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Optically pumped NMR (OPNMR) of the NMR-active 69/71(ia species has been shown to be
a unique method to probe electronic energy bands in GaAs, with sensitivity to the light hole-to-
conduction band transition. This transition is often obscured in other optical measurements such as
magneto-absorption. Using OPNMR, we exploit the hyperfine interaction between conduction band
electrons (and their spin states) and nuclear spins, which are detected through phase-sensitive radio-
frequency (NMR) spectroscopy. Measurements were made over a range of external magnetic fields
(Bo) in two different labs with separate experimental setups to obtain the magnetic field dependence
of the light-hole-to-conduction band transition energy. In addition, k-p theory was used to interpret
the experimental results, mapping out this specific transition’s magnetic field dependence in an
AlGaAs/GaAs quantum well. The combination of theory and experiment point to a mixing of
valence bands at a field of approximately By = 4.7 T, swapping the dominant character of the
absorption transition and, thus, explaining the magnetic field dependence. Lastly, the experimental
dependence of the light-hole-to-conduction band transition energy on By is found to be less steep
compared to the calculated trend, indicating that inclusion of additional effects may be necessary to
accurately model the spin-split band structure. The additional insight gained by %9/7 Ga, OPNMR
about the light hole states will facilitate future testing of more complex band structure models.

I. INTRODUCTION
ized nuclear polarization.

fine interaction to be dominate, resulting in hyperpolar-
This increased nuclear spin

Semiconductor energy band diagrams provide informa-
tion which is useful for determining how a semiconductor
will behave in electronic devices. While conventional op-
tical spectroscopy can effectively probe the states near
the band edge (energy states at the maximum of the va-
lence band (VB) and minimum of the conduction band
(CB)), techniques to probe the deeper bands are lack-
ing. Thus, in order to fully understand and improve the
theory of band diagrams, one must develop experimental
methods to observe the deeper bands to facilitate com-
parisons with theoretical calculations.

For GaAs, a zincblende semiconductor, the valence
band has three energy bands: light hole (LH), heavy hole
(HH), and split-off hole (SH). The LH and HH bands
are degenerate at k = 0. Optical transitions from these
states can be exploited in OPNMR (optically pumped nu-
clear magnetic resonance) to polarize the electron spins
and ultimately the nuclear spins via the Fermi contact
hyperfine interaction!. OPNMR is typically performed
in semiconductors at temperatures < 10 K where the
phonon-mediated nuclear spin relaxation is quenched, al-
lowing the electron-nuclear flip-flop term of the hyper-

polarization boosts the sensitivity of NMR experiments,
which reduces the number of NMR active nuclei required
to observe a signal. OPNMR experiments can be per-
formed as a function of photon energy, resulting in an
OPNMR “profile”? 6. While other factors, such as pene-
tration depth”®, can affect the total nuclear polarization,
resolved spin oriented transitions can be seen as peaks
and valleys in the OPNMR profile. The OPNMR pro-
file depends on the magnetic field-split band structure of
the semiconductor and the transition intensities, allow-
ing one to identify features in the band structure such as
Landau levels (LLs)?39 11 Recently, it has been shown
that OPNMR can also be used to observe the interband
LH transition which is deeper in the valence band'®12.
Thus, OPNMR is a suitable technique for probing deeper
valence energy bands and their mixing.

Since spin oriented electrons lead to the enhanced nu-
clear spin polarization, it is important to understand the
processes underlying OPNMR that lead to electron spin
polarization. When illuminating with circularly polar-
ized light (0% or ¢7), each photon carries with it either
41 or -1 unit of angular momentum, respectively, which



gives rise to interband transitions that conserve both en-
ergy and total angular momentum®?. In sufficiently nar-
row quantum wells (studied in this experiment), confine-
ment in the z direction induces an energy separation for
the HH and LH bands at k = 0. Therefore, a higher
photon energy is required to excite from the LH band to
the bottom of the CB than from the HH band, shown
schematically in Fig. 1.
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FIG. 1. Conduction (CB) and valence band (VB) schematic
showing the transitions from the heavy (HH) and light hole
(LH) bands to the bottom of the conduction band using circu-
larly polarized light. The LH and HH bands are split at k = 0
due to the quantum confinement effects present in quantum
wells. Allowed oV light transitions are represented by blue
arrows while o~ is represented by red arrows.

