grown values by 13.3%.
to make the Knight shift and the electron density self-consistent. The explanation
for this reduction is that sample 10W was grown without wafer rotation. which
could have led to a uniform gradient in the Ga flux. and thus the width of all
layers. across a 2-inch substrate (37).

very high electron mobility (g > 1.4 x 10* cm?/V's). This MQW structure also results
in a 2D electron density that is unusually insensitive to light. and extremely uniform
from well to well [34].

Before studying the samples with NMR. we soaked them in 0.1 M solution of HC1
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Figure 4.1: Schematic diagram of a quantum well sample. with the epitaxial layer
structure and the corresponding clectron energy bands showp as a function of the

spatial coordinate ' along the growth direction.
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28 CHAPTER 4. EXPERIMENTAL SET-UP

over ~ 24 hours. to remove any Ga metal that was used to attach the substrate to

the growth stage.

4.2 Tilted Field Approach: The Swedish Rotator

In any experimental studyv of the Quantum Hall effect it is important to be able to
control the two primary thermodynamic quantities, namely the Landau jevei niling
factor v and the sample temperature T While postponing the discussion of tem-
perature control till section 4.5, we will focus here on controlling the filling factor
v = n/ng = (nhe)/(eB ) in our experiment. Here n s the two-dimensional electron
density in the quantum well. ng = (¢8,)/(hc) in the density of magnetic field fux
quanta penetrating the plane of the well. whereas ¢ A and ¢ are the clementary
charge. the Planck’s constant, and the speed of light. and B, s the component of
magnetic tickd perpedicular to the quantum well.

Our samples are grown without any gates that could allow us to vary the electron
density n . On the contrary, both samples exhibit a remarkable reproducitility of
n from cool-down to cool-down. as well as no detectable sensitivity to illumination
bw light. Thus the onlv control parameter with which one can manipulate the tilling
factor » in the experiment is the perpendicular magnetic tiekd 8,

Now we are down to two possibilities: (a) we can sweep the total magnetic fiekd
Bia. as is done in many magneto-transport and optical experiments, or (b) we can
keep By coustant. and change the angle 8 between 3‘,. and the sample’'s growth
direction 2. thereby changing the perpendicular fielkd B, = By cos8 . and thus the
filling factor v = (nAc)/(¢ Bio con @) .

In practice. changing By, in an NMR system involves careful shimming of the
magnet to achieve ~ | part per million (ppm) field homogeneity over the imacroscopic
volume of the sample (see section 4.3.1). This time-consuming and laborious pro-
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(b)

A |

(d)

()

Figure 4.2: (n) Swedish rotator assembly. with (b) the spiral. (¢) rotator platform,
and (d) the sample shown separately. offset from one another for clarity. The rotator
housing. the spiral, and the rotator platform are all made of brass to avoid differential
contraction at low temperatures. In (a). note the grooved sapphire support under the
sample and the hole cut through the rotator housing above the sample to allow the
collimated light beam from the optical assembly (not shown here).
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(e)
0

. ®

el
(d)

Figure 4.3: Set-up used for testing (a) the Swedish rotator. where (b) beam from (c)
a 1| mW He-Ne laser was directed at (d) the mirror-like sample surface and reflected
otito (¢) a screen some distance away. Advancing () the rotator knob on top of the
probe by A8 = (20divisions of the counter) at a time, the light spots on the screen
were marked off with a pen. In case of a “perfect” rotator. we expect the marks to
be distributed following a simple tan 20 law.
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cedure makes choice (a) rather unrealistic when it comes to taking NMR data as
a function of the filling factor v. lnstead. we adopted the “tilted field” approach
(b). where the sample can be rotated tn situ without stopping the low-temperature
experiment.

Figure 4.2 shows the key elements of the “Swedish rotator” . purchased from Oxford
Instruments as part of the crvostat probe. The idea behind it is to save space in the
congested radial dimension by placing the spiral (b) above rather than to the side of
the gear-wheel (¢). This arrangement, however, requires the fit between the housing
(a). the spiral. and the gear-wheel to be made to much tighter tolerances compared.,
for example. to a ampler “worm-gear” design. This can be easily seen. since a small
honzontal displacement of the spiral will immediately translate imto a change 1n 6.
whereas the “worm-gear”™ design s only sensitive to the vertical tolerances that are
relatively easy to control.

Our expenimental objective was to achieve an angular accuracy of £0.1° over
the wide range of angles (-60° < 8 < 607 ). Figure 4.3 shows a smple set-up that
we used to test the accuracy of the Swedish rotator. [nitial testing uncovered two
principal ditticulties in the original Oxford design: (i) the deviations of the measured ¢
from the dialed-in values were £2.5° and (ii) the spiral and the rotator housing were
manufactured from different materials (plastic and brass, correspoudingly). which
wotkd make it impossible to test the rotator at rootn temperature and guarantee its
perforimance 1 a cryogenic environment due to significant differential contraction of
rotator parts.

To alleviate both of these problems. the spiral was remachined from the same
material (brass) as the housing. with tolerances of ~ 10um. The detailed shape of
the grooves had to be calculated to mesh exactly with the teeth of an existing gear-
wheel. and a special cutting tool had to be ground to impart that shape onto the
spiral. ARer numerous trials and errors the spiral of the right shape was made in
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three copies.

At that point we found that a combination of pieces made of the same material
with very tight tolerances leads. after a number of revolutiona. to a critical build-up
of burrs at the contact points of the rotating parts. suddenly causing the mechanism
to lock-up. Using a dry lubricant (0.7 pgm MbS; powder) extended the “mean time
to jam” of the rotator to tens of revolutions. Finally. we treated all moving parts of
the Swedish rotator with the “Dichironite™ surface coating. provided by a company in
Masmachusetts.

Combined with MbS;. this treatment resulted in two vears of Hawless operation. af-
ter which occasional jams still took place. Over that time. the accuracy of the Swedish
rotator degracded somewhat from £0.04” to £0.1° over the range -25" <8 < OlF, ax
was estimated from testing shown i Fig. 4.3, and later confirmed by Al NMR mea-
surettienta of clectrnic quadrupole shifts w single crvstal AL O, (see Appendix B for

details)

4.3 NMR Techniques

4.3.1 Superconducting Magnet: Preparing the Field

All measurements described in this thesis were perforiwed in an Oxford Instru-
ments 89 mm/ 12T Trslatron” magnet. which was operated in the persistent current
maode during the experiments. Bringing the magnet to a new fiekd involved a number
of subtle points. ranging from safety precautious to imeasures necessary to achieve
stable. spatially homogeneous magnetic field.

Prior to a field change. the desired range of frequencies for the given nucleus
was scannied with an NMR probe taken out of the cryostat. to detect any FM radio
stations that could interfere with NMR signals. A “quiet spot” in the spectrum was
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picked. and the exact value of the field calculated. The magnet current leads were
then attached and the tield change would begin.

After some trials and errors we found that the magnet settles! at a new field much
faster. if it ix first brought to zero. then energized to a new value with an overshoot
of ~0.017T. and finally brought to the required field after a ~ 15min wait. This
procedure allowed us to achieve drifts of less than 0.1 ppm/hour in 24 hours after
going into persistent made. For comparison. typical drifts measured several months

later woukl be on the order of 0.005 ppin/hour.

During the tickl change. attention needed to be paid to ensure proper clectrical
grounding in case of a quench: it also proved absolutely vital to have the supercon-
ducting shim power supply automatically “dump” the shum cols. thus letting anv

magnetic Hux trapped 1 them out.

Ouee the temporal stability of the tield was checked by momtoring a D30 NMR
agnal overnight. the magnet was shimmed to straighten the field spatially. A set
of mix superconducting shim coils? was used to achieve 4 ~0.2ppm magnetic tield
homogeneity over the sample volume. Shimming was done with a ~ 1 mm? droplet of
D,0) inside a capillary mounted in a shimming probe that was built for that purpose.
The probe allowed precision positioning of the droplet within the sample space in
the waeuum-tight *He volume of the cryostat. Using this probe. magnetic fickd was

mapped with deuterium NMR signal and the gradients &, 4. £, %. f;; and

'Onee i the prrsistent made, the magnet's fekd can drift due to (a) various transtent “metory”
offects, (b) flux leakage through the joints in the superconducting wiring. and (c) pressure fuctua-
tions above the helium bath Little can be done about (b). & manostat on the He exhawst will fix (c).
but (a) depends crucially on how the magnet was energized. It is not uncommon for a magnet to
drift cpwands for days, when brought from high field to a lowet value improperly.

!A complete second-order shim st would also include two more colls to handle £y and £
Beld gradients.
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% . 5 corresponding to the magnet s installed shim coils, were zeroed by adjusting
shim currents in the coils. Tvpically. shimming would take several hours and cost
several liters of liquid helium due to an increased boil-off when the current leads are
attached.

4.3.2 Home-Built NMR Spectrometer, Pulse Generation

The experiments were cartied out using a home-built NMR spectrometer. based
on a TecMag Ares pulse programming and data acquisition unit (Figure 4.4). The
spectromieter was designed to cover the radiofrequency (rf) range of 10 to 165 MHz.
in order to accommaodate most nuclel of interest (Table 4.2) in the magnetic helds up
to 12 Tesla.

A software package (Mac NMR. part of the TeeMag module) allowed one to lay
out any pulse sequence of up to 128 steps, and cvele through it as long as practically
reasoniable, up to several davs, with a possibility of changing parameters from cvele
to cycle using “tables™ instend of single values for any parameter. The duration of
each step could be set to up to 210« in multiples of 0.1 us. with the exception of
data acquisition points, that had to be spaced by at least 1 us from each other. which
translates into having a full 1 MHz frequency window anywhere in the rf range of the
spectrometer.

For each step in the pulse sequence. binary outputs could be set independently
on 20 fast TTL logic [39] lines. which could be connected through a fan-out box
(Fig. 4.4) to external devices (such as rf gates®) to produce rf pulses. to operate an
aptical shutter. thus forming light pulses. or to switch the frequency synthesizer phase

1A st of gate drivers was built to coavert TTL lugic sighals into + 20mA curtent pulses necewsary
to opetate S| gates. Each driver was monitored by a home-made protection circuit, which woukd
block buth long and high duty-cycle pulses from reaching the power amplifier.
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10 MHz time base pulse programmer,

Power Macintosh
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Figure 4.4: Schematic diagram of the home-built radio frequency spectrometer, used
in all NMR/OPNMR measurements reported in this thesis. The transmitter (bottom-
left corner) produces up to 1 kW of output pulse power in the 10 160 MHz range. with
less than a 100 us response time. The receiver circuit (right. bottom to top) has up
to 100dB of total gain and includes a quadrature detector. followed by a 2-channel
digital low-pass filter and a 2-channel A/D couverter with the | MHz acquisition
rate. Also shown is a standard NMR frequency syuthesizer with an oven-controlled
temperature-stabilized oncillator. which provides the time base for the experiment.
and is a frequency source for the transmitter and the mixers in the receiver circuit
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Table 4.2: Gyromagnetic ratios and various NMR data for some nuclei of interest.

Property (units) | 'Ga | *®Ga | PAs | TAL [ In | MIn | D

: . 3l s 3| s | 9| 9

Nuclear spin [/ 2 5 ) 2 2 2 l
Natural (%) 399 | 60.1 100 100 | 95.7 4.3 10015
abundance
Gvromag- 2. (M) | 1300 (1023 730 | 1109 [ 934 | 932 | 6.54
netic ratio

12T fre- (MHz) | 1559 [ 12271 8706 [ 1331 | L1221 | 111 9] 785
quency

ElLquadrup. Q. (10°* AH [ 011 [ 017 | 031 | 015 | 081 | 080 | 0.003
motnent

in multiples! of 90°. an needed for the CYCLOPS sequence [40]. to sunultancously
cancel anv phase imbalance or voltage offsets in both data acquisition channels. Ouce
loaded into the pulse programmer. the pulse sequence was executed independently
from the computer. using a 10 MHz frequency standard from the synthesizer as a
time base.

The tf pulses (typically | to 20 us long) were formed in the transmitter part of the
spectrometer by chopping an rf sine wave, coning from the synthesizer. with a fast
(~ 7 us switching time) S1 gate. and then amplified in the Kalinus power amplifier up
to 200 W (or about 280V peak-to-peak (Vpp) into the 5011 line). These high voltage

‘By using ather available coatrol lines it would be possible to change the phase of PTS synthesizer
in multiples of 0.225°. beyond what is nonnally needed for & standard CYCLOPS sequence.
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tf pulses with a square envelope were then sent down a semirigid coaxial cable to the

resonant tank circuit inside the cryostat.

4.3.3 NMR Tank Circuits, Power Handling

Depending on the frequency. we used one of the two simple circuits. shown in
Figure 4.5. By varving capacitances C, and C,,. a given circuit was tuned to resonate
at the required rf frequency and at the same time its reflected power was minimized to
be below 1% ( 20dB) of the incident f power [41]. Under those conditions a typical
quality factor Q was about 100. This value was close to optimal. balancing frequency
selectivity | :{—, x @ ) with the decav rate of the circuit ring-down (x @ '). A usual
width A f of the tank circuit resonance was ~ | MHz. while the ring-down decaved to
the noise level of our preamplifier in ~ 10 us after the pulse.

As in many other solid-state NMR experiments that involve broad lines, excitation
pulse power wax at a premium® i our measurements. limited severely by arcing
in strong magnetic tickds in the low-pressure helium gas atmosphere (42}, Usual
precautions were taken to avoid pointy spikes of solder: wires were varnished and
capacitors were wrapped with mylar tilm to minmmize contact with the helium gas
that would cause sparks due to its low threshold to electrical break-down. The process
of detection and elimination of the trouble spots was carried out using a transparent
hermetically sealed vessel that was adapted to be fitted around our NMR probe,
filled with low-pressure helium. and inspected for sparking in complete darkness as
the pulses were sent on into the circuit. In each of our NMR experiments later,
the reflected power from the probe was monitored through a  40dB Bird directional

YThe tf magnetic firkd amplitude H, during the pulse of uth 7pee defines the tipping anghe for
the aucleas spins. a = |30 4| Tputee. whete 3, is the nuclear gyromagnetic ratio (Table 4.2). Usually
a is foed (e.8.0 = #/2). while 1L is made much greater than the desired spectral width to avokd
non-uniform excitation. For this reason stronger pulses are needed to messure broad NMR lines.
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Figure 4.5: Series-parallel (a) and parallel-series (b) resonant tank circuits used in
our NMR probe. For a tvpical 6-turn copper coil and the 2 25pF variable capaci-
tors that could fit into our limited probe space. it was advantageous to use “h”" as
opposed to “a” above ~ 100 MHz. Maost of the time the variable capacitors shown
had to be supplemented by the fixed capacitors in the 1| 120pF range. in order to
simultancously tune the circitit at a given frequency [ = /(27) and match it to the
50 coaxial line impedance. The tatal values Gy and Cy needed for the tuning and
the matching capacitances, respectively. can be calculated using the formulae:

L‘J—\[r/m\/r:‘-s(m)r-Q-L’u’ r/5060

() C= ~(risLiT) - Cam rd - (509)r + L2,
_Lery/Enr c. o YRUN-1

b Co= s+ 109 =T (500)

where the effective renistance r (on the order of a few ohin) reflects total losses in the
circuit. The value of r is frequency- and temperature-dependent.
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coupler using a Tektronix digital oscilloscope. so that arcing could be easily observed
when it happened an it distorted the envelope of the reflected of pulse [41]. As a
result of these efforts. 15W power levels (77 Vpp into 50 () were achieved at low *He
temperatures® without arcing. with corresponding 'Ga 90° tipping times’ being 7 us
for H, =55G.

