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ABSTRACT

The physical phenomena governing hyperpolarization through optical pumping of conduction electrons
continue to be explored in multiple semiconductor systems. One early finding has been the asymmetry
between the optically pumped nuclear magnetic resonance (OPNMR) signals when generated by different
circular polarizations (i.e., light helicities). Because these resonances are asymmetric, the midpoint
between the signals prepared with each of the two circular polarizations is either a positive or negative
value, termed an “offset” that is representative of an optical Overhauser enhancement. Both negative off-
sets (in GaAs) and positive offsets (in CdTe) have been observed. The origins of these offsets in semicon-
ductors are believed to arise from thermalized electrons; however, to the best of our knowledge, no study
has systematically tested this hypothesis. To that end, we have adopted two configurations for OPNMR
experiments—one in which the Poynting vector of the laser light and magnetic field are parallel, and
one in which they are antiparallel, while other experimental conditions are kept the same. We find that
the OPNMR signal response to a fixed helicity of light depends on the experimental configuration, and
this configuration needs to be accounted for in order to properly describe the OPNMR results. Further,
studying the offsets as a function of field strength shows that the optical Overhauser enhancement
(the offset) increases in magnitude with field strength. Finally, by describing all angular momentum
and phasing conventions unambiguously, we are able to determine that the absorptively-phased appear-
ance of ''3Cd (and '*Te) OPNMR in CdTe is a consequence of the sign of the nuclear gyromagnetic ratios

for these isotopes.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Orientation of electron spins and their hyperfine coupling to
nuclear spins is the underpinning of a wide range of emerging
techniques in magnetic resonance and magneto-optics [1-6].
These couplings are of interest in candidate systems for quantum
computing, notably in nitrogen vacancy (NV) centers in diamonds
[3,7,8], trapped ions [9-11], semiconductors [12-15], and quantum
dots [16-18]. Because these diverse systems converge onto similar
topics, there is a need to unify nomenclatures and conventions
among these many topical areas.

Optical pumping (OP) in nuclear magnetic resonance (NMR)
spectroscopy is an ideal system in which to explore some of these
conventions. NMR benefits from underlying definitions, where the
quantization axis (and therefore orientation) of spin states
depends only on the orientation of the external magnetic field,
By. Nevertheless, in many reports of magnetic resonance experi-
ments, the orientation of By in the laboratory is omitted, or
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sometimes not known because the orientation is not germane to
the NMR experiment. This absence brings up challenges when
addressing physical phenomena observed in hyperpolarized NMR
involving optics and magnetic fields, as omission of a reference
frame may lead to different interpretations.

For comparison, in NV center experiments, the states are (often)
instead quantized based on the axis parallel to the nitrogen-
vacancy “bond” instead of an external magnetic field. In experi-
ments where NV axes are not parallel to By, the absorption rules
become complicated because the circularly polarized light
becomes elliptical in the NV frame [19-21].

The intent of this work is to demonstrate how different experi-
mental configurations impact measurements and conclusions in
hyperpolarized systems of semiconductors. Additionally, we
believe the principles demonstrated here—specifically the explicit
stating of the experimental configuration and the determination
of the resulting quantization axis based on conventions—should
be adopted by other hyperpolarization scheme reports. These
would facilitate strong cross-readability between disciplines, as
well as minimize ambiguity.
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OPNMR hyperpolarization relies on optical pumping of conduc-
tion electrons in a semiconducting wafer with photons at or near
the electronic band gap (E,), shown on the left side of Fig. 1 (here,
a direct gap species such as GaAs). For a detailed treatment, the
photophysics of optical pumping in semiconductors is described
extensively in multiple references[22-26]. At the top of the valence
band and the bottom of the conduction band, the electronic states
can be approximated as “atomic-like” energy levels with total
angular momenta J = 3/2 and J = 1/2, respectively [24]. This is
depicted on the right side of Fig. 1, where the lower energy levels
represent the four m; values for the states at the edge of the
valence band, and the higher energy levels represent the two states
at the edge of the conduction band. The Zeeman splitting of the my;
states (on the order of 10 1eV-100 peV) are many orders of mag-
nitude smaller than the band gap of the semiconductor (on the
order of 1 eV), so the energy differences in m; levels are not visible
on this scale.