As shown in Fig. 1, the transitions from the VB are
determined by the polarization of the light. The result-
ing electron spin polarization, when excited from the LH
band, is opposite to that of the HH band, for the same
helicity of the circularly polarized light. When a mag-
netic field is applied, the bands form subband LLs which
can be detected with OPNMR!®-'4,  Allowed interband
transitions are now not only limited by conservation of
total angular momentum (Am; = £1) but also by the
change in the subband LL quantum number. The fo-
cus of our measurements is to implement OPNMR in
order to measure the LH-to-CB transition, as a function
of the applied magnetic field. Polarized photolumines-
cence excitation (PLE) spectroscopy was also performed
to complement the OPNMR measurements which were
performed in two different laboratories. OPNMR data
with external magnetic fields (Bp) in the 4 T - 11.8 T
range were acquired at the National High Magnetic Field
Laboratory (NHMFL) and additional data at 3 T and 4.7
T were obtained at Washington University (WUSTL).
This facilitated the magnetic field dependence of LH-to-

CB transition and band mixing effects to be investigated
as a function of magnetic field.

II. EXPERIMENTAL

OPNMR experiments were performed at both the Na-
tional High Magnetic Field Lab (Tallahassee, FL) and
Washington University. Polarized photoluminescence ex-
citation (PLE) was performed at Washington University
as well. The sample was grown on a single crystal bulk
GaAs base substrate using the molecular beam epitaxy
(MBE) method at the Ruhr Universitiat in Bochum, Ger-
many. The sample contained multiple (60) GaAs quan-
tum wells separated by Algs1GaggoAs (AlGaAs here-
after) barriers. The GaAs quantum wells were 16.9 nm
thick with 24.5 nm barriers. The set of 60 quantum wells
and barriers were sandwiched between superlattices. The
sample was topped by a 10 nm GaAs capping layer. The
total sample, including the substrate, was approximately
1 mm thick.

At both locations, the sample was mounted to a piece
of sapphire to act as a heat sink, using Apiezon grease.
Temperature was monitored using a Lakeshore 340 tem-
perature controller, and homebuilt single-channel NMR
probes were used to acquire the NMR data. The probe
and sample were inserted into a space which was evacu-
ated then back-filled with a small amount of He gas. In
both experimental setups, the plane of the quantum well
was perpendicular to the magnetic field, which is parallel
to the laser propagation direction.

A. OPNMR at NHMFL

The NHMFL OPNMR experiments employed a verti-
cal variable superconducting magnet that can reach up
to 17.5 Tesla. The magnet has a sealed cold bore which
provides the cooling to hold the sample space at 4.5 +
0.5 K. "Ga NMR was obtained at low magnetic fields
while 59Ga, NMR was obtained for the highest field due
to the tuning frequency range of the probe!'®. The NMR
spectra were recorded on a homebuilt spectrometer using
a PTS 3200 frequency synthesizer and a CPC MRI Plus
amplifier. The number of transients recorded for each
spectrum was four, using phase cycling.

A Coherent Verdi laser (at 5 W) was used to pump
a Coherent Ti:Sapphire Mira 900 laser with an approx-
imate linewidth of 0.4 meV at these wavelengths. The
beam was focused to have an approximate 3 mm spot
size at the sample. The wavelength of the laser was mon-
itored using a 0.75 m McPherson monochromator with
a 600 grooves/mm grating and a charge-coupled device
(CCD) camera. The laser power was held at 200 mW
(2.8 W/cm?) and was measured before entering the bore
of the magnet. The power was measured using an Ophir
Nova Power Meter. A quarterwave retarder was used to



create circularly polarized light. The sample was irradi-
ated for 30 seconds (71,) for each scan.