4.3.4 Quadrature Detection and Signal Processing

Throughout all experiments described in this thesis quadrature detection [41] was
used. which effectively allows one to record both r and y components of the precess-
ing nuclear magnetization (referenced to the frame rotating with the frequency of the
svithesmizer) imto two data acquisition channels. commonly called “real” and “imag-
nary”. This was accomplished by splitting the output of the 60dB Miteq preamplifier
into twu identical in-phase sighals (with a two-way 0° Minicircuits splitter /combiner )
and mixing them with a pair of pure sine waves at the svnthesmizer frequency. one of
which was delaved in phase by 90 (Mimcircuits level 7 mixers and a two-way W°
splitter/combiner of the proper frequency range were used as shown in Fig. 4.4).

The output “I” (intermediate frequency ) sighais from the mixers were then further
amplified. low-pass tiltered, and amplitied again using a two-channel Krohn-Hite dig-
tal filter. The filter was operated in the “Butterworth” mode (4-pole, or 24 dB/octave

r !

attenuation in the rejection band) and its cut-off frequency was set to f, = 170

o

where 72! denotes the data acquisition rate® for each channel. The resulting group

*Mensurements in a ‘He bucket cryostat presented no arcing probleths (up to 100 W), since for
the most part of the experiment (up to 5.5 hours at 1.5K) the tank circuit was completely immersed
in liquid helium which has a much higher breakdown threshokd than the gas.

"Nute that only { H, is invulved in tipping the nucivar spins.
*Usually the data were acquited at a rate of 100 or 200 kHz for Ga (depending on the sample).
and | MHz for Al in sapphire.
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delay [43] for both signals was T, = & £-1 where 149.7° is the phase slope per
Hz of a Butterworth filter. Finally the voltages in both channels were digitized and
stored as a function of time in a TecMag data acquisition module. averaged over mul-
tiple NMR “scans™ to boost signal to noise if necessary. and dumped into computer
memory for further processing.

To obtain a spectrum /(f) from the recorded free induction decav of magnetiza-
tion M. (). digital data processing was used [41]. Tvpically. it involved (i) base line
adjustment to suppress coustant voltage offsets; (ii) gaussian broadening of 0.5kHz
full width at half maximum (FWHM) to reject long-lasting harmonic noises: (i) com-
plex fast Fourier transforin (FFT): (iv) phase | correction to compensate for missing
tirst data-points. filter group delay, ete.. and (v) phase 0 correction to compensate for
the cable length plus an unknown phase shift i the inpedance-matched tank circuit.
Il anv distortion still remained in the base line due to perastent ring-down or oth-
crwise corrupted tirst few data points i the tme domam. (vi) low-order harmonies

were fitted to the base line i the frequency domain and were then subtracted off to

avoud shifting of an apparent peak position due to underlving slope in the base line.

4.3.3 OPNMR Timing Sequence

The basic OPNMR timing sequence that was routinely used with the GaAs quan-
tuth well samples is shown in Figure 4.6(a).

At the low temperatures nuclear relaxation times can be extremely long (up to
several hours). making nuclear polarization essentially history-dependent. and the
nuclear equilibrium (Fig. 4.6(b)) hard to reach quickly. To avoid this complication.
the sequence always starts with a saturation pulse train. which repeatedly (up to
60 times) tips the nuclear spins and lets them spread in the r y plane, effectively
scrambling them so that the net polarization becomes zero (Fig. 4.6(c)).
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Figure 4.6: (a) OPNMR timing sequence. which includes a saturating train of f
pulses (SAT). a “Light on”™ period r, followed by a “Dark time™ rp: & single 90°
tipping pulse. and NMR acquisition (ACQ). (b-¢) the nuclear polarization in the
spatial dimension :’. along with ([) the band diagram and (g) the schematic of the
sample, same as in Fig. 4.1.
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Shortly after that a home-made TTL-controlled optical shutter is opened to let
the light through. and optical pumping takes place. Fig. 4.6(d) shows the nuclear
polarization building up preferentially near the center planes of the quantum wells,
where the three-dimensional electron density is the highest. and the light tuned to
1.52eV gap in the pure GaAs is absorbed (Fig. 4.6(f)).

As the light is left on for a longer time (several minutes). nuclear spin diffusion
due to nuclear dipole-dipole couplings slowly takes place. leading to a build-up of
polarization in the regions of barriers close to the quantum wells (Fig. 4.6(e)).

The light is eventually turned off. and the electrons in the sample equilibeate
with the lattice, which in turn equilibratex with the helium bath (see Section 4.5 for
details). Nuclear spins possess the longest time constant, and a sagmficantly enhanced
{due to optical pumping) nuclear polarization can be still detected with a single %0°
pulse loug after all other processes have reached thermal equilibrium.

Ordinanly this ssquence was repeated up to 256 tunes to increase the signal-to-
noise ratio. limited. in principle. bv the hold time of a liquid 'He puddle. Optical
pumping efficiency drops off sharply at lugh tilt angles. and also at certain tilling
factors where the electron-nuclear coupling 1s suppressed due to a gap in the excitation
spectrum, e.g. at ¥ = 1. In such instances a “dvnamic” approach was sometimes used.
where optical pumping was accomplished at low tilts and then the sample was rotated
quickly to the desired @ before applying the tipping pulse. The use of this approach
was rather limited due to friction. which caused excessive wear of the delicate rotator

mechanism and also led to sample heating.

4.4 Optical Pumping

We used Coherent continuous wave lasers (a 7 Watt /nnova 300 Argon-ion to
pump a 1.5 Watt tunable Titanium:sapphire of the 890 series) as a source of light.
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Figure 4.7: Optical assembly that terminates (a) the multimode optical fiber at the
1.5K point in the cryostat ~20cm above the sample. The housing (b) contains (c)
the optical fiber connector with a ceramic tip (d) sbove the lens (e). Attached below
is (f) the polarizer assembly. with (x) a linear polarizer in a small adjustable mount.
and (h) a quarter-wave plate. The dashed lines (i) show the collimated light beam.
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backed-up (in case of failure) by a I5mW temperature-controlled diode laser. The
frequencies of both systeins were calibrated using a wavelength-meter. kindly lent
to ua by Prof. Bob Grober's group a number of times. Upon exiting the laser. the
light was sent through a A/2 plate and a linearly-polarizing beam-splitting cube w0
that the power of the light could be adjusted by rotating its polarization direction
using the plate. thus determining which fraction of the light would travel straight
through the cube. and which woukl be sent H° away into the beam trap. Light was
further chopped with a home-made TTL-contrulled besin shutter and brought into
the crvustat via a multimode optical fiber. which was cemented through a vacuum
feed-through and had a convement “FC™ connector on top of the crvostat probe.

Figure 4.7 shows the optical asembly?. which was mounted ~ 20cm above the
sample at the 1.5K point of the crvostat. Upon exiting the tiber. the diverging (about
£ A7) light cone was collimated with an anti-reflection coated lens (Fig. 4.7(e)) and
then left-circularly polanized by going through a Polacor linear polarizer (a grating
of microscopic parallel metal strips) and a true first-order quarter-wave plate. Half
of the light power was absorbed by the linear polanizer. s a good thermal link to the
I K pot of the crvostat was essential to handle this heat load.

In practice, the fast axis of the quarter-wave plate was aligned 45° to the direction
of strips on the linear polarizer about once a year by minimizing power variations of
the light that passed first through the assembly and then through a slowly rutated
polarizing cube. Before each cool-down. the size of the light spot hitting the sanple
was adjusted by sliding the tip of the tiber connector (Fig. 4.7(d)) up or down relative
to the lens. The collimated beam was then aimed at the sample by adjusting double
nuts on the three screws that held the optical assembly in space above a baffie in the

cryostat. This arrangement worked well over two yvears of experiments. with minor

"We thank Prof. D. Heiman and Dr. F. Plenta (MIT) for helpful discussion of the optical assemnbly
design.
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set-backs when the lens occasionally unglued from its mount and needed to be glued
back on again'®.

4.5 Temperature Control

The low temperature measurements (0.29 < T < 20 K) described in this thesis were
performed using either a *He sorption-pumped Helios cryostat made by Oxford Instru-
ments. or an Oxford 'He bucket dewar that Prof. Kurt Zilm's group at the Chemistry
department kindly lent to us in 1996, A special vacuum adapter and a spacer were
wachined to accommodate the Heliox probe in the bucket dewar. which was used to
trouble-shoot our optics and the NMR circuits in an easv-to-run bucket'! crvostat.
We used it at 4.2K when vented into the atinosphere. or pumped on it continuously

letting it eqqulibrate around 1.5 K. In the GaN measurements (Chap. 7) we took some

A problem here was due to thermal differential contraction between the glaw and the metal
(brass) of the mount. To avoid cracking the lens at kow temperatures. it was oaly glued to the
mout at ane point on its citcumference. Subsequent thermal cyeling kxd to occasional failures of
this joant.

"Athough quite simple. the bucket dewar design wan remarkably efficient: a single transfer of
~ 5 liters of liquid *He would last for about 8 hours at $.2K. or 6 hours at | 5K 1ts oater dinmeter
was 357 (B8.9mm) which fit perfectly into the room-temperature bate of our superronducting
magnet. while its inner diameter of 257 (63.5mm) R plenty of space for expetiments. It coukd
be couled down from ruomn temperature in 1.5 hours and provided nearly ideal noo-sparking and
absolutely stable liquid heliuim envitonment. For exampie. below 2.1 K. the belium was a superfluid
with exteemely high thermal conductivity and thetefote no bubbling that could scatter light during
optical pumping. Finally. this cryostat was absolutely non-magnetic even in a 12T fiekd. 0 no
additional shimming was tequited  Compate this to the *He alternative: 8 hours, 25 liters of liquid
‘He just to cool down, 100 liters/day liquid ‘He consumption during experiinents, available probe
diameter of only 31 mm. arcing. need to recharge *He pot every half an hour when using 30 mW of
light... only to get down to 0.29K '
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data at 77K by filling the bucket dewar with liquid nitrogen. It lasted for 2 days and
later had to be emptied out.  there was still plenty of liquid inside.

The *He cryostat could be stabilized easily either at 1.5 K (by keeping the charcoal
sorption pump warm. at ~45 K). or close to its base temperature of 0.29 K (by cooling
the charcoal to 4K with fresh ‘He). At the intermediate temperatures an Oxford
ITC temperature controller was used to actively adjust the charcoal sorption pump
temperature. and thereby its pumnping speed. trving to keep the *He pot temperature
constant. The following PID contrul settings were used: P=05. /=2 D=0 for
OSK<T<IS5K. and P=038. I =05 D=0for T <0.5K. Above 1. 5K a different
control strategy was emploved. since we could not pump on liqud *He any more. The
I K pot mechanical putmp could be throttled first. to get the 1 K pot temperature as
high as K. and the charcoal sorption pump needed to be kept at a lower constant
temperature of 30 K. If necessary. a heater wrapped around the *He pot was emploved
to actively control its temperature via an [TC controller uaing the following £71D
wttings: P=20. [ =2. D=0

Apart from controlling the temperature of the ‘He pot. it was necessary to ensure
a good thermal contact between the sample and the ‘He bath, and to measure the
sample temperature as it changed 1 respouse to quite powerful (up to ~ [0 mW)
Inner light puises.

Figure 4.8 shows how the thermal contact to the sample was made while keeping
the NMR coil, wrapped around it. clectrically insulated from the underlying copper
plate. The sample was glued to a grooved support (Fig. 4.8(c)) made out of a single
crystal sapphire.  an excellent thermal conductor at low temperatures and at the

same time one of the best electrical insulators'?. The sapphire support was in turn

"0 addition. sapphire crystala have a uniaxial symmetry. and the spin § alumiaum nuclei in them
pussess a non-sero quadrupole mowent (Table 4.2). This coincidence makvs sapphire an excellent
tilt senmor as well (see Appendix B).
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(b)

(d) L

(e)

Figure 4.8: The rotator platform (a  assembled. ¢  bare) with (b) the sample. (c) the
grooved sapphire support, and (d) the copper thermometer plate shown separately.
offset from one another for clarity. Note an NMR coil wrapped around the sample in
(b). and the slit cut in the copper plate (d) to accommodate the RuO; thermometer
(not shown).
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attached to a copper plate (Fig. 4.8(d)) which. being in good thermal contact (via
sapphire) with the sample. served two purposes: it provided a heat sink to the brass
rotator housing for the sample'?. and also contained a RuQ; thermometer. shown
in Figure 4.9(a) at poeition 2. which was used during the experiments to track the

sample temperature in real time.

One of the major concerns was how the sample temperature woukd respond to
the light pulses and how fast it will equilibrate with the *He bath after the light was
turned off. To find out the answer. we placed one more Ru(); sensor temporarily on
top of the sample surface'® (Fig. 4.%a). pasition 1) and performed a test OPNMR
experiment while recording the temperature. Figure 4.9(b) shows the results, from
which the following conclusmions can be drawn: (a) although the sample tetuperature
gets as high as 2K when illuminated by a 10mW laser pulse. it drops back down to
~ 350K fairly fast (less than a minute). reaching 0.5 K as soon as S« after the light
has been turned off. (b) our permanent thermometer at position 2 gives an accurate
reading of the sample temperature except when the light s on (this was also verified
directly by sampling sensors 1 and 2 during the same pulse): and (¢) the effects of the
dropping liquid *He level were obserwable. but did not radically change the sample’s
thermal response to light until the verv end. when the liquid was completely boiled
off. Thus. (a) argues that OPNMR measurements are possible down to the lowest
temperatures of ~ 0.3 K. since the nuclear relaxation times at these temperatures are

usually on the order of at least several minutes. long enough for the sample to cool

3Due to thrtmal Kapitza tsistance 44) at the intetface betwrens the samphe and liquid *He.
the cooling of the sample mostly took place through the brass housing of the rotator (Fig. 4.2{(a))
that was a guod thermal conductor and alwo had a much larger area of contact with liquid helium
cumpared to the sample.

“The sensor was glued onto the sample with G.E. varnish to the side of where the light spot was
directed, and shivlded from scattered light by aluminum foil.
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Figure 4.9: (a) Temperature response to light. measured with Ru(); sensors at
positions 1 - 3. plotted (b) as a function of real time. Several 60s long. ~ 10mW
pulses of red (812 nm) light lead to depletion of the remaining liquid *He. causing the
temperature of *He bath (sensor 3. thick dash) to run away in the end. Note. that
as the liquid level becomes low. the temperature at the sample surface (sensor 1. not
normally used in experiments) takes slightly longer to fully equilibrate with the bath.
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down during rp before the NMR pulse arrives (Fig. 4.6(a)). while (c) offers evidence
that the sample cooling mostly takes place through the rotator housing as opposed to
direct contact with the liquid. validating our choice of sapphire and copper as means
of heat sinking the sample.

Finally. the last remaining question on temperature control concerns the effect
of high magnetic fields on RuQ); sensors. that were initially calibrated at zero fiekd.
It wax absolutely vital in our thermodvnamic measurements to know the sample
temperature exactly at anv field. o we calibrated our thermometers anew in fields
up to 12T using a fiekd-independent capacitance reference (see Appendix A for the

calibration data and analvtic interpolations for sensor 2).
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Chapter 5

Equilibrium OPNMR
Measurements of Electron Spin
Polarization and Dynamics in the

Quantum Hall Regimes

5.1 Effects of Optical Pumping on NMR Spectra

Optical pumping provides unique ways of manipulating a low-temperature NMR
experunent. thus making possible use of non-equilibrium electrons to enhance NMR
signals, which in turn can be used to provide crucial information about the equilibrium
state of the electronic svstemn at a later time. We will start this chapter by discusming
NMR in the abwence of optical pumping first. and then consider OPNMR spectroscopy
in detail.