In practice, there are two possible experimental strategies for
optical pumping with a colinear arrangement of magnetic field
and light (i.e., the Faraday configuration); the direction of the
external magnetic field (By) can either be parallel or antiparallel
to the direction of light propagation (k). We will depict these
two configurations schematically in figures for ease of understand-
ing experimental data, with a large blue arrow showing the direc-
tion of By, and a wavy red arrow showing the direction of k. This
configuration has important implications for the data obtained,
as we will show below.

OPNMR in semiconductors relies on the use of light to manipu-
late the electrons. Often, OPNMR experiments use circularly polar-
ized light, meaning photons in the beam share the same value of
angular momentum, either carrying + 1 or -1 in units of h. Caution
is needed when looking at the OPNMR and magneto-optical litera-
ture, as there are two common ways to define /o~. We use the
definition that o*/o~ light carries +1/-1 unit of angular momen-
tum relative to the direction of the laser’s propagation (the “Poynt-
ing vector,” or k). ' When irradiated with photon energy at or above
the band gap, electrons are promoted from the valence band to the
conduction band, depicted as dashed red arrows in Fig. 1. In this
example, By (blue arrow) is parallel to k (red wavy arrow), and m;
changes by +1 when ¢ light is used.

A large conduction electron polarization is achieved by taking
advantage of the different transition dipole strengths of the two
allowed transitions when using circularly polarized light. A theo-
retical 3:1 transition probability ratio is expected due to the optical
matrix elements[22] (depicted as the number of arrows on the
right half of Fig. 1), leading to a population difference between
the two conduction band electron states. Consequently, the instan-
taneous spin polarization in the conduction band, Pop, is expressed
as the ratio of the difference in population over the sum:

N,—N, 1-3
Por =N N, ~153 00 ®

where N; is the number of conduction electrons pumped to the m; =
1/2 state, and N, is the number of conduction electrons pumped to
the m; = —1/2 state. Depending on the helicity of light, Pgp takes on
different signs. While we have found that this value has a photon
energy dependence [25], we use this simplifying assumption for
optical pumping just below E,. In the example shown in Fig. 1, opti-
cal pumping results in a large, negative electron spin polarization of
-50% (—0.5).

1 ¢*+/o~ can also be defined based on the change in the spin quantum number of

the electron during absorption, Am; = +1. These are potentially conflicting definitions,
therefore care is needed when comparing works between different publications
(arising from different optical and magnetic field configurations) [19,27-31]
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Fig. 1. Left: Diagram of the band structure of a direct gap semiconductor such as
GaAs. Right: Schematic for bandedge states labelled with m; values. Upon
irradiation with circularly polarized light, valence electrons are excited to conduc-
tion band states with a change of m; by +1 (in this example). The three dashed
arrows connecting |-3/2) to |-1/2) states indicate this transition is three times
more likely than the other transition. (Using the opposite helicity of light would
change m; states by —1, not shown). The inset schematic depicts both the direction
of By (blue arrow) and laser Poynting vector (red wavy arrow). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Since the laser excites electrons into both the m; =+1/2 and m; =
—1/2 states of the conduction electrons, 100% polarization is not
achievable. It is worthwhile to note that using circularly polarized
light as depicted in Fig. 1 (where Am; = +1), results in conduction
electrons with a (net) negative polarization. Hyperfine coupling to
nuclear spins then transfers the polarization from the hyperpolar-
ized conduction band electronic m; states to the nuclear m; states.
The hyperpolarized nuclei are then detected as an enhanced NMR
signal (here negative, but with both positive and negative enhance-
ments possible and dependent on the helicity of light) by applica-
tion of a radio-frequency pulse sequence [24].

In magnetic resonance, we quantize the orientations of m; and
m; states generally only in relation to the direction of By [32]. If
By is reversed (or inverted from By to By ) in the laboratory frame,
so are the orientations of the m states. Because m; and m; states
describe the projection of quantized angular momentum on their
quantization axis (on the B, axis in this case), describing the
absorption of a photon—which has its own quantization axis con-
vention based on the direction of k—can become complicated.
Our study seeks to explain the consequences of NMR measure-
ments when k and By are in different configurations. In the parallel
configuration, as seen in Fig. 1, the two angular momentum con-
ventions share the same reference frame. Here, a ¢* photon would
carry +1 unit of angular momentum with respect to By, and there-
fore would change m; by +1. However, in the antiparallel configu-
ration, shown in Fig. 2, because the reference frames for the two