B. OPNMR and Polarized PLE at WUSTL

The WUSTL lab employed two horizontal supercon-
ducting magnets with magnetic fields of 3.0 T and 4.7 T.
A helium recirculating cryostat made by Janis (SHI 950)
is used to keep the sample at 6 + 0.3 K. The NMR spec-
tra were recorded on a Tecmag Apollo spectrometer. A
single transient was acquired at each wavelength used for
optical pumping. %°Ga NMR was obtained for all points.

A Spectra Physics Millenia X laser (at 10 W) was used
to pump a Coherent Ti:Sapphire 899-21 ring laser with
an approximate linewidth of 30 MHz. The beam was
focused to have an approximate 2 mm spot size at the
sample. The sample was irradiated for 60 seconds (7).
The wavelength of the laser was monitored using a Bristol
521 Wavelength Meter which has a 0.01 nm resolution.
The laser power was held at 100 mW (3.2 W/cm?) for
the 4.7 T profile and 200 mW (6.4 W/cm?) for the 3
T profile. The power was measured before the magnet
bore using a Coherent FieldMate Power Meter. The laser
passed through a quarterwave retarder in order to create
circularly polarized light.

Polarized photoluminescence was collected after pass-
ing through a photoelastic modulator (PEM) (Hinds In-
struments PEM-100) and a beam splitter cube before
reaching the monochromator (Acton SpectraPro-2750;
0.75m path length) and being detected by an avalanche
photodiode (APD) detector. A lock-in amplifier (Stan-
ford Instruments SR-830) and a low-pass filter (Stanford
Instruments SR-640) were used to lock on to the PEM
frequency and measure the total light emission, respec-
tively.

C. OPNMR Procedure

The populations of the nuclear spin states of the gal-
lium isotope being measured by NMR was first saturated
using a standard saturation pulse sequence to destroy
any magnetization that has built up between experiments
(due to relaxation processes). Thus, the recycle delay
(1 s) is inconsequential since the initial magnetization is
destroyed at the start of the experiment. The pulse se-
quence can be seen in Fig. 2. Saturation was followed by
a period of time (77,) where the polarized laser pumped
the sample. 77, here is defined as the time between the
saturation train and the Bloch decay sequence for de-
tection. Even though the two locations (WUSTL and
NHMFL) used a different 77, time and power density, no
effect on the transition energy measurement is expected.
A longer pumping time generally results in more signal.
More signal (i.e. greater S/N of the NMR spectra) results
in smaller error bars for the points in the OPNMR, pro-
file and should have no effect on the energy levels of the

bands. A higher power density increases the number of
polarized electrons in the CB which can increase the po-
larization rate (i.e. decrease the length of 7, irradiation
time needed to achieve a certain S/N). Both locations
used power densities low enough to avoid sample heat-
ing and electron-electron correlation effects which could
affect the energy levels. A 7 radio frequency (rf) pulse
(6+1 us with both setups at all fields) was applied prior
to acquisition. The probes were tuned at each external
field, and comparable impedance matches were obtained.
This allowed for similar B; strengths (only dependent on
the rf amplifiers frequency dependency gain curve) and
thus a consistent pulse length can be used without sac-
rificing signal. The § pulse length was optimized under
optical pumping conditions at the photon energy which
provided the largest signal intensity. The optical pump-
ing conditions polarized the nuclei to a detectable limit.
The standard 7 rf pulse calibration was completed fol-
lowing the optical pumping for each pulse length acqui-

sition.
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FIG. 2. Pulse sequence used to obtain OPNMR data. The
top rf portion shows a train of saturation pulses followed by
a delay (71) before the inspection pulse and acquisition. The
bottom laser portion shows the laser is pumping the sample
during the 71, time period, the inspection pulse, and acquisi-
tion.

A thermally relaxed NMR spectrum was first acquired
with an inspection pulse after allowing the nuclear T3
process to occur for a given amount of time (typically
overnight). No laser was used to optically pump the sam-
ple in order to obtain the Boltzmann thermally polarized
spectrum. This spectrum is phased (conventionally) to
be absorptive. The phase angle used for each OPNMR
spectrum was the same phase used to make the thermal
signal purely absorptive at each OPNMR setup. Each
69Ga and "' Ga spectrum was then fit with a Gaussian line
shape in order to find the area of the peak. We choose to
use areas of a fitted function rather than peak intensity
to account for any fluctuations in linewidth. The areas
of the NMR signals were then plotted as a function of
photon energy in an OPNMR profile (Fig. 3).