Figure 5.1 shows a series of 'Ga NMR spectra of sample JOW. taken over a
wide range of conditions. Following “traditional” NMR conventions. we plot Fourier-

51
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52 CHAPTER 5. EQUILIBRIUM OPNMR MEASUREMENTS

transformed intensity of the NMR signal versus the “offset” frequency! Af = f - /..
where f = X By, is the frequency of a given nucleus expoeed to the local field By,.
and [, is the fixed synthesizer frequency. usually selected near the spectrum center
for the nuclear specien of interest (see Table 4.2) in the given magnetic field Byy,.

Assuming that the magnet's fiekd By, and the nuclear polarization? P, are uniform
throughout the sample. we can sav that the NMR signal intensity at each frequency
[ is measuring the number of nuclei exposed to the local field By =27 f/4. so that
the obwerved distribution of By, provides information about magnetic environments
of the nuclear species!

Ax Figure 5.1(a) shows, at room temperature the spectrum consists of only une
line. which 18 essentially & Gaussian with a full width at half maxunum (FWHM) of
about 3kHz. Our room temperature measuretents indicate that the dependence of
thus width for “'Ga and ®Ga on the tilt angle 8 between the sample's growth direction

(001) and the magnetic tield By 1x well described by:

Fiwun (kHZ) = 3.26 - 0.168 x (1 - Jcow? 8)° 51)

" the enrly davs of NMR 45, magnetic fiekd was swept constantly around a centeal value. while
the ascillator frequency was fixed. That way. an “up-field” shift at a fixed frequency correspomndn
to Bue < Biw. which transiates into a “down-frequency” shift when using modern pubeed NMR
techniques at a fixed By, Following this convention. “down-frequency” shifts are still sometines
plotted to the right of the otigin. while the “up-frequency™ shifts  to the et

INuclvar polarization P, is uniform if the nuclear system is in equilibrium.

In peinciple. 7'Ga. ®Ga. and ™ As all have spin §. and thus theve allowed transitions for dm
A d o] and o] These might show up in spectea an theve distinet liven if an ehectric
feld gradient couples to the quadrupole moment of the nucleus. GaAs lattice. however. has &
Zincblende structute which by symmetry dom not allow any gradient at the locations of nuciet.
Unless the samiple is badly strained, such that significant pieso-electric fiekds develop (as was the
case in earlier experiments [46] with the sample’'s substrate etched off). no quadrupole splitting
obuerved.
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Figure 5.1: 'Ga NMR spectra of sample 40W. acquired without optical pumping at
B = 12T (fo = 15593 MHz): (a) room temperature, averaged over 32 scans with 2s
repetition. (b) a single scan at 1.5K taken after waiting for 64s. (c) same at 0.GK
after waiting for ~ 1000s. and (d) average of 4 scans. each taken immediately after a
saturation pulse train, labeled SAT in Fig. 4.6(a). The signal in a ¢ is coming mostly
from the 0.5 mm thick GaAs substrate (Fig. 4.1). although some quantum well signal
can be seen in (b) and (c) shifted down in frequency (i.e. to the right) from the
dominant substrate signel. Also note a ~3.5kHz shift of substrate frequency from
(a) to (b) upon cool-down. due to paramagnetic impurities in the rotator assembly.
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54 CHAPTER 5. EQUILIBRIUM OPNMR MEASUREMENTS

t,=40s

(b)

Figure 5.2 Optically pumped "'Ga NMR spectra of sample 10W (tilted by 8=36.8°).
acquired at 12T (155.93 MHz) after (a) usual and (b) long optical pumping times of
90 s and 680 s respectively followed by a “Dark” time ry=40s. Note. that the signals
are inverted, corresponding to the emission rather than absorption of rf photons by
an inversely-populated nuclear spin system. Both peaks are now clearly visible. one
(to the right) coming from "'Ga nuclei in the quantum wells. that saturate at long
optical pumping times, and the other (to the left) from the nuclei in the adjacent
barriers. During optical pumping the barrier signal grows continuously as more and
more nuclei there are polarized through the nuclear spin diffusion.
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Fiwnse [kHz) = 2.75 - 0.128 x (1 - 3cos?8)? . (5.2)

consistent with being due to the dipole-dipole coupling to near-by nuclear spins [6).

At low temperatures (Fig. 5.1(b ¢)) nuclear relaxation rates become very long.
especially in the substrate that has no free electrons to couple to the nuclear spin svs-
tetn. Fortunately, a saturation pulse train can quickly destroy any history-dependent
nuclear polarization (Fig. 5.1(d)). so that measurements can be repeated one right
after anuther starting with the same initial conditions.  Figure 5.1 also shows that
in principle it ix possible to observe quantum well ugnals with a regular NMR. f,
for example. the number of quantum wells in the smple is increased and the bar-
rier/substrate peak does not mask the quantum well vgnal (e.g. due to a large dif-
ference in the nuclear relaxation times T} o because the frequency shift between the
two ix much larger compared to the dipolar width.

Much more can be dote, however, by using optical pumping with left-circularly
polanzed (LCP) light. Figure 5.2 shows OPNMR spectra. obtamed after 90 s and
680 s of illununation. First of all. the quantum well signal (shifted down in frequency
compared to the barrier) is clearly seen. both sighals being inverted (cmissive). com-
pared to the absorptive “dark™ NMR sugnals. We can wdentify these two signals as
follows: the dependence of their amplitude on pumping time 7, (compare Fig. 5.2
(a) and (b)) indicates that a peak to the left corresponds to a much larger reservoir
of nuclear spins (i.e. the Aly;GageAs barriers and the GaAs substrate of the mul-
tiple quantum well structure shown in Fig. 4.1). [n contrast. the peak to the right
is the first to rise during r.. but quickly saturates at longer pumping times. Also.
by varving the wavelength of light we can probe the optical absorption spectrum of
the quantum well (as discussed below). s0 that a direct identification of the optical
pumping frequency corresponding to the narrowest bandgap in the MQW structure
(i.e. 1.52eV in the GaAs quantum wells, Fig. 4.1) is possible.
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8.1.1 Primitive Optical Spectroscopy: Optimizing the Wave-
length

The main purpose of optical pumping is to selectively boost the NMR signal in the
quantum wells (which contain much fewer nuclei) relative to other parts of the sample.
To optimize OPNMR mensurements in this respect, it is advantageous to perform
“NMUR-detected” optical spectroncopy on each sample at a new value of magnetic
field prior to other measurements. This was usually done in a ‘He bucket cryostat
{with a better handling of high of and light power) by changing the wavelength of
laser light one step at a time. taking an OPNMR spectrum. and plotting the signal
amplitude of the quantum well peak versus the laser wavelength.

Figure 5.3 shows the data acquired this way with the left-circularly polanzed
light for the two samples in a 12T field! No optically pumped quantum well sighal
is observed below 1.523eV (i.e. above 814 nm). although some pumping does take
place at those wavelengths i o much thicker GaAs substrate. The NMR sugnal
of the substrate. however, is not <hifted to the nght (e.g.. the dommant peaks in
Fig. 5.1(b.c)) by the coupling to the unpaired spins of the two-dimensional electron
system (2DES). which makes it possible to distinguish the absorption in the quantum
well from that elsewhere in the sample.

Finally. we shoukl mention the difference between the LCP and RCP light ax
possible sources of optical pumping®. At high magnetic fields the degeneracy in
the valence and cotduction bands is lifted [47); thus pumping with the LCP (or
RCP) light links the sub-bands corresponding to different spin states. Due to thewe

“The picture is sumewhat diffetent at lower fiekis. e.g. at 4 T the absorption edgte in shifted out
to 817 am.

’lnmwm.mlwhmwwwm!hwdekW&..
i.e. down. if the magnetic field i» poitting down (as in our set-up). or up, if the feld is up (a8 in the
earlier experiments (9. 26|, that uwed a cryostat with optical windows in the bottowm).
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Figure 5.3: OPNMR signal amplitude at the quantum well peak frequency as a
function of laset wavelength. shown for samples 40W and 10W at 12T (155.93 MHz).
A quantum well absorption edge at 1.525e¢V can be seen in both samples (compare
to the band diagram in Fig. 4.1). Lines are to guide the eye.
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58 CHAPTER 5. EQUILIBRIUM OPNMR MEASUREMENTS

circumstances. optical pumping with the LCP light leads to strouger NMR signals
compared to the RCP light.

5.2 A “Motionally Narrowed” Interpretation of
the OPNMR Line Shape

In this section a detailed model for the OPNMR line shape will be proposed. A
key underiving assumption of “motional narrowing”™ will be defined in terms of basic
nuclear and electron length- and time-scales at these low temperatures.

A typical 'Ga OPNMR emission spectrum®. shown m Figure 5.4 (solid line),
exhibits two peaks: one (labeled “W7 . usuallv asvinmetrically shaped) that arises
from nuclei in the GaAs quantum wells. and the other (labeled “B™. more symmetric)
which can be ascribed to nucler in the Aly ;Gag 9 As barriers (26, 27, 48, 49]. The Fermn
contact hypertine interaction between the unpaired electron spins 8, of the 2DES and
the nuclear spins [, located in the quantum wells is described by the “electron-nuclear”

tern M., in the total spin Hamiltonian:
H .= T«,«,h S LS, MR,-r,). (5.3)
v

where 5, atxd 5, are the gyromagnetic ratios for electrons and nuclei located at po-
sitions r, and R, respectively. and the delta-function picks out only those electrons’
that have a non-zero overlap with a given nucleus «. This coupling to the electron
spins of 2DES shifts the quantum well 'Ga OPNMR peak (“W™ in Fig. 5.4) down
in frequency from the barrier (“B”) peak by A'y. which we define to be the Knight

‘For couvenience. we are going to pht emissive spectra uprigit from this point forward.
’ln GaAs. as in many metals, electrons in the conduction band have predominantly S-like wave
functions.
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v =0.333

T=1.50 K
"

NMR signal (arbitrary units)

[ 1 | I T
) -5 -10 -18
Frequency shift (kHz)

Figure 5.4: Interpretation of the OPNMR spectrum when motional narrowing is
present: a "'Ga emission spectrum (solid line) of sample 10W. taken at 0=36.8"
and T=1.5K. in By = 12T (155.93MHz): the fit (dashed line, see Equation 5.4)
is obtained by broadening the intrinsic line shape (shaded region) with a 3.5kHz
FWHM Gaussian. Empirically. Ko = K¢+ 1.1 x [1 - exp(-K/2.0)] (all in kHa).
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shift* [6. 50].

The well peak. shown in Figure 5.4. is not a simple Gaussian. but has an asym-
wetric intrinsic® structure due to the following two factors: first. the quantum con-
tinement within the well causes the electron probability density (Fig. 5.5(b)) to vary
across its width w as p(:')zcosd(2:'/w). for |2|<w/2 [51. 52]: and second. the opti-
cal pumping preferentially polarizes nuclei in the electron-rich center of the quantum
well more' than it does in the electron-poot regions near the barmers (Fig. 5.5(d)).
Taking, these two effects into account. the intninsic line shape (Fig. 5.4. shaded region)
mav be represented by the sum of the quantum well signal Vm shown
Fig. 5.5(c). and a4é(0) for the unbromdened barnier signal. Upon further convolution
of this mtrinme line shape with a 3.5kHz FWHM Gaussian'' g(f) for the nuclear
dipolar broasdening. we obtam the following two-parameter fit (Fig. 5.4. dashed line):

N '—'—T_—

I =-nL+1, --a.g(f)+/d['g([—~["

Y e (54
V ’\!rm - [

The first parameter g, is the amplitude of the barrier signal. which grows dunng
r, an the optically pumped nuclear magnetization ditfuses out of the quantum well.

The second parameter extracted from the fit s the hyperfine shift for nuclei in the

*Although of similar nature as in metals. Knight shift in semicunduetor heterostructures is several
arders of magnitude unaller and han an oppasite ugn (ie. ~1% at oom temperature in metals va
~0.01% at 1K in our samples) due to a much lower detmity of unpaired electron spine combined
with differrncen in the «fective electtonic g°-factor (the latter affecta the average electron spin
polarization. but nat K¢ produced by a given electrun).

*In this Chapter. we use the word “intrinsic” to denctibe effecta that woukl be obsetved in the
absrnce of dipolar broadening (see section 5.1).

*ln sisnulations. we used nuclear polarization of the form (1)(2') x o (1), and found an rxponent
X =1 to be consistert with all of our data. Thus (/)(3') x (2°) x f(2').

H An expetientaily observed ~ 10% incresse in the dipolar linewidth due to cook-down from room
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Figure 5.5: (a) Schematic of the quantum well structure and (b) the corresponding
electron probability density o(:') plotted along the growth direction . Within our
model. both (c) the local shift of NMR frequency and (d) the local optically pumped
nuckear spin polarization are proportional to p(:'). Shown in (c) are two equally
wide frequency intervals 1, and 1;. which map onto unequal regious along ', with
the correspouding NMR signal intensities represented in (d) by areas a, and a3. The
distribution of NMR signal in the frequency domain (i.e. the “intrinsic spectrum”) is
thus plotted in (¢) for the range of frequency shifts |Af| from 0 to Kge.
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center of the well!?:

Kom =P 3 (454 0.2) x 107" [kHzem?). (5.5)

where P 1s the electron spin polarization. which s defined in terma of spin-up and

spin-down electron densities as:
ny — ";

-4

: (5.6)
ne +n,

Thus. tits to OPNMR spectra provide a direet weasure of the electron spin polariza-
tion P in the quantum well.

Finally. an important remark concerming the interplay of the electron and nuclear
length scales over the time of a typical NMR measurement needs to be made. For
the samples used. the average inter-clectron separation s ~300 A, and the magnetic
length {4 = (Ae/eB )2 (which can be thought of as a radius of the electron’s
snallest cvclotron orbit) s ~80 A. Both of these length scales are much greater than
the average mter-nuclear distance of ~4 A,

This said. 1t must be realized that if the electron spins were Jocalized on the time
scale of our NMR measurement (nuclet probe their environment for ~ 100 us before
they dephase). we would not get the line shape described above. Rather. the nuches
that are within regions of higher electron density will experience a larger hyperfine
tield compared to the nuclet outside of such regions. [f the spread in the local electron
densities #n/n exceeds Fyupn/ Ks ~0.3. such localization will be observed in the
OPNMR spectra as an inhomogeneous broadening of the well line shape.

As long as the spectrum is well described by our fit (Eq. 5.4). the electron spins
inust be delocahized. so that their motion along the quantum well over the ~ 100 us
NMR time scale averages out their local density fluctuations to less than J0%. We

will say that the “motional narrowing” (6] of the line shape occurs in such case.
'The 4.4% error comes from a Bt to the Kg(v=4.1. T—0) data ot three samples (10W. OW,
and a sammple studied in [26]). For individual samples, P/ K g0 scaling in known to better than 2%.
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5.3 Skyrmion Peak at v=1 : Measurements of
Electron Density

Using the Swedish rotator. we could vary the angle @ (-60° < 8 < 60°) between
the sample's growth axis = and the applied tiekd B... m situ. thus changing the tilling
factor v detined as:

n "'"'

Y e T B (5.3)

whete n s the number of electrons per unit area i each quantum well and ng is the
two-dimensional density of the magnetic Hux quanta. produced in each quantum well
by the perpendicular component of magnetic ield B, = By, con@.