Conduction Band T 1

-1/2 1/2
Y% THSHS
\ A\
\ NN
Am,=-1, o* \ A
\ NN
\ \ \\

-3/2 -1/2 1/2 3/2
Valence Band

Fig. 2. Optical pumping diagram in the antiparallel configuration. When irradiated
with ¢* circularly polarized light, valence electrons are promoted to conduction
band states with a change of m; by —1. The inset schematic shows the direction of
By (blue arrow) and laser Poynting vector (wavy red arrow). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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angular momentum conventions are now inverted with respect to
one another, a ¢+ photon would carry —1 unit with respect to By,
and therefore would change m; by —1. For these reasons, the
NMR phase and amplitude data for OPNMR and potentially other
hyperpolarization schemes such as experiments in NV centers
need to take into account these different configurations.

2. Experimental methods

A semi-insulating GaAs (si-GaAs) wafer from ITME, Warszawa
(Ingot No. 2137, growth direction [100]) was used in the GaAs
studies. The 400 pm thick wafer was cut into a rectangle of approx-
imately 3 mm by 10 mm in order to fit in the NMR coil.

A homebuilt single-channel transmission line NMR probe was
used in all the experiments [33,34]. In order to achieve sample
temperatures of 6 + 0.2 K, a Janis-200 Supertran continuous-flow
cryostat was used; the temperature was monitored and controlled
by a Lakeshore 340S temperature controller. The samples were
mounted strain-free via Apiezon type N grease on a sapphire rod
which acted as a heat sink.

The external magnetic field (By) used for the first set of experi-
ments was 4.697T (%°Ga Larmor frequency of 48.08 MHz) and
aligned antiparallel to the incoming laser light. This field was
reversed for a second set of experiments to the parallel configura-
tion (bringing the superconducting magnet as close as possible to
the same strength) at a field of 4.699 T (%°Ga Larmor frequency
of 48.11 MHz).

Additional studies were performed on a high-resistivity, crys-
talline CdTe wafer in CdTe OPNMR profile studies. The 500 pm
thick wafer was cut into a 2 mm by 4 mm rectangle. Experiments
were performed in the parallel configuration in the 4.699 T exter-
nal magnetic field (1'3*Cd Larmor frequency of 44.54MHz).

The pulse sequence used consisted of a saturating radio fre-
quency (rf) pulse comb to ensure destruction of any net magneti-
zation buildup between experiments, followed by a 7, period of
continuous-wave laser irradiation (10 min). The saturating comb
and 7, period were followed by a Bloch decay (single 7/2 pulse)
NMR experiment. A typical saturation train consisted of 50-100
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small tip-angle pulses, with a 1 ms-2 ms delay in between. A single
transient was recorded for all spectra unless otherwise noted.
Notably, recycle delays are irrelevant here, because the laser estab-
lishes the spin polarization, instead of waiting for a time constant
on the order of Ty, the spin-lattice relaxation time constant.
OPNMR signal only arises from the regions of the sample that are
irradiated; Ty, is long enough that signal from thermal polarization
in the entire sample during 7, is negligible.

Laser irradiation was delivered by an 899-21 Coherent Ti-
sapphire frequency-stabilized laser which was pumped with a
532 nm Spectra Physics Millenia Xs laser. The photon energy of
the laser was monitored with an Ocean Optics HR-2000 spectrom-
eter. A CVI Laser Optics zeroth-order quarter wave plate centered
at 790 nm, placed in a rotational mount, was used to adjust the
laser polarization from circular, to elliptical, to linear depending
on its orientation. The waveplate was retained in the rotational
mount for a given set of experiments, and the optical pathway
was identical between the antiparallel and parallel versions of
the experiments. At the sample, the beam was fixed to be a con-
stant 100 mW of power with a beam diameter of 2 mm.

At the start of any set of experiments, once the sample reached
a temperature of 6K, a ®°Ga NMR reference spectrum (the “Boltz-
mann” signal, also termed “thermal” herein) was recorded from
the GaAs single crystal with a small tip angle pulse-acquire
sequence, in the absence of any laser irradiation. Only a single tran-
sient was recorded. The NMR spectrum was phased absorptively,
and that phase (the “system phase”) was then applied to all other
OPNMR spectra recorded subsequently on that day. Hence, any
change in phase arises from coupling to the conduction electrons
and their optically-oriented polarization.