The most apparent peak in the OPNMR profile at-
tributed to the light hole transition'?'? was then fit to
a Gaussian as a guide to the eye (see Fig. 3) in order to
extract the energy of the peak maximum for this feature
as a function of photon energy. Lorentzian and Gaussian
fits produce similar results and trends. However, Gaus-
sian line shapes fit the data better.



D. Polarized PLE Procedure

Photoluminescence from the sample was directed
through a PEM (at 50 kHz) and a beam splitter cube.
The PEM transformed the circularly polarized light to
into either vertically or horizontally polarized light de-
pending on the helicity of the luminescence. In our set-
up, only the horizontally polarized light is allowed to pass
through the beam splitter cube into the monochromator.
The PEM switches between converting the o+ and o~
photoluminescence as horizontally polarized light. The
lock-in amplifier locks in on the PEM frequency of 50
kHz and measures the difference between the intensities
of o7 and o~ photoluminescence. The difference can be
normalized by the total photoluminescence measured by
the low pass filter, resulting in the extrapolation of per-
cent polarization of the luminescence.

For detecting the PLE, the monochromator was posi-
tioned to the low energy side (longer wavelength) of the
luminescence feature (i.e., observe the HH). The signal
was averaged for 10 s at multiple excitation energies in
order to map out the LH transition. Similar to the OP-
NMR, data, the inverted peak which crosses through zero
polarization is fit with a Gaussian line shape in order
to determine the peak maximum. These measurements
were confined to lower and zero magnetic field strengths

E. THEORY AND CALCULATIONS

We have used empirical k - p theory based on the 8-
band Pidgeon-Brown model for the calculation of energy
band structure with nonzero magnetic field as well as the
absorption coefficient. Additional details are contained in
previous publications'!*2. We use Pidgeon-Brown (PB)
manifolds, (p = —1,0,1,2,...), to label the energy bands
and LL indices, (n = 0,1,2,...), for avoiding ambiguity
in the transition selection rule. The LL for the different
spin components of the envelope function are shown as
left superscripts in Table I. For instance, in the p = 2,
Pidgeon-Brown manifold, the first component is in a CB
spin-up state in the n = 1 LL, the second component is
in a HH spin up state in the n = 0 LL, etc.

Landau level index for each component in a PB manifold
"=P=1CB?t
"=P—2HHp
"=PLH|
"=PSH]
"=PCBIJ
n:p+lHH¢
7L:p71LHT
"=P~1SHp

TABLE I. Landau-level indicies (n) and basis states for the
spin states in a given Pidgeon-Brown (PB) manifold = p.

Since the LL index must be > 0, there is only 1, 4, 7

non-zero components to the envelope function for the PB
manifolds = -1, 0, 1 respectively. For PB manifolds > 2,
there are 8 components in each manifold. Thus, the PB
manifolds will begin at p = —1 and increment by +1 for
the inclusion of larger LL indices.

III. RESULTS AND DISCUSSION

OPNMR profiles were obtained for a region of photon
energies around the expected LH transition. The result-
ing OPNMR profiles notably have resonances with both
positive and negative peak amplitudes and concomitant
areas. NMR signals for 0~ were found to be largely pos-
itive (“absorptively phased” spectra) except for the re-
gion in which the LH transition appears. Similarly, all of
the o™ NMR signals were negative (“emissively phased”
peaks) except where the transition occurs. The OPNMR
profiles from the NHMFL measurements at various fields
(4 T-11.8 T) and the fits to the LH transition can be
seen in Fig. 3.