Figure 5.6 shows our Knight shift measurements'? in the two samples near v=1.
The excellent agreement between positive 8 (squares) and negative 8 (circles) data
points s consistent with the rotator accuracy of £0.1° and was used to calibrate
the rotator offset for cach sample'!. We infer the densitien n for each sample from
these measurements. assuming that R «(8) curve peaks exactly at v=1. The obtamed

denxity valies, also listed in Table 1.1, are:
now =669 x 10 e ! and ngw = 7.75 x 10 em ¢, {H.8)

conmstent with low-fickl agnetotransport characterization of the wafers. These val-
ues are very robust. as the four independent runs shown in Figure 5.6 for sample 40\
reproduce n to within £0.5%.

Note that the sharp peak in Ay at v=1 is quite similar to the “skyrmion feature’

previously observed [26] in a higher density sample at stronger magnetic fields. The

The magnetic fivkd was lowered frum its uwsual 12T value to reach this Blling factor.

HA small constant cortection (lews than 1°) to the rotator readings was needed alter each change
of sample and/or cryostat to cumpensate for misalignments of different parts involved in positioning
the sample with respect to the field.
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Figure 5.6: Ay(v) data. measured near v=1 at T = 1.5K: (a) smnples 40W (filled
aud cromsed symbols, three separate runs) and 10W (open symbols) at By, =3.6263 T
(b) sample 4OW at B, = 3.2589 T. Everywhere. round and square symbols denote
data taken at negative and positive values of 8. The densities inferred from these
measurements are: nygw =6.69 x 10%cmn~? and nyow = 7.75 x 10%cm -2
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size'® of the skyrmion (anti-skyrinion) can be parametrized by the number § (A)
of additional spin flips caused by introducing a unit of negative (pasitive) charge to
the systein. These numbers can be extracted from the slope of K¢(v) on either side
of v=1. As inferred from Figure 5.6. the values S = A=3.1 (for By ~3.5T) are
slightly larger compared to [26] (S = A = 2.6 for By ~ 7 T). in qualitative agreement
with the change in the ratio of Zeeman and Coulomb energy scales Ez/ E,-. where
Ex =g uuBia and E-=¢/ely [18, 19]. However, a quantitative comparison to the
skvrmion model will require data below 1.5 Kelvin at these low fiekds. since P(y=1)
in Figure 5.6 is only'® ~ 0.8, which is below the expected low-temperature saturation

value of P(v=1.T —=0)=1.

5.4 Knight Shift Data in the Vicinity of v=}

5.4.1 Temperature Dependence K(T) at v=1}

Using the electron densities calculated in Eq. 5.8. we could tilt each sample by
the angle 0 necessary to achiewe u-—u{ it By = 12 Tenla. For the two samples (40W

and 10W. respectively). we used the following values of 8. calculated from Eq. 5.7
Ouw = 46.4° and Ogw = J6.8° (5.9)

Figure 5.7 shows "'Ga OPNMR spectra (solid lines) of sample 10W over a range
of temperatures at v=1. To resolve the Knight shift K'¢ better at high temperatures.
the amplitude of the barrier signal was suppressed for sinall Ky spectra by using short
(~ 10s) optical pumping times r.

315 this Chapter. we use the convention adopted in 48], that $ = A = 0 in the non-interacting
lumnit. instrad of the vattier deflnition (26|, S = A = 1. in the same limit.

19See Table 5.1 for the data on full spin polarization in these samples.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



66 CHAPTER 5. EQUILIBRIUM OPNMR MEASUREMENTS

NMR signal (arbitrary units)
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Figure 5.7: ""Ga OPNMR spectra (solid lines) of sample 10W at v=1, taken at
02368 in By = 12T (155.93 MHz) as a function of temperature. Note. that at
small Knight shifts (high temperatures) the barrier sighal was suppressed by using
short optical pumping times. The fits to the spectra (dashed lines) are made assuming
the motionally-narrowed line shape (Equation 5.4).
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The evolution of spectra shown in Figure 5.7 demonstrates how the “fractional
quantum Hall ferromagnet”™ is being thermally quenched as its tempetrature increases
from the lowest point that can be obtained in our 'He system (bottom trace. 0.29K)
towards the highest temperature where OPNMR signal is still detectable from this
sample (top trace, ~ 12K). by which the Knight shift is only 9% of its maximal
value). By all standards, this is a verv fragile “ferromagnet™. since a temperature of
only 3K (approximately equal to the Zeeman temperature Eg/ky) s high enough to
reduce its polarization by half.

It should also be noted. that all spectra in Figure 5.7 are well described by fits
(dashed lines) of the form given in Eq. 5.4. which implies that over the time scale of the
NMR measuretnent the motional narrowing imakes the local electron spin polarization
P uniforin evervwhere in the plane of the quantumn wells. In other words, although
somie thermally excited reversed spins are definitely present in the svstem (ax seen
from its depolarization) above one Kelvin at usl,. they move along the quantum wells
fast enough to cover all "'Ga sites (for a given 2’. of course) equally ou the time scale
of ~ 100 s

Many more spectra were taken at v=1 1 both samples as a function of tem-
perature, as Figure 5.8 shows. Two different symbols (squares and triangles) are
used for the JOW data which correspond to the independent cool-downs from room
temperature'’. which demonstrates the reproducibility of the data.

The inset i Figure 5.8 shows that at low temperatures the Knight shift saturates
for both samples. an seen previously [26] in a higher-density sample at v=1. The
saturation values are marked by the dashed lines in Fig. 5.8 and can be found in
Table 5.1.

In Figure 5.9 we plot the corresponding temperature dependence of the clectron

ln the 10W data set. squares and triangies show the data sepatated by a warm up to about
100 K. that was necessary to change ‘He dewars.
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Figure 5.8: Knight shift dependence on temperature. measured for samples 10W
(open symbols) and 40W (filled syinbols) at v=1 (with Bye = 12 Tesla. Oqw =46.4°.
and O,qw=36.8°). Insets show the saturation regiona. For both data sets. squares and
triangles denote data taken on different cool-downas.
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Figure 5.9: Temperature dependence of the electron spin polarization P for samples
10W (open circles) and 40W (filled circles). obtained from the Ky(T) data (Fig.
5.8) at v=l (with By = 12T. Gow=46.4". and 0qw=36.8"). The dashed line is
P*(T) = tanh(Ey/4kaT). The inset shows the saturation region (note the etror bar).
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Table 5.1: Saturated low-temperature values of A'¢(T) and related parameters for the

two samples.

Saturated Sat. intrinsic Saturation
Knight shift Knight shift temperature

K «(T—0) K vim (T —0) T

Sample

tkHazj (kHz) (R)

JOW 9.04 10.12 0.46

10W 11.79 12.88 (\ Arery

spin polanzation P. obtained from the Kmght shift data (Fig. 5.8) by using:

Kom!(T)
Ksm(T —0) °

Pw=1T)= (5.10)

where the saturated A g (T —0) values for each sample are given in Table 5.1 Here

the intrinsic Knight shifts R g (T) were extracted from their corresponding apparent

peak-to-peak Rg(T) values using an empirical relationship:
K = Ky + L1 x {1 -exp(-Rs/2.0)] (all in kHz) . (5.11)

The resulting polarization curves P(T) are alinost identical for the two samples
(Fig. 5.9). although they were obtained with quite different tilt angles and electron
densities. The subtle differenices that remain may be due to the slightly higher spin
stiffness (53] expected for sample 10W as compared to 0W.

The electron spin polarization P(y=1.T) data in Figure 5.9 probe the neutral
spin-flip excitations of a fractional quantum Hall ferromagnet. For comparison. the
dashed line is the polarization P*(T). calculated for non-mnteracting electrous at v=1,
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using:

. E; .
PYT) = tanh WaT {5.12)

where the Zeeman energy is Egz = g°up Bua for the magnetic field By, = 12T and the
bulk value of electron g-factor for GaAs is g* = —-0.44. Both P(v=1.T) measured
enrlier [26. 29] and P(v=1.T) reported here saturate at higher temperatures than
P*(T). although the data at v=! lic much closer to this P*(T) limit.

Fitting tanh(d/4kxT) to the saturation region of our P(T) data results in the
value of A= 2E7 at v=1_ as opposed to A= 10E; at v=1 [26]. so that the Zeeman
gap appears to be much less enhanced at v=1 than it 15 at v=1. We also note that
the 40W data set s very well described by N = 1. 82E, (the curve is not shown
Fig. 5.9) over the enturr temperature range. in sharp contrast to the behavior at v=1
Thewe results are conmstent with the spin stitfiess being much lese at »=1 compared
to v=1 [53]. While a recent numerical result (54} is in qualitative agreement with the
data in Figure 5.9, it remains to be seen how other theoretical approaches, such as
those used at v=1 [32. 33, 34]. can be modified to explain the above features of the
data.

| —

5.4.2 Charged Quasiparticles: Ky(v) Data around v=

The Knight shift was also measured at fixed temperature as a function of sample
tilt angle 8. in the total magnetic fickl of By = 12T, Figure 5.10(a) shows R'g(v) de-
pendence near =1 for sample 10W at T = 0.77 K. and for sample 40W at T =046 K.
By these low temperatures, Re(v=1.T) has ementially saturated for both samples
(wee inset in Fig. 5.8). The data in Figure 5.10(a) show that A'y(v) drope on cither
side of vml. a result that is reminiscent of a “Skyrmion peak” seen in the earlier
ineasurements (26| near y=1.

The Ky(v) feature near v~! is distinctly “sharper” for sample 10W as opposed
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Figure 5.10: Dependence of the Knight shit A'x on the filling factor v at a fixed
temperature, measured in: sample 10W at T=0.77K (open circles’); sample 40W at
T=0.46K (filled circles®): samples 10W and 40W at T=1.5K (open and filled dia-
monds). For sanples 4OW and 10W. solid and dashed lines show the tilt-dependent
effect of a paramagnetic rotation stage on the NMR frequencies. which had to be
taken into account in order to obtain the Knight shift fromn the “W™" peak frequency
correctly.

* Same data is shown in (a) as in (b). but on a finer K’y scale.
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to sample 40W. This difference between the samples is not an artifact of the tem-
peratures plotted. as Figure 5.10(b) shows that the distinction is already present
bv T = L.AK. In order to determine K¢(v) self-consistently from the well peak poni-
tions. we took into account the ertrinsic tilt-angle dependence of all NMR frequencies
(Fig. 5.10(b). solid and dashed curves) caused by paramagnetic impurities in the brass
rotation stage.

The Kuight <hift data shown in Figure 5.10(a) are converted to the corresponding
electron spin polanzation P by substituting an empirical expression for the intrinsic

Kuight shift Am (Eq. 5.11) into:

K o (v)
K vim(v= 1)

Pv) = (5. 13)

The resulting P(r) dependence s plotted in Figure 5.11. It can be seen that
the clectron spin polanization in both samples decreases as v s varied away from {
despite the presence of the 12T field ' Perhaps even more remarkably. P(v) decrvases
monotonically as v is lowered below 1 over the observed range (% ~ ~30%). This
strongly suggests that the charged excitations (quaxiparticles at v > | and quasiholes
at v < 1) of the v=1 ground state involve electron spin fips. that lead to the observed
partial depolarization of the 2DES.

A second. independent measurement supports this conclusion. Figure 5.13 in the
next section shows a dramatic increase in the OPNMR linewidth as the filling factor
is varied away from v=1 (spectra of sample 10W at T = 0.46 K are shown). While the
spectra at higher temperatures are “motionally narrowed™ [6]. the dramatic broad-
ening of the line shape at v< { T =0.5K provides evidence that the time-averaged
local values of electron spin polarization Py, are no longer spatially homogeneous.
This inhomogencity requires the existence of spin-reversed regions. that appear to
move more slowly at low temperatures. Further details of these measurements will

be discuseed in sections 5.5 and 5.6 (also reported in publication [49)).
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Figure 5.11: Dependence of electron spin polarization P on the filling factor v at a
fixed temperature. (a) sample 10W: P(T) data at T=0.77K (open circles): the
behavior of our model (Eq. 5.14) at v, =1 for: AmS=0 (dashed line). A=0.085 and
S=0.15 (solid line). and A=S=1 (dash-dotted line). (b) Sample OW: P(T) data at
T=0.46 K (filled circles): fits of our model (Eq. 5.14. with v,=1) to the data. resulting
in A=0.053 and $=0.10 (solid line).
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To quantify the rate of depolarization in Figure 5.11. we extend a simple model
previously used [26] near v=1. Our model parametrizes the effect of interactions in
the neighborhood of a ferromagnetic filling factor v, < 1. We assuume that adding a
quasiparticle (or quasihole) to the ground state causes 8 (or A) electron spins to flip.
Within this model. the electron spin polarization is:

| .
Plv) = Le2(! - -8By —r.) - AB(.—1)). (5.14)
‘V yel\ /

where the Heavvude step function s O(r) = {1 for r > 0: and 0 for r <0} This
form is sitnply a pair of straight lines in the (P. 1/v) plane. corresponding to the
cotistant amount of spin reversal per each new quasiparticle (quasihole) added. Using

Eq. (5.14) to fit the data near v.=! (Fig. 5.11. solid lines). we find:

Sample 10W . A =008520005 S =015+0M:

Sample J0W - A =0053 20008, 8§ =0.10 £ 0.08 (5.15)

For comparnison, the eatliest theory (3. 4] of the v=1 ground state assumed fully
spin-polarized quasiparticles and quasiholes. ie., S=A=0 (Fig.5.11. dashed line).
Submequent calculations (5] considered the posibility of spin-reversed quasiparticles
and quasiholes. 1o S=A=1 (Fig. 5.11. dash-dotted line). However. both the early
calculations and the more recent theoretical studies (55, 56| of skyrmon excitations
near u-i suggest S=A=0 for strong magnetic fields. On the other hand. our small
but non-zero values are within the bounds set by transport measuremments at ambient
(57) and high [58] pressures.

A much more difficult feature to understand is the fact that our measured values
are fractional (S ~ A ~0.1). since the clectron spin (S,) must be a good quantum
number {5]. Of course. our experiment does not have the resolution to see the effect
of adding a single quasiparticie to the v=1 ground state. thus these values for S and
A are the averuge numbers of flipped spins per quasiparticle and quasihole.
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Nevertheless. Equation 5. 14, which assumes that all quasiholes {(or quasiparticles)
behave in exactly the same wav'®. does a remarkably good job fitting our data over the
range of filling factors (0.23 < v < 0.36). This model is expected to break down outside
the “dilute” quasiparticle limit (i.e.. when the filling factor gets “too far” from 1/3).
since our fitting parameters S and A are independent of . Surprisingly. the above
tit actually passes through +=2/7 without modification. High field. low-temperature
(T = 300 mK) maghetotransport measurements (38, 59) on samples taken from the
same wafer as 10W show much more structure. with well-developed p,, minima at
v=1/3. 2/5. 2/7. and 1/5.

The possible explanations of these values (S ~ A~0.1) are constrained by many
ditferent aspects of the data. For example. motional narrowing of the NMR lineshape
at lugher temperatures requires that the time-averaged electron spin polanzation to
be spatially umform for all #. Furthermore, the values of S and A do not appear
to change from T=05K to T=1.5K. although we do observe an ~ 80% drop in the

averall spin polarization.