3. Results and discussion

OPNMR signals have been studied with respect to the photon
energy used for optical pumping. Examples of OPNMR “profiles”
are shown in Fig. 3. These are plots of integrated NMR signal inten-
sity, both positive and negative, as a function of the photon energy
of the optical pumping light and, in particular, the helicity (circular
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Fig. 3. OPNMR “profiles” as plots of integrated ®Ga OPNMR spectra from semi-insulating single-crystal GaAs for two different light helicities. Black filled symbols are from o+
circularly polarized light, and green open symbols are from ¢~ circularly polarized light. (a) %*Ga OPNMR profile for the parallel orientation of the external magnetic field and
the laser light’s Poynting vector, and (b) for the antiparallel orientation of the external magnetic field and the Poynting vector. The °Ga NMR spectrum labeled “THERMAL” is
the conventional ®Ga NMR spectrum recorded at low temperature to set the phase for other experiments. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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polarization) of the incoming laser light. To the far left of the figure
are representative inset %°Ga spectra that demonstrate these data
appear as both “positive enhancements” (absorptively-phased)
and “negative enhancements” (emissively-phased) spectra.
OPNMR profiles exhibit a shape and detailed photon energy depen-
dence that reflects a combination of both the penetration depth of
the laser into the semiconductor sample [34-36], and details of the
spin-split bandstructure arising from effects of the external mag-
netic field on the electrons of both the valence and conduction
bands [26,37-40].

The reference thermal spectrum is shown in the middle inset of
Fig. 3, and all data is phased with respect to it as outlined earlier. It
is critical to note that this phasing convention does not necessarily
impart knowledge of the orientation of nuclear spin angular
momentum in the frame of reference of the laboratory. Irrespective
of the sign of the gyromagnetic ratio, thermally polarized NMR sig-
nals (by a Boltzmann distribution) are phased absorptively. It is
helpful to think of this spectrum’s phase as independent of which-
ever experimental configuration is being used (parallel or antipar-
allel, as described previously).

Describing the phasing in such detail is important because
many NMR researchers do not specify the direction of the field,
By, of their superconducting magnet in experimental reports, and
for this reason, are unable to adequately describe the orientation
of nuclear spin angular momentum with respect to the angular
momentum of the photons. Here, we transform aspects of the
experiment and the resulting physics into the reference frame of
the magnetic field.

The OPNMR profile in Fig. 3a depicts data obtained in a parallel
configuration of both the external magnetic field (the large blue
arrow) and the Poynting vector of the laser light (the wavy red
arrow). The %°Ga OPNMR signal that results from using o~ light
(green open symbols) is positively enhanced (i.e., absorptively-
phased), whereas the signal from absorption of ¢* light (black
filled symbols) is negatively enhanced (emissively-phased), across
the range of photon energies used for optical pumping of GaAs.
Optical pumping with ¢* laser light in the parallel configuration
leads to more intense negatively-enhanced signals than the
positively-enhanced signals from o~, as reported previously
[4,25,33,34,38,39,41-47].

In this parallel configuration, o* light produces a negative
nuclear enhancement even though it introduces + 1 unit of angular
momentum to the electron spins. This is because of the selection
rules depicted in Fig. 1which produces a negative conduction elec-
tron spin polarization and therefore negative nuclear spin polariza-
tion. Likewise, o~ light produces a positive enhancement by using
equivalent and opposite selection rules. The asymmetry that is
found between the relative intensities of two signals for a given
photon energy originates from thermalization processes that are
independent of the helicity of light used (described below).