In our earlier publications , we reported on the in-
version in the sign of nuclear magnetization when op-
tically pumping at the LH-to-CB transition. Through
modeling'®!! this assignment was confirmed for By =
4.7 T. We have sought to extend our experiments to ad-
ditional By fields in an effort to examine the By depen-
dence of this interband transition. The OPNMR profiles
extracted from data recorded at NHMFL are depicted
for external magnetic fields (By) of 4 T — 11.8 T. Fig. 3a
shows these OPNMR profiles with ¢~ laser irradiation,
and Fig. 3b are those with o™ irradiation. Superimposed
onto each are Gaussian functions fit to the peak where
signal inversion occurs, meant to guide the eye. As ex-
pected, the LH transition shifts to higher photon energies
as By is increased, for both helicities of light. For ¢~ ir-
radiation at the LH transition, the magnetization of the
OPNMR resonance becomes inverted (or much closer to
zero for lower fields), exhibiting negative magnetization.
For o1, the opposite is true: once the LH transition is ir-
radiated, the signals adopt the opposite phase, such that
the signals exhibit positive magnetization.

In Fig. 3, the transition appears much stronger and
thus inverts the nuclei to a greater degree at higher fields.
While not quantitative, this trend is notable since higher
fields increase the splitting between the energy levels.
The combination of quantum confinement (to separate
the LH and HH bands) and higher magnetic field could
be reducing the amount of HH character in the LH band
due to band mixing. The same trend has been observed
in the published Washington University data!®12.

10-12

A. Field Dependence

Using the peak position of the transition attributed
to the LH-to-CB, a plot of that transition energy ver-
sus external magnetic field has been constructed, shown
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FIG. 3. "Ga and ®*Ga OPNMR, profiles of AlGaAs/GaAs
quantum wells at the magnetic fields indicated in the legend
(4 T - 11.8 T) for a) o~ laser irradiation and b) o* laser
irradiation. All profiles were taken at NHMFL. Profiles are
offset for clarity. The black dashed line on each plot represents
zero NMR signal. The Gaussian peaks, which are fits to the
experimental data, (shown as solid curves) superimposed on
the data in each plot are meant to guide the eye.

in Fig. 4. We include data from both WUSTL (OP-
NMR and PLE) and NHMFL (OPNMR), as indicated
in the legend. Notably, data were collected at 4.7 T at
both labs, and the OPNMR data show excellent agree-
ment in the LH transition energy, which lends confidence
that small differences between equipment types and the
resulting measurement have not affected the physical in-
terpretation of the data. Also, both OPNMR and PLE
data were acquired at 3 and 4.7 T at WUSTL. The 3 T
PLE and OPNMR data match very well, showing both
measurements of electron spin and nuclear spin polariza-
tion arising from the LH transition energy lead to the
same conclusion. The 4.7 T PLE S/N is much smaller,
introducing more error in the determination of the peak
maximum.

Due to the large slope of the CB LLs with respect
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FIG. 4. Light hole-to-conduction band transition energies for
ot (blue crosses) and o~ (red symbols) polarized light as a
function of external magnetic field. Dark X’s and A’s repre-
sent OPNMR data taken at the NHMFL, light *’s and [’s
represent OPNMR data from WUSTL, and medium +’s and
(O’s represent PLE data acquired at WUSTL. A solid linear
least squares fit for 0~ data and a dashed cubic B-spline for
the o™ data are shown as guides to the eye. Overlapping
4.7 T OPNMR data at both locations are shown and demon-
strate the consistency of the measurement even with different
set-ups.

to the magnetic field, only the lowest-lying CB will be
excited to for the energies studied here. Circularly po-
larized light will only excite transitions from specific va-
lence band LL subbands to the lowest-lying CB LL. For
the LH-to-CB transition, o0~ light would originate from
the p = 1 hole LL (creating a spin down conduction elec-
tron) while the o light would originate from the p = 0
hole LL (creating a spin up conduction electron) in the
Faraday geometry'%. Consequently, the ot and o~ tran-
sitions will occur at different energies due to dissimilar
initial states. The ¢ and o~ transitions are also split
by the Zeeman interaction in proportion to the applied
magnetic field. Importantly, each transition will also ex-
hibit a dissimilar dependence on magnetic field, due to
band mixing effects, as explained below.

o~ irradiation reveals an approximate linear depen-
dence of the LH transition with respect to the exter-
nal magnetic field. Such a linear dependence has been
observed for high magnetic fields'”'®, and similar lin-
ear trends have been observed before in reports of cal-
culated and experimental measurements of absorption
and photoluminescence data using circularly polarized
light16:19:20 " Similarly, transitions excited with o7 ir-
radiation also show a linear dependence at high external
magnetic fields (By= 6 to 12 T), but the slope decreases
as the magnetic field decreases to zero.