5.5 Broadening ofthe OPNMR Lineshape at v <}

[n all of the measurements reported so far. the OPNMR spectra were well described
bv the dashed line fits of Eq. 5.4, generated within the model which was introduced

in section 5.2. The central assumption of this model is that the electron spins are

1*] ¢. on average, rach adkiitional quasiparticle or quasthole lrads to the same (fractional) amount
of spin reversal, regardlens of how many excitations have already bren added to the system. [t can
be said that thew are “not-interacting”™ charged excitations, since their average (fractional) spin
dows not appasently depend on their density.
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v = 0.2¢7

NMRA signal (arbitrary units)

Figure 5.12: Temperature dependence of the Ga OPNMR spectra of sample 10W
(solid lines) at v =0.267 (§ = 0"). The full width at half maximum (FWHM) of the
well resonance “W™ is shown. Note, that as the temperature is lowered, the “W™ peak
is broadening beyond the “motionally narrowed” interpretation (dashed line fits of
Eq. 5.4). and then is narrowing somewhat again at still lower temperatures (compare
the width of “W™ peak at 0.31 K to that at 0.45 K).
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NMR signal (srbitrary units)

Frequency shift (kHz2)

Figure 5.13: "Ga OPNMR spectra (solid lines) of sample 10W at T=0.46K. for
0.267<rvr<1/3(0° <8 <36.8°). Note. that as the filling factor v approaches 1/3, the
spectra converge towards the “motionally narrowed™ line shape (dashed lines), given

by Eq. 5.4.
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delocalized along the well. such that the local values'® of (S,(v.T)) appear spatiallv
homogeneous. when averaged over the NMR time scale® of ~ 40 us. In this limit.
the delocalization of electron spins in the low density?! 2DES produces a “motional
narrowing” of the OPNMR line shape.

However, as can be seen in Figure 5.12. our low-temperature measurements at
r=0.267 show a crossover to somewhat more complicated line shapes. Although the
spectra are in reasonable agreement with our model above 1 K. the width of the “W™
peak increases dramatically as the temperature is lowered to T=0.45K and then de
creases again upon further lowering to 7=0.31 K. This remarkable non-monotonic
temperature dependenice is reminiscent of the behavior seen in NMR studies of svs-
tems in which spectra are sensitive to dynamical processes [45]. variously referred
to in the literature an “mnotional narrowing.” “dvuamical averaging.” or “chemical
exchange” 6. o). 61].

In our experiment. the "' Ga nuclei are rigidly fixed in the lattice of a single crvstal.
which suggests that the vanation in the line shape shown in Figure 5.12 1s a signature
of electron spin localization. Being temperature-induced. such localization turns off
the “motional narrowing”™ of the well resonance as the sample containing the 2DES

is cooled below | K.

Figure 5.13 shows that the extra broadening of the well resonance disappears as
the sample is tilted from dow =0° (v = 0.267) to 36.8° (v =1/3). denpite a 10% -

"Here & in the ditection of the h&nuay magnetic ek HBio. along which the electron spin
operator S, is quantised.

®For nuclei in the center of the quantum well, lucal values of the electron spin polasization
P can fluctuate between | and -1, resulting in the cortreponding NMR frequency vatiations of
£Nne. Thus the NMR tine scale which separates fast and slow fuctuations s appruximately
(2N 1) = W0 s,

N There s approximately one electron per 10° nuciei the quantum well.
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crease in the dipolar broadening® (compare to similar variation at rootn temperature.
described by Eq. 5.1). Furthermore, there is a striking correspondence between the
decrease in the linewidth. plotted in Figure 5.14 (open symbols). and the increase
in the measured Knight shift K¢ (filled symbols) as the filling factor v approaches
1/3. This anticorrelation strongly suggests that the behavior shown in Figures 5.12
through 5.14 is due to electron spin dvnamics.

For a quantitative understanding of these phenomena. we must cousider the spe-
cific assumptions that lead to the motionally narrowed line shape. Nuclei within the
quantum well couple to the electron spins of the 2DES through the isotropic Fermi
coutact interaction (6. 9. 26. 27. 48]. Thus a nucleus at site R; experiences a hyperfine
magnetic ekl

B'(R)) = -l—?uuZS,Mr',—R:) : (5.16)
where uy s the Bolir magneton. S , s the spin of electron j. the summation runs
over all of the conduction electrons within the quantum well. amd the delta function
guarantees the overlap of the electron wave function with the nucleus located at
R, (compare Equation 5.16 above to the “electron-nuclear” Hamiltoman mentioned
carlier in section 5.2. Equation 5.3). The average projection of the hyperfine ticld B .
produced by the electron spins. along the laboratory fiekd 5.... may be written quite

generally as:

R ) - ,
(B'(R.v.T)) = - -35 ‘i:L"l a2 XY PRLLT) . (517)
Here®. the probability density of finding electrons at a 'Ga site 1 has been factored

into a term é"u(()){a with the periadicity of the lattice and terms éj(Zﬁ){a 10(.‘(:.\’:)@'

1 The ™As nearest-neighbors of the 'Ga nuclet are at the “magic angle” [61] when #\qw = 0°

Bin this discussion we write the electronic coordinates as (2. y. 3) in the laboratory frume (whete
Buil). of a8 (£'. . 2') in the sample frame (where 3’ s the growth direction). Similarly. nuclear
coardinates are tepresented by (X. Y. Z) and (X'. ¥'. 2') in those two frasmes.
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which vary slowly over a unit cell [50].

In Equation 5.17. P(R!.».T) is the local spin polarization® (-1<P<1) of the
electrons at R;. If we assume that electrons are delocalized along the quantum well,
then the time-averaged values of |@}? and P should be spatially homogeneous. In this
limit. the local hyperfine frequency shift f (taken to have the sign of P) is a function

of ¢ nnl}"

[(:') = = 53(8:(2’.1/. T)) = ’\-m.‘ (‘oa‘(—;-) (5.18)

(see Figure 5.5(c)). and the general expression for the intrinsic well signal intensity
(such as shown in Fig. 5.5(e)) can be written as:

hmlS = T [ L) et S = (1)) (5.19)

N - wolls
where ("U1,(:) is the local spin expectation value for “'Ga nuckei. procienr 18 their
number per unit volume. the summation ix over the number of wells N-wells. and the
integral is over the volume of each well.

We further assume that the quantumn wells are identical. and that the optical
pulping gives rise to a nuclear polarization that waries across ench quantum well (see
Fig. 5.5(d)) as the first power of f(:’). Taken together, these assumptions lead to the
intrinsic OPNMR well line shape of the form fw (/) = /f/(Kse - f) (shown in
Fig. 5.5(e)). which was used in all “motionally narrowed” dashed line fits (see Figures
5.4. 5.7, 5.12, and 5.13) of Equation 5.4.

The observed broadening of the well line shape beyond the “motionally narrowed”
limit implies that the time-averaged value of the product |¢]? P becomes spatially
inhotogeneous. Although the |o(.X.Y;)|? term could become inhomogeneous if a
pinued Wigner crystal were to form. the corresponding increase in the quantum well

¥ Ay defined in Eq. 3.6. P can only change from -1 (all spins pointing down) to | (all spins
pointing up).
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Figure 5.14: The temperature dependence of the Knight shift (filled symbols) and the
linewidth (open symbols) for several filling factors 0.267 < v <1/3 in sample 10W.
Lines are to guide the eye.
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linewidth (by orders of magnitude) and the concomitant drop in the peak intensity
are not obeerved.

Furthermore, variations in charge density along the well (for example. arising from
fluctuations n the dopant laver) do not appear to explain either the magnitude of
the effect®® or the non-monotonic temperature dependence. On the other hand. the
Kuight shift data show that the total spin polarization drops mounotonically as the
filling factor is lowered below v=1. allowing the local spin polarization P(R;) to be
spatially inhomogeneous at v < % Thus we conclude that localization of spin-reversed

regions is responsible for the behavior shown in Figures 5.12 to 5. 14,

5.6 Break-Down of Motional Narrowing

The tune scale of the spin localization mav be inferred by sunulating the observed
line shapesx.

We prupose a sumple bipolar mmodel. which illustrates the effect. For every nuclear
site (X]. Y)) along the plane of the well the local electron spin polanization P s
assummed to be either completely “up™ (P, =1) or partially “down™ (P = - 0.15).
Thix simulation corresponds to the case of partially depolarized regions that move
around along the quantum well through a fully polarized background. The speed of
such motion can be modeled by introducing a time scale over which a given nucleus can
becoine exposed to either a depolarized region or the fully polarized background. In
our simulation. we introduce a characteristic “jump time” interval r,. After each such
time interval. the local polarization at each site instantaneously (and independently
from other sites) takes on either the P, or P_ value with the corresponding probability

Al simulations, we found that an unreascoably large FWHM of 35% is required for a Gaussian
distribution of electiva densitios along the well to explain the maximum NMR lLinewidth observd
at y=0.267.
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p. or (1-p,). Asaresult, at all times the ratio of “up” to “down” sites on the average
isp,/(1-p,)

Within this model we proceed to calculate the OPNMR line shape for a given fixed
value of 7,. The nuclear "'Ga system was represented by 7997 spins®. distributed
across the width u of the quantum well from 2’ = —w/2 to 2’ = w/2 with the density
proportional to cos?(2Z'/w). consistent with the tendency of optical pumping to
preferentially polarize nuclel near the center of the well (see Fig. 5.5(d)). Each Ga
spin 1+ was assumed to precess independently from others with its own time-dependent
mtrinsic frequency:

fi(t) = Pt) Ko con?(2 2]/ w') . (5.20)

where AT = [2kHz (appropriate for sample 10W). and the time-dependent P,(t)
was randomly assigned the values of P, or P (with corresponding probabilities of
p. and 1 - p,) for o given nucleus 1 at the begimning of each nterval r,. Otherwise
P,(t) was kept coustant between the jumps. Equation 5.20 was then integrated fot

ench nucleus to obtain its precession angle:
{
= [amp)dr (5.21)

so that its contributiond™

M, = M, exp(-1§3(t)) (5.22)

to the total free induction decay (FID) could be calculated. The resulting total intrin-
sic signal My (t) = 3, M, (1) was then Fourier transformed to obtain the spectruin
I (f) in the frequency domain, and finally convoluted with a 3.5 kHz Gaussian that
took into account the dipolar broadening.

®1This number resulted from binning the nuciei in the frequency domain using the “intrinsic line
shape” distribution (the /, term in Eq. 5.4).

THete —1 = -/~ 1 should nut be confused with the nuclear index .
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Figure 5.15: Simulated OPNMR spectra, calkculated using a bipolar model of transi-
tion from motional narrowing (high temperatures, fast r,) to the frozen limit (T -0,
loug 7,). which may be compared to spectra in Fig. 5.12. [n calculations, Kqe was
set to 12kHz for P = 1, and the barrier was suppressed (ay = 0 in Eq. 5.4) for clarity.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



86 CHAPTER 5. EQUILIBRIUM OPNMR MEASUREMENTS

Figure 5.15 shows how the simulated OPNMR spectra depend upon the jump
interval ;. for the case of p, = 0.85. The simulation is in reasonable agreement with
the correspouding data from sample 10W (see Fig. 5.12). When r, is very fast. all
nuclei see the same time-averaged local polarization. equal to the global polarization:

(Pocatht = p. P, + (1 =p )P = Prrtrat - (5.23)

Thus we get Pyopa = 0828 for p, =0.85. a check that our model parnmeters are
consistent with the measured depolarization at v =0.275. At the other extreme of
r,—x the motion is frozen out. and the well resonance 1s split into “up”™ and “down”
lines. with areas proportional to p, and (1-p, ). respectively (for example, see the
7, = 50 s trace in Fig. 5.15).

Even within this simple bhipolar model. the inhomogeneous broadening of the
frozen line shape in the direction perpendicular to the plane of the wells (Eq. 5.1X)
irads to a non-tnivial evolution of the spectrum in the intermediate motion regune
{for example. a given value of 7, might be simultancously “fast™ for nuclei at the edge
of the well and “slow” for nuclel in the center of the well. depending on the magmtude
of the local Knight shifts). In the intermediate motion regime. the width of the “W™
peak goes through a maxinum when 7, = 40 us. Although varving the parameters p,
and A (over the range relevant for samples 10\ and 40W) does affect the extreme
value of the width. the characteristic r,. at which this value occurs. is approximately
the same.

Based upon this simple model. the peaks in the line width at T\, 0.5 K. shown
in Figure 5.14. reflect the localization of reversed spins. such that they fail to cover
the sample area uniformly over the time scale of ~ 0us. The sell-similar curves
in Fig. 5.14 suggest that temperature Ty, at which the linewidth goes through a
maximum, is not a strong function of the filling factor (or. in other words. of the
density of reversed spins) for v < 1/3. Note also that below 0.5K. the mensured
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Figure 5.16: The temperature dependence of the Knight shift (filled symbols) and the
linewidth (open symbols) for (a) v = /3 and v = 0.365 in sample 10W, and (b) filling
factors 0.252 < v <0.400 in sample 40W. Lines are to guide the eye.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8y CHAPTER 5. EQUILIBRIUM OPNMR MEASUREMENTS

9 — v
-@- 0.267 g
"‘ 2” '.'\.
-o- 0313 P
-2 13 .
R
8 ~ “ --.'.

‘ 9
_0" *\’. ¢
N
“‘o ) .
e-' ...... " ,“ \\
. ..... '0"' ’
-.'.’. ’A
e
5 | 15K
) | 1
9 10 1" 12
Knight shift (kiHz)

Figure 5.17: Simultaneous evolution of the well linewidth and Knight shift as the
temperature of sample 0W is varied from |.5K (lower left) to 0.3K (upper right).
for filling factors below 1/3. Same data as in Fig. 5.14. lines are to guide the eye.
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5.6. BREAK-DOWN OF MOTIONAL NARROWING 89

Ks(v<}) increases toward K¢(v=1). as seen in the model. However. even down to
the lowest temperatures of T=0.3 K. the spectra do not appear to match the frozen
limit of our simulation®™.

Surprisingly. as the tilling factor is varied below v = 1 /3. the observed trends in the
linewidth data (Figure 5.14) continue sinoothly through v=2/7 without interruption.
as is also the case for the Knight <hift data. It retnains to be reconciled with the fact
that magnetotransport imeasuretnents on samples taken from the same wafer as 10\
show much more structure, including well-developed minima in p,,(8) at v = 1,3,
2/5. /7. and 1/5 at T =03K [I8, 59}

Figure 5. 16(a) shows additional measurements of the linewidth for ¢>1/3 in sam-
ple 10W. which are consistent with the above picture. Measurements in sample 40W
for ¥<1;3 are also m qualitative agreement (Fig. 5.16(b)). with one important quan-
utative difference: the temperature Ty, at which the maximum in the line width is
supposed to accur. appears to be shifted lower. so that only the high temperature
side of that peak is observidd down to the lowest temperatures of T = 0.3 K. There s
a similar sample vanation in the saturation temperature (see Table 5.1) of the spin
polarization P at v=1. with Tigw=0.77K and Ty =0.46K.

The observed spectra contain more information than our simple bipolar simulation
has revealed. A more sophisticated model®™ might explain the nontrivial behavior
shown in Figure 5.17 and should probably include:

(i) a detailed structure for the reversed spin regiots present below v=1/3;

BUnfortunately. the barrier signal (which is not included in the simulated specttn in Fig 315 for
clarity) happens nens the possible location of the split-off peak (i.e. near +3kHz), thus masking the
effect if such a prak exista at all. If. for example. P,y ssoumes a continuous range of values as
oppused to only two (as was the case in out bipolar model). the srcutd “peak” i the froeen limit
can look lilw a trailing tail of the main peak and not develop a maximum at all.

BGee. for example. reference [62]. whete somw progrem in this direction has been made.
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(ii) the 2D dynamics of there reversed spins: and
(iii) the effects of thermally excited spin Hips. since the obeerved T, is not that
much greater than the Ty, (compare Figures 5.8 and 5.14).
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Chapter 6

Non-equilibrium Measurements of

Electron Spin Relaxation

6.1 Detection of RF heating

For each of the measurements descnibed in Chapter 5, we applied a weak rf tipping
pulse long after laser light was turned off (see Fig. 4.6(a)). in order to probe equelibriam
properties of the 2DES. In addition. interesting non-equilibrium dvanamics of the
electron spin svstem can be studicd at low temperatures by varving the parameters
of the OPNMR experiment. with a number of remmarkable results obtained at v=1.