We tested the outcome for the antiparallel configuration (be-
tween the external magnetic field and the laser Poynting vector),
shown in 3b. To conduct this test with a superconducting (4.697 T)
magnetic field, we discharged the magnet, and keeping all other
aspects of the experiment the same, we re-charged the magnet with
the opposite polarity at a nearly identical field strength (4.699 T). The
thermal reference signal was phased absorptively, and the system
phase was used for all subsequent experiments. The resulting
OPNMR profile in Fig. 3b shows that ¢+ light (black filled symbols)
now results in a positive enhancement, whereas ¢~ (green open
symbols) results in a negative enhancement—opposite in phase to
the profile data in 3a—with the green open symbols following the
direction of the By field. It is worth noting, the asymmetry is still pre-
sent in this configuration, with larger negative enhancements than
positive enhancements.
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When the field direction is reversed, the two helicities of light “in-
terchange” their effects. These observations are a consequence of the
NMR phasing: for the parallel case, a ¢+ photon carries +1 unit of
angular momentum relative to By, whereas in the antiparallel case,
a o+ photon carries —1 unit relative to By. The signal asymmetry
between pairs of 6"/~ data points for a given photon energy can
be expressed as the average between the two. This average value
in Figs. 3a and 3b is negative, for both parallel and antiparallel con-
figurations in contrast to the Boltzmann or “thermal” magnetization.
A series of experiments were performed where the quarter-
waveplate was rotated through multiple angles to produce elliptical
and linearly-polarized light (7), similar to that shown previously for
69Ga OPNMR [48]. Here, we are able to perform a similar experiment
on light (polarization) dependence for both experimental configura-
tions (parallel and antiparallel), and the OPNMR signal intensities
are shown in Fig. 4 as a function of polarizer setting for parallel (blue
solid symbols) and antiparallel (red open symbols) orientations. The
experiments were performed at a fixed photon energy of 1.505 eV (~
9 meV below the GaAs excitonic absorption at 6 K). Vertical dashed
lines are shown at polarizer settings of 20 degrees and 110 degrees,
corresponding to ¢* and ¢, respectively. The signal intensity exhi-
bits a sinusoidal relationship with the quarter-waveplate setting
(expressed as an angle), and the asymmetry of the OPNMR signal is
captured as an offset of the sine shapes (shown as the horizontal
dashed line in the figure). The parallel and antiparallel configura-
tions are 90° out of phase with respect to one another. These data
are fit with offset sine waves and normalized so that the functions
each have an amplitude of 1. The offsets are found to be —0.39 and
—0.40 arb. units for the parallel and antiparallel orientations,
respectively.

The origin of the observed nuclear hyperpolarization arises
from cross-relaxation with the electronic spin polarization. A full
description of the mechanism relies on accounting for nuclear spin
diffusion and nuclear spin-lattice relaxation as a function of time
[24]; however, when these contributions are ignored for simplicity,
the steady-state z-component of nuclear spin polarization, assum-
ing scalar relaxation, can be shown to have the form [49,50]:
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Fig. 4. OPNMR signal intensity as a function of rotation angle from optical mount
markings of the quarter-wave plate for both magnetic field orientations. Data from
the B, field parallel to k are filled symbols, and the antiparallel configuration are
open symbols. NMR signal intensities are normalized so that the amplitude of the
fitted sine waves were 1 arb. units Offsets are -0.39 and -0.40 for parallel and
antiparallel B, orientations, respectively. Dashed vertical lines denote waveplate
settings for o+ and ¢~ polarizations, as indicated. The horizontal dashed line shows
the midpoint of the sine functions, equivalent to the offset values for both. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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where (S;) is the z-projection of the average electron spin polariza-
tion, I and S are the nuclear and electron quantum numbers, and Sy
is the conduction electron equilibrium spin polarization.

(S;) can be shown to have the form [22,25,51]:

T]e Te
= Soot +
T]e + Te ot T]e + Te

(Sz) So 3)
where T, is the electron spin lifetime, and 7. is the electron recom-
bination time. This equation is composed of two terms. The first
term involves the creation of hyperpolarized, oriented conduction
electrons via optical pumping, which is expressed as Soy. The sec-
ond term involves the population of spin-relaxed conduction elec-
trons, Sp. The sign of the optically-generated spin polarization
comes through the first term owing to optical orientation, whereas
the second term arises from carriers occupying the states at (or just
below) the conduction band edge which have spin-relaxed. This lat-
ter term (which is proportional to By/ksT) therefore exhibits a
dependence on the strength of the magnetic field, By.
So is given by [24,50,51]:

_1, 1 —&' 1gBo
So = E’Pe =5 tanh < oT ) (4)

where p; is the Bohr magneton, kg is the Boltzmann constant, T is
the experimental temperature, B, is the strength of the magnetic
field, and the value for g* is given as the effective Landé g-factor
[48,50,51], which we discuss below. (The minus sign in this equa-
tion originates from an early convention where the free electron
g-factor was treated as a positive value, and other expressions for
g are relative to that positive value [52,53]. Because of this early
convention, when converting between expressions for g-factors
and electron gyromagnetic ratios, y,, the expression must include
a minus sign: y, = —gug [50].)