Spin splitting of the CB and LH states is expected.
For the CB, the subband LLs are linear with field, which



would not induce any curvature in the field dependence of
the transition energy, as it appears in Fig. 4. In contrast,
the valence subband levels do possess curvature. Similar
results for field-dependent LL transitions have been mod-
eled by Broido and Sham'” and have shown curvature as
a function of magnetic field where the onset and sharp-
ness of the curvature depends on the LL of the electron
and its spin orientation in the magnetic field. Since we
are looking at the transition from the VB LH state to
the CB state, we have to take into consideration how the
magnetic field affects both bands in order to know the
transition energy.

Furthermore, circularly polarized light can only excite
from specific VB LLs to the lowest lying CB LL, depend-
ing on the helicity of the polarized light and selection
rules, as shown below!'®. Since our final state is at the
bottom of the CB, the allowed LH transitions for ¢~ and
o1 light must originate from different LLs, causing each
transition to now have a dissimilar dependence on the
magnetic field.

B. Simulation Results

To explain and interpret the OPNMR, profile, we have
calculated the electronic energy band structure, wave-
functions, optical absorption, and CB spin polarization.
Our calculations are based on our previous works!'® 12
where they are described in detail.

In Fig. 5, we have plotted the highest lying valence
band Landau levels. Because GaAs is a relatively large
gap semiconductor, there is little valence/conduction
band mixing in the CBs. As a result, the CBs follow an
approximate formula E, = (n+ 1/2) h(eBy/mic). The
Zeeman splitting for the CBs is weak (less than 0.5 meV
at 10 T) and is not resolved in the OPNMR profiles.

Our valence subband LLs look similar to other calcula-
tions on slightly different structures?22. Highlighted in
the figure are the valence bands which give rise to the low-
est LLs for the LH spin-up and LH spin-down. We label
the bands as V;;, where 7 is the Pidgeon-Brown manifold
number and j labels the valence band states within the
manifold. For example, Vy; corresponds to the highest
energy valence band states in the p = 0 Pidgeon-Brown
manifold. The p = 0 states are in blue, while the p =1
states are in red.

Looking at Table I, we see that the n = 0 LH spin-down
LL °LH| lies within the p = 0 Pidgeon-Brown manifold
while the n = 0 LH spin-up °LH? lies within the p = 1
Pidgeon-Brown manifold.

From Fig. 5, we note the following: 1) the LH bands lie
deep within the valence subbands (and not near the top
of the valence bands); 2) there is strong mixing within
the valence bands.

The mizing of the valence band Landau levels can be
quantified. This is shown for the p = 0 manifold in Ta-
ble II. The Vg, state is primarily the “LH] state with a
small mixture of the 'HH] at low By fields. The tabu-
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FIG. 5. (Color online) The calculated valence band subband
energy levels for the GaAs/AlGaAs multiple quantum well
structure. The subbands and their labels have been colored
to match their Pidgeon-Brown (PB) manifolds with p = 0
being blue and p = 1 being red. V;; labels correspond to the
jth valence band state for the p = ¢ PB manifold. That is,
V12 is the valence band state with the second highest energy
in the p = 1 PB manifold. Highlighted here (from Table I) the
9LH/ state lies in the p = 0 manifold (blue), and the °LH?t
states lies within the p = 1 manifold (red).

lated probabilities indicate that for p = 0, the dominant
valence band states are 'HH]| and °LH|. We can see the
swapping of probabilities between Vg and Voo at 4.7 T
and beyond both in Table II (in blue) and graphically
in Fig. 5 so that the replacement of Vs by Vo1 as the
initial state in the optical transition occurs as the mag-
netic field is increased. For the most part, there is no
hybridization between these two levels. As a result, we
relabel the states in the figure for high magnetic fields.
In this case, the °LH] state is given by the Voo band.