Chronologically. heating of the electron spin svstem by rf tipping pulses was first
detected an an unfortunate circumstance that interfered with our attempts to make
equilibrium Knight shift (R'y) messurements as a function of temperature. In prac-
tice. the dependence of Ky values on off pulse power at low temperatures combined
with a “flaky” bistable pulse attenuator led to a mysterious irreproducibility of our
data below 0.5K.

To understand what coukd go wrong. we set out to measure the Knight shift as
a function of all possible OPNMR parameters. such as laser power A,,,. optical

91
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92 CHAPTER 6. MEASUREMENTS OF ELECTRON SPIN RELAXATION

pumping time r,. dark time 7p. and also the duration of the f tipping pulse 7oy
and its magnetic field amplitude H,.

A word should be said about measuring H,. The of voltage level Vi in the main
NMR cable was monitored on a Tektrones digital oscilloscope through a —40dB Bird
directional coupler. and the corresponding magnetic field produced by the NMR cuil
(Fig. 4.8(b)) was estimated! as H, = kVy. The constant & was obtained using "'Ga
OPFNMR in a separaie “lege experiment” (411 i which a series of spectra were ac.
quired as a function of the pulse length 7, (as i Fig. 6.1(b)) for a given rf voltage
level. The first maximum in the well signal intensity occurs at a value of 7, that

corresponds to the tipping angle?:

1 ! .
rlzl:,".‘H‘waz - . (6.1)

E )

from which H, for a goven rf voltage level can be easily worked out.

Figure 6.1(a) shows a st of OPNMR spectra taken at T =0.45K ax a function
of the pulse length at H, = 33 Gauss. which exhibits a depression in the Knight shift
for Tpewe 2 Hun. This effect exhibits a strong dependence on the of fiekd amplitude.
as Figure 6.1(1) demonstrates: at H, = 15.5G. only a small deviation of the well
peak from its equilibrium pomtion is observed for 1y = 30 us (dashed-dotted trace),
although the correspouding tipping angle a = 108® is quite large compared to 38° for

Touwe =3 jin at 33 Gauss. Conversely. at fields H, > 33 Gauss the Knight shift becomes

'Nate, that H, coukd nat be caleulated directly from the known room-temperature parameters
of the compunents used in our NMR probe. since the incident tf voltage is amplified in the rrsonant
unpedance-matched tank circuit by a lamge factor. which vasies widely as the circuit's tempetature
and the divlectric cotstant of the helium liguid,/ gas rtivitoament change during the cookdown.

?A factor of | here comes from the fact that the linearly polarized tield Hy(t) = £H) con (22 1.0) -
Huy + Hup = §H\ (2 com(22£ut) + yain(2xfu)] « | H, [£con(2RL,0) - yain (20/,0)]. produced by
the cull, is decomposed into the lvft- and right-ciceulasly polarised components, oaly one of which
does the tipping” of nuciei in the rotating frame (6],
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Figure 6.1: 'Ga OPNMR spectra of sample 0W. acquired at v =0.230 (8 = 0) with
a single rf tipping pulse of amplitude (a) H, =33 Gauss and (b) H, = 15.5 Gauns at
T =0.45K. The duration of the pulse 7, is shown for each spectrum. Note that
the spectra with similar values of tipping angle 8 = 1yH, 7, have very different
Knight shift in cases (a) and (b). A vertical dashed line marks the frequency of the
well peak in the limit of no rf heating.
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depressed at even smaller tipping angles. This drop in K for large H, ix similar to
the decrease in A’y that occurs in equilibrium as the sample temperature is raised. so
we call this effect “rf heating™. lronically. rf heating has made our efforts to improve
the arcing threshold (section 4.3.3) virtually useless, at least as far as the equilibrium

OPNMR measurements near and at v = 1 are concerned.

6.2 Knight Shift Thermometry of the Electron
Spin System

To suminarize our observations thus far, we have found that OPNMR spectra can
be sensitive to a linearly polanized (perpendicular to both S and Bug) of magnetic
fiekd of amplitude H,. produced at a frequency f,=15593MHz in the sample coil
(Fig. 6.2(c). mmet) during the NMR tpping pulse of length rpgpe.  Measurements
performed with weak pulses (i.c. Hy < 14 Gauss and 7y < 20 px) viekl an OPNMR
line shape independent of the tipping pulse parameters (Fig. 6.1). which justifies our
use of H, = 10Gauss and Tpgue = 20px in the studies of equilibrium states, reported
in Chapter 5.

If stronger pulses are usedd at T <O.0K. the measured Kmght shift A’y drops
sharply below its equilibrium value. even though the lattice temperature is unaffected
by the pulses’. We attribute this drop to an increase in the spin temperature T
above the lattice temperature T. where T, characterizes the polarization of the

electron spin systemn.

'Experiments similar to those described in section 4.5 confirm that the sample tempetature is
nut affected by the multiple f pulses (up to 60 over a 200ms interval) during the saturation train.
even when the highest achievable H, levels are used.
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Figure 6.2: Top: T(Ay) calibration curves based on the equilibrium Ke(T) data
for (a) sample 40W and (b) sample 10W. Error bars for Ky are shown. Bottom:
The dependence of the effective electron spin temperature on the of pulse length
(H, ~ 14 Gauss) far (c) sample 40W and (d) sample 10W. The intercept of the straight
line fit was constrained to be the lattice temperature: T = 0.31 K (filled circles 10W
and 40W). T =0.42K (open circles 40W), and T = 0.44 K (open circles 10W). The
inset shows the top (along ) and the front (along the rotation axis) views of the
grooved sapphire platform holding a sample in a 5-tumn f coil.
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96 CHAPTER 6. MEASUREMENTS OF ELECTRON SPIN RELAXATION

To quantify this phenomenon. we can use the equilibrium K«(T) data'. de
scribed in section 5.4.1 and plotted as T(KRg) in Figure 6.2(a.b). to calibrate our
non-equilibrium OPNMR line shape. which can be regarded as a “Knight shift ther-
motneter” sensitive to the effective electron spin temperature Top,.

Figure 6.2(c.d) demonstrates the behavior of electron spin temperature T, (as
inferred from the Knight shift data) for the two samples. In both cases, T, rises
linearly above the lattice temperature T as the duration of the tipping pulse 7,44,
increases, for H, ~ 14G. This observable rise in Ty is sharply reduced as the
lattice temperature is increased (compare the solid lines drawn through the T = 031K
data to the dashed lines. that correspond to the lattice temperatures of T = 042K
and 044K for the two samples). and no deviations of the electron spin temperature
Tuw from the lattice temperature T are observable for T > 05K The large error
bars for short 7y points are primanly due to the saturation of our “Kmght shift
thermometer” at low temperatures. Also note, that T plotted in Fig. 6.2(c.d) can

be up to a factor of 5 higher compared to the correspouding lattice temperature !

6.3 Evidence for Establishment of a Common Elec-
tron Spin Temperature

As Figure 6.3 (solid line) illustrates, the non-equilibrium spectra at v = 1 remain
motionally narrowed, and appear indistinguishable from the corresponding equilib-

rium spectra (dotted line). measured with a weak tipping pulse at a substantially

‘In equilibrium. a single temperature characterizes all sub-systems of the sample. ie.

T= T‘.h = T..m..
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Figure 6.3: "'Ga OPNMR spectra of sample 10W. acquired at v = 4 (0 = 36.8°) uning
identical pumping conditions (laser power ~ 10mW at A=811.5nm over rp=9%0s,
followed by 7= 40s). but quite different tf pulse parameters and bath temperature:
(solid line) Toan = 0.45 K. H, = 25.5 Gauss, Tpgpe = 5 un (tipping angle being o = 30°).
in contrast with (dotted line) Toun = 1.USK. H, = 8.5 Gauss, oy = 20 us (a = 40°),
the latter corresponding to the “rquilibrium™ couditions used to obtain A'¢(T) data
in Fig. 5.8. Remarkable agreement between these spectra provides evidence that the
electron spins equilibrate at a common temperature Ty > Toan much faster, and relax
back to Toms much slower compared to a typical NMR time scale of 100 us.
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higher lattice temperature’.

Thus. the electron spin system achieves its internal equilibriumn shortly after the
tipping pulse. just before the NMR acquisition begins (as is shown schematically in
Figure 6.4(a c)). so that our use of Togy, is justitied [6]. This can be easily understood.
as anv pussible variations in the local electron spin temperature over the area of the
sample would tranalate into the variations of local Kunight shifts. which would in turn
leadd to an extra inhomogeneous broadening, of the OPNMR liiwe shape.  something
that has never been observed.

However. our measurements also show that the electron spins remain “hot™ at
a temperature T > T that should be roughly constant long after the of tipping
pulse 1x turned off (see Fig. 6.4(a.b)): otherwise an extra “dviamical” broademng
of the OPNMR line shape would occur due to a temporal vanation of Knight shaft
duning the NMR acquisition window (Fig. 6.4(¢)). This implies that the longitudinal
clectron spiti-lattice relaxation titme ry, > 100 s, for the sunple lnttice temperatures

below 0.5K at v =1,

6.4 Constraints on Possible Heating Mechanisms

The apparent heating depends strongly on the alternating fiekl strength and scales
as H}. whete the exponent is estimated to be 2<n < 5. This rules out the coupling
to the nuclear spin system as the heat source, since their tipping angle a scales as

H\ % Tpupe (an in Eq. 6.1). while the energy absorbed 1 a unit volume is given by:

Ea = Ny PavhBin (1| —comar) (6.2)

SAt other flling factors (ws. for example. in Fig. 6.1). both equilibrium and non-equilibrium
spectra broaden at low temperatures due to lnck of motional narrowing discumed in sctions 5.5
and 5.6. However, even with this complication the “rf-heated”™ spectea appeared the same as their

equilibriun counterparts messured at higher lattice temperatures.
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Figure G.4: Possible behavior of the electron spin system during an OPNMR mea-
surement: (a) initially spins are in equilibrium with the lattice and *He bath
(Tepim = Toaan). then an of pulse (b) excites spin system. but it quickly equilibrates
at its own temperature Togp > Togn. The spin temperature must be fairly constant
over the NMR time scale (). otherwise a broadening of OPNMR line shape would
occur. which is not observed (Fig. 6.3). Note that prior to the rf pulse *He bath (and
thus the spin system) is cooling slowly over the dark time r; after a laser pulse (d).
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Here n, is the density of nuclei. and P, is the local nuclear polarization. The ob-
served of heating is clearly very different. depending on H,. for quite similar values of
a (compare Fig. 6.1 (a) and (b)), It is this fact. that enabled us to avoid of heating
during our equilibrium measurements by turning down H, and proportionately in-
creasing, Tpepe. Which resulted in roughly constant tipping angles on the order of 7/2.

and thus reasonable NMR signal intensity.

Another possible mechanism. ohmic heating by eddy currents. appears incon-
sistent with the strong lattice temperature dependence of the effect®.  Note that
the dashed and solid lines corresponding to different lattice temperatures in Fig-
ure 6.2(c.d) actually cross ench other. which thwarts anv attempts to explain this
behavior by heat absorption and/or thermal conductivity in certain parts of a bulk
sample (e.x.. if no heating s observed at T > 0.5, how can some part of the sunple
continue to heat up above 1 K. while being thermally anchored’ to the rest of the
wample at 703K ') It appears that rf energy s cantly absorbed by the electron
spina, but then takes a loug time to escape this subsystem. as if the lattice decouples
from the spins at low temperatures.

Our data therefore provides evidence for a direet coupling between the of pulse
and the spius in the 2DES. The wmechanisin for this interaction in a clean svstem

is not known. because the applied rf photon energy® is well below the electron spin

It i aleo incunsistent with the strong | dependence of the electron spin tempetature, since
any heating by eddy currents should result in n = 2.

*Using low-temperatute specific heat 63} and thermal cupductivity 64} data for bulk GaAs, we
can estimate the thermal laxation titne of the sample to be about | s (consistent with the speed
of sound), too short to be obeerved in vur OPNMR messurements.

*Our preliminary mensurenwits abvo confinn this effect at ¥ = 1 /2. at the of frequencies as low
as 91.35MHz. At that filling factor our “Knigit shift thermometer” works much better. as no
saturation is oberrved in the Ag(T) data !65] down to X00mK.
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resonance at ~74 GHz. limpurities in the bulk or edge states may be plaving a role

in this process.

6.5 An Upper Limit for Electron Spin Relaxation
Time

The evulution of equilibriuin® OPNMR spectra with the increasing dark time ;.
such as shown in Figure 6.5. provides an upper bound on the electron spin relaxation
time ry,. The measured spectra are exssentially independent of 7y, bevoud the first 0.5«
after the laser pulse is turned off, consistent with the time it takes for the laser-heated
sample to equilibrate with the helium bath at 045 K (see section 4.5).

Combining this observation with the results of section 6.3. we arrive at the follow-
g estimate for the longitudinal clectron spin relaxation tiume: 100 ux < 1y, < W s,
for the lattice temperature T < 05K at v = 1/3. While this value of 1, s at least a
factor of 1000 longer than recent measurements of the transverse relaxation time )
in bulk GaAs [66]. it is consistent with a previous theoretical prediction [67] which
assumed conditions rather similar to our experiment.

The experiments described in this Chapter can be further refined using a second
independently gated of power source. That way cooling of the electron spin svstem can
be tracked directly by applving an off-resonant pulse at a higher power level. followed
after a variable titne r4y,, by another. weaker. tipping pulse at the NMR frequency
fo. The resulting dependence of the electron spin temperature T 0n Tye Wil
provide. for instance, an exact value for the longitudinal electron spin relaxation time
1. Also, any contributions of the *Ga and ™As nuclear systems can be studied in

detail by applying the first (heating) pulse at the corresponding resonant frequency.

*Hete “vquilibrium”™ means acquired using weak tipping pulses.
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Figure 6.5: 7'Ga OPNMR spectra acquired with sample 40W at Ty = 0.45 K. with
the laser light ON during signal acquinition (the “Light on” spectrum) and with
different dark times rp. The evolution of the line shape as a function of dark time
shown here allows us to place an upper limit on the electron spin-lattice relaxation
time ,. The dashed lines mark the barrier (at 0 kHz) and the equilibrium well peak
frequencies: the spectra are offset from one another vertically for clarity.
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Chapter 7

NMR Measurements in GaN
Epitaxial Films

7.1 Introduction and Theory

Advances in GaAs technology have lead to the development of low-cost and long-
lived red/infra-red diode lasers. with applications ranging from bar-code scanners
to high-speed fiber optics communication networks. While the shorter wavelength
of blue/ultra-violet seniconductor lasers woulkd enable higher information densty
(~ A %) on storage media (e.g.. compact disks) and 1 optoelectronies applications,
the development of this technology has proved to be quite challenging. The unique
characteristics of materials used in blue lasers are interesting to study from a basic
physics research perspective, which may lead to the eventual technological break-
throughs that will enable these blue lasers to take over.

Early attempts to develop a short-wavelength diode laser focused on ZnSe-based
materials (see Figure 7.1). and after inuch effort the lifetime of a continuously run-
ning laser was pushed beyond 100 hours. as reported by Taniguchi et al. [68] in
1996. However. residual defects and the device degradation associated with them
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104 CHAPTER 7. GaN MEASUREMENTS

are a severe limitation. which have not vet been overcome in devices using the [I VI
semiconductors.

Recently. attention has turned to In,Ga,_ N based devices, such as the blue and
green LED's that were first produced by the Nichia Chemical Company in Japan. A
critical breakthrough was accomplished in early 1997, when Nakamura et al. demon-
strated the first continuously operated deep blue nitride diode laser [69]. In contrast
to ZnSe-based] laser materials, the nitrides are very robust even in the presence of
high current densities, with excellent optical properties (e.g. high quantum efficiency)
that may lead to high-power blue and ultra-violet lasers.