We must consider the impacts of the orientations of Poynting
vector (k) and light helicity, with respect to the external magnetic
field (By), on the optically-generated electron spin polarization,
Sopt- Noting that (S;) divided by the electron spin quantum number,
S = 1/2, equals polarization, Pop, we can capture the influence of
these factors through these two expressions:

Sopte) =S - Por(F1) 5x
Soptap) =S - Pop(£1) 12

(parallel) (5)
(antiparallel) (6)

where Pop is assumed to be 0.5 (50%) at the band edge as discussed
previously (Eq. (1)). In other words, the factor (¥1),. for the sign of
the enhancement is determined by using either g+ light (—1) or 6~
light (+1) for the parallel configuration, and the converse for
antiparallel. Since the experimental configuration impacts the sign
of the polarization, these two separate expressions are necessary.

When examining the data in Figs. 3 and 4, changing the helicity
of light affects the nuclei so strongly that it can manipulate the ori-
entation of nuclear spins, manifested as the enhancement (positive
or negative) of the OPNMR signal. The asymmetry of the NMR sig-
nal intensities arises from contributions to the electron spin polar-
ization from both thermal equilibrium conduction electron spin
polarization and responses to the photon angular momenta of
incoming light [25,41,48], described in Egs. (2) and (3). The relative
sizes of Tq. and 7. play a role in determining the magnitude of this
asymmetry; however, for the purposes of this discussion, we will
focus only on the direction, or sign, of the asymmetry.

The sign of S, is invariant with respect to the helicity of light
and the configuration of k with respect to By; therefore, its effect
on the electron polarization always has same sign. This convention
puts the orientation of electrons into the reference frame of the
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magnet; hence, By will be expressed as a value, where using the
magnitude removes potential sources of error if not considering
the new reference frame. In fact, with an unpolarized or linearly
polarized laser (Sopc = 0), Egs. (2) and (3) would reduce to an optical
Overhauser effect (OE), where nuclear enhancement is propor-
tional to the equilibrium spin polarization of conduction electrons
[54,55]. The optical OE is represented in Fig. 4 midway between
sine curve peaks, which is depicted as the horizontal dashed line.

3.1. Field dependence

The waveplate rotation experiment was repeated at two other
magnetic field strengths (3 T and 7 T). On the left side of Fig. 5,
the waveplate rotation experiment in a 7 T field (in the parallel
configuration) is depicted, showing a much larger offset (i.e., asym-
metry) compared to that of the 4.7 T experiments. Data were nor-
malized using the same process as Fig. 4. On the right side of the
figure, the values of the OPNMR signal offsets are plotted versus
magnetic field. The offset becomes increasingly large and negative
as By increases; mathematically, as By is increased, the magnitude
of the offset is expected to increase according to Eq. (4), assuming
T1e and 7. time constants do not change appreciably. (These data
are not fit to a model because we would be unable to rigorously
account for all field-dependent factors.) A larger offset corresponds
to an increasing dominance of the second term in Eq. (3), which is
directly proportional to By [35].

3.2. OPNMR offsets in CdTe

CdTe has NMR-active nuclei (''3Cd and '>°Te) with negative
nuclear gyromagnetic ratio values, yiscq and yisg.. We studied
113Cd OPNMR of crystalline CdTe, and Leung and Michal studied
125Te OPNMR of crystalline CdTe at cryogenic helium temperatures
[56], both generating OPNMR profiles. (It is worthwhile to note
that 11Cd, "3Cd and '*Te were also studied, but at cryogenic
nitrogen temperatures.) Notably, the parallel experimental config-
uration for 3Cd OPNMR was used by us, whereas Leung and
Michal used the antiparallel configuration for '?°Te studies. In both
cases, a consistent treatment of sign and phasing leads to positive
offsets (the average between the two signals for 6+ and ¢~ light, or
positive OF enhancements). The ''3*Cd OPNMR profile is shown in
Fig. 6(a), and the 2°Te profile in Fig. 6(b). In the parallel configura-
tion, g+ circularly polarized light leads to the most intense positive
enhancement, whereas in the antiparallel configuration, ¢~ leads
to the most intense enhancement. Unlike the case for GaAs, the
OPNMR signal does not change sign with a change in helicity.