This is in contrast to the states in the p = 1 mani-
fold (red). The mixing of these states is shown in Table
ITI. Strong field-dependent mixing is observed for these
states. For low magnetic fields, °LH? consists mainly of
Vi3, but there is a cross-over so that at high magnetic
fields, V1; becomes dominated by the °LH{ component.
This immediately explains why the energy difference be-
tween the LH spin-up and spin-down lowest LLs is not
linear, as one might expect. The °LH| and the °LH1 LLs
have significantly different dependences on magnetic field
By.

In Fig. 6, we plot the spin-polarization,
(at — al)/(aT 4+ al), where «of and «] are the
absorptions that produce spin-up/spin-down CB elec-
trons, respectively. Since there is very little CB mixing,
the CBs are almost 100% spin pure (typically they are
99% of a fixed spin or better). To calculate the ot
absorption, we calculate the absorption to the CB that is



By (T) Wavefunction Probability(%)
Voz Vo1
'HH| °LH|] |'HH| °LH]
1 22 78 99 1
2 25 75 98 1
3 26 74 97 3
4 26 74 96 4
4.7 95 5 26 74
5 94 6 26 74
6 93 7 26 74
7 91 9 25 75
8 89 11 25 75
9 86 14 24 76
10 84 16 24 76
11 82 18 23 77
11.8 80 20 23 77
12 79 21 23 77

TABLE II. Wavefunction mixing in valence subbands for p =
0 at different magnetic fields (Bo).

By(T) Wavefunction Probability(%)
Vi Vio Vis
°HH| 'LH} °LHt|?HH} 'LH| °LHY |?HH| 'LH| °LH}

1 97 2 1 28 72 0 2 0 98
2 88 4 8 31 69 O 8 0 92
3 w5 20 32 68 0 19 2 79
4 60 5 35 32 68 0 30 5 65
4.7 52 6 42 32 68 0 36 7 57
5 49 6 45 32 68 0 37 8 54
6 42 6 52 31 68 1 41 13 46
7 37 6 57 31 68 1 42 18 40
8 33 6 61 31 68 1 42 22 35
9 30 7 63 31 68 1 42 27 31
10 28 7 65 30 68 1 41 30 28
11 26 7 67 30 68 2 41 33 26
11.8 25 7 68 30 68 2 40 35 25
12 2 7 68 30 68 2 40 36 24

TABLE III. Wavefunction mixing in valence subbands for p =
1 at different magnetic fields (By).

spin-up. In Fig. 6 (a), we show the CB-spin polarization
for 0~ circular polarization and in (c¢) we show the
CB-spin polarization for o excitation. In (b) we plot
the manifold resolved absorption for ¢~ polarization, as
well as af and «l. For example, we observe that the aJ
absorption is dominated at 1.544 eV by the transition
from the 1 — 0 PB manifolds. In (d) we do the same
for ot polarization. For ¢~ polarization, excitation
from a LH level will produce spin-down conduction
electrons while excitation from a HH level will produce
spin-up conduction electrons. The opposite is true for
oT polarization. By comparing (a) and (b), we see
that the dip in the polarization occurs when there is
absorption from the LH levels. Also comparing (c) and
(d), the peak in the absorption occurs when one has a
transition from a LH level.

To make contact with experiment, we plot the CB spin-
down absorption (Fig. 7) for 0~ polarization and the CB
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FIG. 6. (Color online) Calculated spin polarization (a) and
(c¢) and manifold-resolved absorption coefficients (b) and (d)
for 04+ and o— photon energies at Bp = 4 T. The colors and
cutoffs are chosen for clarity. Note that transitions at p =0, 1,
and 2 along with total spin-up at (purple), total spin-down
al (red), and difference af-al (magenta) are included. These
results show that the dip (peak) in the o~ (o) absorption
(dashed vertical lines) corresponds to the absorption transi-
tions from the light holes.

spin-up polarization for ¢ polarization (Fig. 8). Peaks
in these spectra correspond to LH-to-CB transitions in
the n = 0 LLs. They can be compared directly to the
OPNMR experimental results plotted in Fig. 3. By com-
paring the figures we notice several features.
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FIG. 8. (Color online) Calculated conduction band spin-up
absorption coefficients for o+ photon energy at different By

values (2 —

11.8 T).

1. The dominant peak for o~ absorption is at higher

photon energy than the dominant peak for o+ ab-
sorption which is consistent with experiment. Sepa-
rations between the peaks for the different polariza-
tions at the same magnetic field are also consistent
with experiment.