Despite significant recent progress in the development of GaN-based devices. many
fundawmental issues concerning their material properties have not vet been resolved.
For instance. currently avalable GaN epitaxinl lavers are grown on poorly matched
substrates, and as a result possess s complex crvstal defect microstructure {70, where
the extended state defect densities are of the order of typical electron densities in GaAs
quantum wells. The details of this microstructure and the mechanisius that allow
to be compatible with the efficient light emission in GaN lasers are still far from being
clearly understomd. especially from the point of view of lowering the threshold current
density

Anot her e of a fundamental importance for [nGaN/GaN heterostructure design
is the presence of large spontaneous and strain-induced macroscopic electric fiekds'.
such as shown in Figure 7.2, which could lead to interesting modifications of the
electron band structure near the intetfaces in multi-layet compounds (71).

Finally. the low miscibility of indium in GaN under typical growth conditions

' As opposed mrm. the nitrikes possess a wurtzite crystal structure with a lower synunetry,
which allows thet to exhibit a pyto-electric effect. [n addition. large pirso-electric coefficients of
the nitrides lvad to significant strain-induced fieids near defects and lnterfaces, that are of the same

order of magnitude as the spostancous pyro-efectric fekin.
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Figure 7.1: Bandgap - vs. - lattice constant diagram for wurtzite nitrides (top) and
some ZnSe-based [[-V] cubic seticonductors (bottom). along with possible substrate
choices (after [72]). Solid lines show common alloy combinations.
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Figure 7.2: Self-consistent simulated band edge () and electric fiekd (b) profiles for
various sheet densities in a 50 A thick QW. Adapted from Fiorentini et al. [71).
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suggests that significant regions of pure InN can exist in a typical InGaN quantum
well. In order to understand. control. and make use of these unusual properties, it is
crucial to develop new probes of the local structure in these novel thin filine {73}
NMR is a powerful local probe of the electronic and structural properties of ma-
terials. Fur nuclear species with spina [ > 1. such an 'Ga. ®Ga, 7AlL "n. or 'Mn
(see Table 4.2). the electric quadrupole moment Q of the nucleus couples directly to
electric field gradient TFE = V., at the nuclear site’. The corresponding contribution

to the Hamiltonian can be expressed (after diagonalizing V., 4) as (6. 45]:

- fQ . o pd 2 o . 2 _ 2 -
Ha = goap =g Ver @l = PV Ve =Vl - 1]

where the second term in the square brackets vanishes if 1, s axially svimmetric,
which we further assume for simplicity. In the absence of M. all transitions between
nuclear states corresponding to dmy = £1 are at the same frequency [ = LA, By,

whereas a non-zero quadrupole coupling will perturh the nuclear Hamiltonian:

QVer 0 2 -
M. Bl + T2l -1 3. - 1% (72)

In typical laboratory fiekis By, ~ 10T the first (Zeeman) term dominates, so that we
can use perturbation theory to calculate corrections to the energy levels £, and the
corresponding <hifts in transition frequencies between dm; = £1 states. Assuming
that the sample symmetry axis < (along which the compotnent V.. of the electric
ficld gradient is taken) is tilted by angle 8 with respect to the 3 direction of magnetic
fiekl Byei. we obtain in the first order:

Ew= EQ + ED 2 -y ABum +

eQVyr [3con?@-1
421 -1) 2
In the case of half-integer nuclear spin. transition frequencies can be nicely labeled

by the averuge m-value of the states involved:

fom) ® %(E__; - E,,,,) = [ 4 [l + (higher order terms) . (7.4)

)[3m‘-l(l+l) (73

{Hete we usr tensor notation: Ve, = &V,
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so that frequency [y of the central transition m = -} — % is not affected by the
quadrupole coupling to the first order (i.e. fig) =0). whereas the frequencies of tran-
sitions with (m) = £1. £2, ete.. are shifted syimmetrically above and below it:

e @V,

1) _
fom: = 3m) G2 T

(1 - 3co’d) . (7.5)

It turns out that axially svimetric wurtzite crvstal structure of the nitrides does

lead to huge microscopic electric fickl gradients at each nuclear site due to the local

1

arrangement of electrons in the unit cell’. The resulting quadrupole splitting f, .

proportional to the tilt parameter r = 1 -3con? 8 and the magnitude V. of the local
electric field gradient. can be ax large as several MHz. compared to a typical dipolar
linewidth of few kHz. This enormous spectral resolution makes quadrupole NMR
spectroscopy an extremely sensitive probe of the local crvstaline onentation (e.y.
misalignments of the Iattice m the vicmty of defects) as well as a perfect tool to
study relatively weak electric fickl gradients due to prezo- and pyro-electricity
InGaN/;/GaN heterostructures.

In addition. chemical shift of NMR lines can play a role i identifving clusters of
pure InN in InGaN quantum wells. provided optical pumping or some other method

is used to boost NMR sensitivity at these sub-micron sample sizes.

7.2 GaN Samples

Samples were kindly provided to us by Dr. Noble Johnson and Dr. Dave Bour of

Xerax PARC. along with x-ray and TEM data. The two GaN thin filin samples were

It shoukd be noted here that usually electron charge density at the nucieus is neglected (since
typical Knight shiRt in a semiconductor is much sinaller compared to the quadrupole splitting). o
that §_ Viea = £ = 0. From this it fllows that if cubic symmetry is assumed (V,, = V,y = V,,).
the gradient and thus the quadrupole coupling vanishes: Mg = 0. which is the case for crystalline
fields in the arsenides. which have the Zincbirtxde crystal structure.
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GaN Sapphire crystal (Al,0,)
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Figure 7.3: Schematic diagram of the MOCVD layer structure, common to both GaN
samples under study (top) and their planar dimensions (bottom). Note. that the
indium fraction z is different for the two samples (see Table 7.1).
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grown by MOCVD on a (0001)—sapphire substrate. and contain 4 ym of GaN as a
buffer layer under a 200nm InGaN quantum well. see Table 7.1. One sample is Mg
doped. the other is nominally undoped. The schematic of this structure is shown in
Figure 7.3 aloug with the planar dimensions for both samples.

Table 7.1. Dimensions and composition data for the GaN samples.

Parameter (umits) Sample A Sampe B
Grower’s [D numnber ™ BaT0
Quantum Well width. v (nm) 200 200
Quantum Well material InGay N nGay N
QW indium fraction, x x=007 x=0.2]
Buffer laver width (pam) { 4
Buffer laver material N GaN
Number of Quantuin Wells | 1
Substrate width (mm) 0.5 0.5
Substrate material Al Oy (000]) AL Oy (0001)
Two-dimensional area (em?) 0.393 0.242
Total number of nuclei:
1Ga 29x10"™ (0.34mg) | 1.8x10" (0.21 mg)
“*Ca 4.3x10" (0.50mg) | 2.7=10" (0.30mg)
1810 23x10' (44 px) | 43x10"% (8.1 )
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7.3 NMR Spectroscopy

As Table 7.1 shows. the amount of Ga available for NMR is minimal even in
the relatively thick buffer laver. which makes detection of NMR signals a challenging
task. Nevertheless, in our preliminary investigations reported in this Chapter. we did
not use optical pumping. trving first to stwdy these novel materials with conventional
NMR.

After a week-long effort. thwarted initiallv by acoustic resonances of the NMR cuil.
we found the room temperature 'Ga signal. shown in Figure 7 4(a). This spectrum
was acquired with 2000 scans over ~ T minutes, it takes about 500 scans at room
temperature before the peak starts to appear in the noise.

The situation s strikingly different at low temperatures. an Figure 7 4(b) demon-
darates. At 1.3 Kelvin the nuclear relaxation time T, approaches several hours. and
the practical stratexy would be to take ote or at iost two scans, each after waiting
for the nuclear polarization to build up for as loug as the hold time of our ‘He bucket
dewar (dencribed in section 4.5) permits.

Both spectra shown in Fig. 7 4 contamn onlv the central transition peaks. which
are the easiest to obwerve since they are insensitive (to first order) to the broademng
bwv local variations in the tilt and/or the electre fiekl gradient, as can be seen from
Equation 7.5 for (m) = 0. We could compare the frequency of these peaks to our GaAs
data at the same tiekd. and estimate the difference in chemical shifts between GaN
and GaAs. Our room-temperature value of @ '94(GaN) - ¢ '““(GaAs) = 110 ppin is
in a good agreement with the published value of 117 £ 3 ppm measured in powder
samples {74]. which gave us confidence that we were actually observing NMR signals
from GaN.

Despite our best attempts to scan the spectrum on both sides of the central peak.
no satellite transitions (corresponding to (m) = 1) were obwerved even at angles
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Figure 7.4: The first "'Ga spectrum of sample A" at rootn temperature (a). taken
at 9mS53.2° in By = 7.03T (f, =91.34 MHz). Only the central transition is observed
after 2000 scans. A much better signal-to-noise can be achieved by cooling the sample
down to 1.5K (b). where a ®Ga signal was recorded at f, = 71.88 MHz in the same
field. Still no satellites are obwerved at 8 = 54.5° after a single shot 5 hours long.
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clowe to the “magic angle” of 54.7°. where the tilt parameter is 1 -3 cos? 8 =0 and the
quadrupole splitting approaches zeru. so that all transitions can fit within the same
spectral window. The apparent abwence of GaN satellites was extremely intriguing,.
since we could easily see all four ¥ Al satellites in the single crystal sapphire substrate
(see Appendix B).

Thus the satellite resonance is the key to answering a fundamental question about
these as-grown epitaxial lavers, namely: do they possess a long-range order of a
sngle crystal. or are they closer to the limit of an amorphous material (due to the
high density of defects arising from the lattice mismatch with the substrate)” To
answer thix big question, we needed to understand why it was so difficult to see the
atellite tranmtions 1 the spectra. The next section describes how this issue was

experitnentally resolved in a rather non-trivial way.

7.4 Search for the Satellites

Figure 7.5 shows the dependence of 7'Ga and **Ga central transition frequencies
on the sample tilt parameter £ =1-3con? 8 at T =4.2K.

For a complete lack of global crvstalline orientation. such as in powder samples
(which would result in an enormous broadening of the satellites, making them below
the detection limit). one would expect no tilt dependence of the central transition
frequency, since the corresponding NMR line would be already averaged over all
possible local orientations.  [n the other extreme, if GaN in the sample were to
form a single crystal without any defects or inhomogeneous electric field gradients
(inconsistent with the absence of satellites) the central transition frequency woukd
display a second order quadrupaole shift, which hax a parabolic dependence on the
sample tilt parameter:

9 ZrelQiVi, 2 4y .,
™ = 3% hzmzl-n*v.a..‘["“*”‘3][(”5) -] o
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As Figure 7.5 demounstrates, our observations of the second order quadrupole shift
in both "'Ga and *®Ga are much closer to the second limit. Although the minima of
parabolic fits do not occur exactly at r = —2/3 an Equation 7.6 suggests. the quadratic
coefficients obtained for "'Ga and ®Ga do scale as %/, for the two isotopes. From
these cveflicients we can extract the quadrupole splitting factor:

B eV,
S I T TCY IR T

(7.5

which gives the tirst order splitting between NMR lines at € =0 (r = -2). as can be

-
1.

swen from Eq. 7.5, Our values. extracted from the tilt dependence of the second-order

quadrupole <hift in the central transition frequency:
et 'Ga) = 885 kHz  and  1g(™CGa) = 1403 kHa (T 8)

are in very good agreement with the published quadrupole splittings of 0.85 and
1.4 MHz respectively, that were obtained from the linewidth measurements i poly-
crvstalline (powder) samples [74).

The second-order tilt dependence of 'Ga and ®Ga central transition frequencies
shown in Fig. 7.5 reflects a high degree of global order in the GaN epitaxial filin.
Knowing 1y allows us to find the satellite transition frequencies to first (Eq. 7.5) and

second orders for any given tilt parameter r:

) - ¢d) e -
foi = Loy + M) T2l - 1) B

204! 24,
151 et PV [(, + "’)‘ - (f-;)’] . (7 9)

For the particular values of iy quoted in Eq. 7.8 and By = 703 T. we can estimate
that |£/3 lmas ~ 10721f/}) lmex. aticl thus neglect the above second order correction
to the satellite frequencies without loms of generality.

Now we can ask. what particular kinds of disorder can exist in the GaN filin
that would lead to a broadening of the satellite transitions f')), x QVy (1 - 3cos? 8)
beyond the detection limit”
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Figure 7.5: Second order electric quadrupole shift of the "'Ga and ®Ga central tran-
sition frequencies (m = 1 — -1) as a function of sample tilt angle 8. plotted versus
r=1-3con’8. Solid line fits are polynomials of the second order. to be compared
to Equation 7.6. The quadratic coeflicients 1.61 and 5.13 obtained from thewe fits do
scale as Q?/+, (see Table 4.2) to within 5%.
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Suppose local Huctuations in the amplitude of [V, .| are primarily responsible for
this. Then the broadening should be proportioual to £} and thus vanish close to
the magic angle. We mapped out thoroughly a range of 8 on both sides of the magic
angle. but found no trace of the satellites.

Another porsibility can involve local variations in angle 8 between the primary
-axis of tensor Vi, and the laboratory field B.... In that case. the broadening of

satellite lines for a given angular spread 48 should be:

d!l?
MUYV = M ——— x confsind (7.10)
de

Realizing thix. we tuned our spectrometer to the frequency 1.4 MHz above the
central transition in “Ga. and set the sanple tilt angle to 8 = 0. such that the terin
cun@mnd =0 and thus the brosdening caused by the supposed angular spread of the
local electric field gradients becomes mmmmal' - For best results we cooled the sample
down to 1L.5K and waited for 5 hours before taking a single scan. The spectrum
showed a weak. but clearly observable NMR peak®.

Our mising satellite transitions were thus finallv discovered, with our subsequent
observations confirming the existence of the lower satellite peak at 8 =0, and also
both upper and lower satellites in 'Ga. all at frequencies consistent to the second

order with our estimated quadrupole splitting constants given in Equation 7.8.

"Onee §/7 -0, the satelliten can still be broadened to sme extent by the terms which a
propurtional to M’{;[‘“

*Other (broadet) peaks due to scoustic ringing of the NMR cull initially obscuted the spectrum.
We could disctiminate againat those by taking multiple “dummny” scags at very high repetition rate
{ ~30ms) shortly after the “signal” scan. NMR signal with ita long T, longitudinal relaxation
time saturates [41. 6] and is hardly present in the “dumny spectrum”. but the short-lived ringing is
exactly the same in each scan regardiess of the repetition rate. This allows to subtract the dummy
spectrum, divided by the aumber of dummy scans, from the initial spectrum, with the remarkable
results shown in Figure 7.6.
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7.5 Characterization of the Disorder

Figure 7.6 shows a gradual disappearance of the ®Ga upper satellite (i.e. (m) =1)
signal as the sample is tilted away from 6 =0. Note that this transition is shifting
towands lower frequencies (in agreement with Eq. 7.5) and at the same time is broad-
ened as the tilt angle 8 between the sample’s growth axis and the magnetic tiekd 1»
increased. This progremive broadening leads to 2 drop i the peak intenxity {ax the
integrated intensity is cotiserved). which eventually brings the satellite signal below
the noise level at tilt angles 8 > 127

To describe this behavior quantitatively. we assumed a uniform distribution of the
local tilt angles € and a Gaussian distribution of the local magmtudes (V.. around
their average “global™ values of 9 and Vil We then simulated the satellite line
shape for variable amounts of scatter and tried to fit it to the measured spectra
<hown in Fig. 7 6.