The negative values for nuclear gyromagnetic ratios must be
treated consistently with other data. By definition, the sign of equi-
librium nuclear polarization, P, is negative (anti-aligned with By)
when 7y, is negative. Consequently, any '*Cd OPNMR spectrum
that has a negative polarization will also be phased absorptively.

The findings for these semiconductors are shown in Table 1 that
summarizes the various quantities and their signs under consider-
ation in this study. We include results for 7?Ga OPNMR (data not
shown). In past OPNMR literature, the Landé g-factor (g*) used in
Eq. (4) has been expressed to be that of the conduction electrons
[24,25,48,51,57-62]. We note, CdTe has a negative g* value like
that of GaAs, measured by conduction electron spin resonance
(CESR): -0.44 for GaAs [51], and —1.59 for CdTe [63].

We return to the initial experimental “assumption” used in
OPNMR studies: that the thermal equilibrium signal (shown as
“thermal” in the OPNMR figures) is phased absorptively, like that
of a positive enhancement, irrespective of the experimental config-
uration of By and k, whether parallel or antiparallel. This point is
significant when considering the case of ''3Cd and '>°Te with their
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Table 1
Predicted Signs of Optical OE Enhancements.
Sample Nucleus Probed Observed Optical OE (offset) Y Landé g*
(107 rad/Ts)
GaAs 69Ga - +6.43 -0.44
"1Ga - +8.17 -0.44
CdTe 13¢d + —5.96 -1.59
125Te + —8.50 -1.59

negative gyromagnetic ratios. This positive OE offset arises from
the NMR phasing, not from unique OPNMR phenomena for CdTe.
Ultimately, when viewed with a phase chosen to make equilibrium
signals appear absorptive, the sign of the offset is positive (parallel
to the thermal equilibrium) if gamma is negative, and the sign is
negative (antiparallel) if gamma is positive.

4. Conclusions

Through a series of experiments, we have explored the relation-
ship between the configuration of external magnetic field and laser

Poynting vector for optical pumping. In this study, we have verified
the mechanism invoked to describe the OPNMR phenomenon in
GaAs, and have now demonstrated its applicability in CdTe. Such
a comparison was possible by approaching these materials in an
unambigious manner: the experimental configuration, the conven-
tions for defining angular momentum in photons/electrons/nuclei,
and the conventions used to phase the NMR spectra were carefully
accounted for.

In GaAs, the OPNMR profiles have been reported before without
a systematic accounting for the external magnetic field with
respect to the laser. We have demonstrated the validity of spin
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polarization by flipping the orientation of the external magnetic
field, showing that the OPNMR profiles can be treated by consider-
ing the optical pumping selection rules. The “inversion” of the
effects of the two circular polarizations between configurations is
a consequence of angular momentum conventions. A hallmark of
OPNMR is asymmetric signals arising from optical pumping for
the two circular polarizations, which is attributed to the optical
Overhauser effect (OE). The invariant negative optical OE observed
in both configurations is consistent with an electron thermaliza-
tion effect with a negative electron g*.

In CdTe, the profiles are entirely positive in intensity for all pho-
ton energies studied here. CdTe, like GaAs, has a negative electron
g*, but the optical OE is positive in both experimental configura-
tions. We show that this apparent positive optical OE is a conse-
quence of how (OP) NMR signals are conventionally phased—
phase does not directly impart knowledge of the sign of polariza-
tion. Rather, phase depends on both the sign of polarization as well
as the sign of the nuclear gyromagnetic ratio. In CdTe, all NMR-
active nuclei have negative gyromagnetic ratios, whereas in GaAs,
all are positive. We connect the differences in signs of the gyro-
magnetic ratios to the apparent sign differences in the optical OE
for both semiconductor systems.

In summary, the experimental configuration of B, with respect
to the Poynting vector of the laser, and the treatment of signal
phase is an important aspect of optical pumping and NMR detec-
tion. Experiments should report the direction of By and phasing cri-
teria in an effort to ensure reproducibility and accurate
interpretation of spin hyperpolarization.
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