We found that the satellite linewidth of ~ 15 kHz (FWHM) observed at 8 =0 can
not be explained v the angular seatter only. and we need at least a 19 FWHM
Gaussian scatter in the magnitude of V.. throughout the epitaxial laver to fit the
top spectrum in Fig. 7.6.

On the other hand. if this were the only kind of disorder present in the epitaxial
film. we would not be able to explain the observed merrase in the linewidth as the
sample is tilted away from 8 =0, ance the broadening due to wariations in (V.| is
proportional to 5 = 1 -3con? @ and in the largest at @ = (). Thus, a spread of ~ £2° in
the local V4 principal axis directions around the sample o' axis (Fig. 7.3) is needed
to explain other spectra in Fig. 7.6.

This kind of angular spread can in principle be attributed to low-angle tilts of
individual crystalline grains. except for the fact that it is about twenty times larger
in magnitude than the angular inhomogeneity inferred from the x-ray and TEM mewn-
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Figure 7.6: The upper ®Ga satellite transition (m = } e -§) for several different tilt
angles 8. Note how the satellite line shape broadens (leading to a drop in the peak
amplitude) as the tilt angle between the sample growth direction and the magnetic
field is increased away from @ = 0° (r= ~2). Each spectrum took 5 hours at T = 1 5K.
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v  measured “Ga width in GaN (Sample "A")
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Figure 7.7: The dependence of the ®Ga central transition linewidth (open triangles)
on the sample tilt angle @ is distinctly different from both the expectation for a
“perfect” GaN crystal (dashed line) and the 77 Al linewidth measurements on a single-
crystal sapphire (open and filled circles). Rather. the observed GaN linewidth exhibits
an extra hroadening away from r = -2, ~2/3. and 1. following a solid line it which
is consistent with an angular scatter of £2° in the local electric field gradients).
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surements on these samples [75]. Thus. it appears likely that our observed spread is
reflecting something else. .. such as internal piezo- and / or pyro-electric fields (pos-
sibly caused by defects and interfaces). superimposed on the crystalline fields at each

nuclear site.

Figure 7.7 shows an independent measurement which leads to the same conclusion.
The linewidth of the ®Ga central transition is varving markedly as a function of
r=1-3cus? @ This s in contrast to the smooth behavior of the 77 Al central transition
measured® in single crystalline sapphire (Figure 7.7, open circles). and the observed
ult dependence of dipolar linewidth in GaAs (Equations 5.1 and 5.2). To explain
this behavior in our GaN samples. we note that the central transition resonance
frequency for ®Ga. expressed to the secoixd order in perturbation theory i Equation

7.6, ix observed in practice (see Fig. 7.5) to be:

fon = const. + 5.13(kHa] < [(1 - 3em?8) +0.51]" (7.11)

This expression can be differentiated with respect to @ to obtain the extra bromd-
ening ¢ f.or of the central transition. produced by the a spread 86 in the tilt angles:
Moy =8 L[ Remarkably. the observed central transition linewidth (Figure 7.7,
open triatgles) displays no extra broadening only at three values of r. namely r = -2,
1. and £~ =0.5 (where the minimum of the parabolic fit shown in Figure 7.5 occurs).
Thene are the only values of 5 at which the detivative 4 [, is cqual to zero. The
magnitude of the observed extra broadening of the *CGa central transition again im-
plies a spread of ~ £2° in the “local” principal axis directions of the electric fieki

gradient tensor.

“Ser Appendix B for details.
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7.6 Future Goals

All of the results described thus far in this Chapter are based on NMR signala
that were primarily due to the 4 um thick GaN buffer laver. and can hardly be used
to characterize the disorder and the internal electric field gradients in a 200 nm thick
InGaN quantum well.

Figure 7.8 iliustrates our attempts to detect the quantum well signal directiy by
switching to the indium frequency. since indium is not present anvwhere else in the
sample. To optimize the NMR acquisition parameters. we used a small piece of [nP
wafer’. which produced eanily detectable sgnals for both In isotopes (see Fig. 7.8).
once placed into the sample cuil. We then took [nP out. lowered the temperature
down to T = 1.5K. and accumulated 42 swans® from sample A over the 5 hour hold
time of our 'He crvastat The resulting spectrum showed no indinm signal. even after
subtraction of the background sighal due to acoustic resonances in the NMR coil

This negative result indicates that a natural step to take next woukl be to use
optical pumping. which our laboratory has specialized in from its conception m 1995,
This will allow us to boost and thus detect NMR signals from a single InGaN quantum
well. which so far s below the conventional NMR detection threshold. Since GaN s
a wide-bandgap semiconductor. it has to be optically pumped with a blue light. and

thus many of the optical components in our system need to be optimized for the new

"The wafer was kimlly provided to us by Prof. Lou Guido from the Yale Electrical Enginerting
Depart ment.

*We used & relatively (ast (for the tempetature T = 1 5 K) repetition time of ~ 7 min because the
expected T relaxation time of indium is much shueter than that for buth gallium istopes. At these
low temperatures longitudinal nuclear spin relaxation i dominated (in the absence of free electrons)
by a quadrupole coupling to the time-depetndent clectric fiekd gradients. amociated with phonons.
The enormous quadrupole momett of indium (se Table 4.2) will thus most lwly lead to relatively
short indium T, relaxation times in [nGaN.
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Figure 7.8: In our attempts to detect indium NMR signal from the 200mm thick
Inog7CaaxaN epitaxial layer in sample “A”. we inserted a smnall fragment of InP
substrate into our NMR coil. which resulted in the indium spectrum shown. Here
B=70M8T and f, =65.677 MHz. Note. that signals both from '"*In (large peak)
and 'Pin (small peak) isotopes can be casily seen (see Table 4.2). However. the
indium signal from the epitaxial n,Ga,.,N layer proved to be below the sensitivity
limit of our conventional NMR ineasurement.
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wavelength.

As a proof of principle. we used OPNMR to detect the signal from a single 250 A
wide GaAs quantum well. Figure 7.9 shows an OPNMR spectrum obtained after
pumping for 60's using ~50 mW of red (813 nm) light. The “W™ peak here is detected
with a good signal-to-noise ratio from mere 8.6 x 10", or about | ug. of *'Ga nuclei. a
number that is even somewhat smaller than the nutnber of indium nuclei in sample A
(see Table 7.1). The direct comparison. however, is complicated by large differences
in the relaxation time T, and bv the number of expected satellites, on which the
signal amplitude strongly depends.

To summarize. even though we have been working at the very limit of conventional
NMR detection. quantitative information about disorder in the GaN epitaxial lavers
mav be already inferred from our preliminary measurements”  Major equipment and
experunental changes. necessary to apply an OPNMR approach to the study of GaN-
based thin filins are already i the development stage. with our ultunate goal being
the ability to probe local microscopic properties of the associated mitride quantumn
wells. Based upon our experience in GaAs, we expect to obtain an approximately
hundred-fold signal enhancement when optical pumping is used. which will open up
the exploration of crystal structure and internal clectric fiekd gradients in the novel

GaN-based heterostructures down to 3 — 5 A length scales.

*"Recently the first sucremsful attempta to grow bulk GaN single crystals have been reported 78]
with a view towards developing petfectly matched substrates e I8GaN/CGaN-based devices. Char-
actetization of thewe crystals can be another potential application of the NMR techniques described

in this Chapter.
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Figure 7.9: "'Ga OPNMR emission spectrum of a single 250 A-wide GaAs quantum
well (containing 8.6x 10", or about 1ug. of "'Ga nuclei). acquired at 6= 19" and
T=15K.in By = 7985 T at a frequency f, = 103.7 MHz. “B” and “W™ refer to the
barrier and the quantum well signals. respectively.
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Chapter 8

Conclusions

Our measurements of electron spin polarization and dvnamics near the primary
Fractional Quantum Hall effect ground state of v = 1/3 provide evidence for novel
spm phenomena and place important constrants on the theoretical description of
this “fragle” quantum Hall ferromagnet.

Whereas the carliest theory of the fractional QHE assumed that the electrons
are fully spin-polarized for 0 <v < |, our Kmight shift measurements indicate that i
the inmediate vicimty of v = 1/3. there ix a suall (but measurable) depolanization.
Although it appears similar to the Skvrmion peak at v = 1. the effect at v =1/ s
much weaker: only ~0.1 of electron spin s reversed per umit of Hux added to the
svstemi. Surprisingly. this trend continues unchanged through a large range of the
filling factors. including v =2/7. in contrast to the distinct structure seen in the
transport measureinents.

This spin revernal. amociated with charged excitations of the # = 1 /3 ground state.
is evenl more evident in our linewidth measuretnents, showing a non-monotonic tem-
perature dependence of the well lineshape broadening. which grows continuously as
the filling {actor is varied away from » = 1/3. We attribute this non-trivial behavior
to localization of the spin reversed regions over the NMR time scale of ~ 40 us.

125
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In addition. we observed an unusual coupling of the radio-frequency magnetic
tields to the spins of 2DES. This effect exhibits an extremely strong non-linear de-
pendence on the sample lattice temperature and the amplitude of the fHeld. Sur-
prisingly. the electron spins relax very slowly once excited by the rf field. which al-
lows ux to place an estimate on the longitudinal electron spin-lattice relaxation time:
0.1 mx < 1y, < S s,

In an attempt to use OPNMR 10 the studies of new wide-bandgap semiconduc-
tor materials, we performed preliminary measurements on GaN epitaxial lavers with
conventional NMR. which despite the very small sampie sizes led to a number of
interesting resilts. The measured second-order quadrupole broadening of the central
transition is consistent with our observations of enormously brondened satellite tran-
sitions i the limited range of tilt angles. from which we anfer that the local electric
fickd gradients have an angular «watter of +2°. exceeding the spread in the loeal

crvstalline lattice onientations by a factor of ~ X
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Appendix A

Calibration of RuO,; thermometer

in high magnetic fields

Table A.1 shows the ficld-dependent calibration data for our 200040 Ru€); ther-
motneter (Fig. 4.9a). position 2). that was obtained by sweeping the magnetic tiekl

at a tixed temperature using a field-independent capacitance reference sensor

Table Al Measured fickl dependence of the Ru(); calibration data.

Magnetic Temperature (K)
field (T) 0.42 0.58 0.65 0.89 1.51
Sensor impedance (1)

5850 4938 1679 4057 3321 2453
5757 4859 4592 4051 3325 2457
5726 4420 4605 4055 3337 2462
5731 4821 4654 4066 3353 2467
5752 4858 4704 4081 1373 2472
577 4919 4736 4098 3393 2476
5796 4993 4746 4116 3412 2481
5807 5063 4742 4134 3429 2486
3811 5117 1739 1149 443 2490
5814 5150 4749 4162 3455 2495
5830 5173 77 4173 3465 2499
877 5218 4816 4181 U 2503
5984 5349 4839 4189 383 2508
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128 APPENDIX A. CALIBRATION OF RuO, THERMOMETER

A detailed zero-field calibration of our Ru(); sensor. obtained for the range of
temperatures 0.285 < T < 20K by using three independent factory-calibrated ther-

mometers. could be approximated by:

8
To(R) = c-xp[u; - ((—:-_!) Y ((—:_1)"l - ug ln(r) + Z(q,_,m”! + 0y, sin)l)] (AL

1=

where r=R - 18936t =azln(aa + lur). and a,. ¢, are given in Table A 2.

Using the data mn Table Al we made the following interpolation of the tickl-

dependent calibration:
l . !
T(R.B) = To(R) + b(«l. + .l,(l + expl T (-To(R) + 3 g )]) )TA(R) (A
1Y 1 ppor

d,. g, are aven i Table A2, and

where b= 2
(3g + by} gl 1
LUSCRLIES Y9

)70

Ts(R) =

Al
I+ explhig + hyj (A

with g =1 [hy + In(R - 199941 ).

i

and h,. k, given in Table A.2.

Table A.2: Interpolation coethicients for the fiekd-dependent Ru(); calibration.

J a, P d, 9 h, J

0 -().14662 1.11316
| 9.478759 0.009067 -4.5 40.73259 1.9514 0.13411
2 1 107.12972 -0.003381 5.5 -522.52437 118.89 —1.82538
J 14.352 -0.03487% 0.18 J015.30139 -13.46922 -4.41193
4 | 157.25296 0.005544 -9510.26425 -5.25075 29.04096
5 2.3709 0.010230 17385.15091  -5%5 30.74219
6 1.2499 0.028322 - 18357.09345 -151.91103
7 1.13633 0.008261 10388.66573 - T1.48978
8 -4.7 0.004888 - 2440.56451 33514834
9 0.000331 74.45248
10 -0.006830 ~366. 72384
i1 -0.000921 - J4.80849
12 -0.003085 199.21497
13 5.79426
14 -42.82845
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Appendix B

Quadrupole Aluminum NMR as a

Precision Tilt Sensor

Figures on the following pages demonstrate possable use of 7 Al NMR as a toal
to calibrate the sample rotator m sstu with respect to the magnetic tickl. All of the
data shown i this Appendix were obtamed in By, = 7985 T at room temperature,
although amilar results were also obtained at a temperature of T = 4.2K

From our measurements we extract the following values of the quadrupole splitting

constant (Eq. 7.7) for sapphire:
My (~ 285K) = 360.17 kHz  and g (4.2K) = 35713 kHz . (B.1)

cousistent with my(T) data obtained from the single crystal measurements [77).

Our measurements are also fully conmistent with the second order perturbation
theory of the quadrupole shift (Equations 7.6 and 7.9). and confirn the accuracy of
the Swedish rotator stage to be! well within £ 0.1° over the entire accessible range of
angles for 8 > -25°.

'Amuming our knowledge of the constant rotatur offset which can be determined exactly from
the measurements in Figure B.3.
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130 APPENDIX B. QUADRUPOLE ALUMINUM NMR

10 -

NMR signal (arbitrary units)
T

T 111

o L......-JL....JL,--.J

] 1 ] 1 ||
400 200 0 200 -400
Frequency (kHz2)

Figure B.1: Typical room temperature ¥ Al NMR spectrum of single crystal sapphire.
taken at =37 in By =7.985T (f, = 88.58 MHz). All five transitions, split by a
quadrupole coupling to the crystalline electric field gradieuts. are obwerved. Similar
spectra are casily obtained at temperatures down to T ~ 4.2K by waiting for nuclear
polarization to build up and then using a small tipping angle of a 23 5°, which allows
a rapid acquisition of spectra one after another.
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APPENDIX B. QUADRUPOLE ALUMINUAN NMR 131

800 -

(a)

NMR frequency (kHz)
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Figure B.2: Quadrupole shift of the 7 Al satellite transition frequencies as a function
of tilt (a). with the second order shift of the central transition shown in (b) on a
finer scale. The inset shows crossing of the parabolae fitted to the data for each
transition. Proportions of the delta-like pattern are cousistent with the second order
perturbation theory (Equations 7.6 and 7.9).
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132 APPENDIX B. QUADRUPOLE ALUMINUM NMR
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Figure B.3: (a.b) Determination of the quadrupole splitting constant g by precise
measuretnents of the outer satellite frequeticies as the sample is tilted through 6 = 90°.
Note that the synthesizer frequency was shifted by £ J60kHz for cach satellite.

(c) Using the obtained value of 1ny. we can solve Equation 7.9 for any pair of
satellite frequencies and thus extract 8. The difference between the extracted and the
dialed values shows some periodic fluctuations as the rotator spiral advances through
each turn. which is so-called tooth-to-tooth error. Note the average constant offset
of about 0.4* between the extracted and the dialed values. which depends on how a
particular sample is attached to the rotator platform.
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