. The calculated peaks have a greater shift with mag-

netic field than the experimental shifts. In fact, the
experimental peaks (dips) shift by an amount less
than eBg/2m}c, which is the shift in the CBn =0
LL. We see from Fig. 5 that part of the reason is
that the LH bands initially increase in energy with
magnetic field, between 0 and 4 T. However, we
note that this is still not enough to reproduce the
experimental data shown in Fig. 4 in the same re-
gion. The most likely cause for this discrepancy is
excitonic effects. It is well known that excitonic ef-
fects decrease the slope of the transition energy vs.
magnetic field plot, especially for the lowest lying
Landau levels?3. Even though the LH bands are
well below the valence band maximum, the exper-
imental results indicate that excitonic effects are
still important, though difficult to include in cal-
culations. Therefore, most theoretical models of
excitons in quantum wells include only the highest
lying bands.

We should also note that other effects not in-
cluded in the model might lead to the greater cal-
culated shifts compared to those seen experimen-
tally. These include: i) strain at the interfaces
(while in principle, the wells and barriers are lat-
tice matched, any source of strain can change the
energy levels dramatically, as we have previously
calculated!!. ii) carrier doping in the wells can
change the potentials and energy levels. iii) The
GaAs substrate can influence the signal as we have
previously shown!©.

. We note that for ¢~ polarization, the dominant

peak at low fields is the second peak, while at high
field it is the first peak. This is related to the VB
mixing between V11 and Vi3 discussed above, as
the nature of the bands changes due to the mixing.
Furthermore, if we look at the experimental data
for 0~ in Fig. 3, we see that there is indeed a sec-
ond, weaker feature seen in this cross-over regime
between 3 — 5 T (even though it does not change
the sign of the polarization). We suspect that this
feature is real and is related to this cross-over due
to the band mixing.

IV. CONCLUSIONS

In summary, the photon energy dependence of
optically-pumped %°Ga and "*Ga NMR signals of an Al-
GaAs/GaAs multiple quantum well sample was measured



at a series of externally applied magnetic fields (By) rang-
ing from 3 T to 11.8 T. The light hole-to-conduction band
transition dominates these OPNMR profiles, where the
integrated OPNMR signal intensity is plotted with re-
spect to photon energy used for optical pumping. Addi-
tionally, the measurements of the transition energy were
extended by collection of polarized PLE data at 0 T and
3 T. The PLE measurements are included here in order
to establish a zero-field measurement and to show the
good agreement between both PLE and OPNMR mea-
surements of similar phenomena. The magnetic field de-
pendence of the dominant peak in the OPNMR profiles
is found to be linear for o~ circularly polarized optical
pumping light. In contrast, the energy of the dominant
peak in the OPNMR profile obtained with o™ irradia-
tion is non-linear at low field but becomes approximately
linear at high magnetic fields (Bop= 6 to 12 T). The OP-
NMR data were validated by repeating a subset of the
measurements in a second experimental setup using sim-
ilar measurement parameters.

Interpretation of the field dependence of the OPNMR
photon energy profiles was facilitated by electronic band
structure theory. The two opposing helicities of the
pumping light excite transitions from different initial
states. The strong curvature in the magnetic field de-
pendence of the OPNMR, data collected with oT light
was explained by the effects of Landau level mixing on
the LH| subband. Clearly, the proper interpretation of
the field dependence of the OPNMR  profiles requires sim-
ulations of the subband energy levels. In fact, it is only
through such simulations that the mixing of valence band
Landau levels can be quantified and interpreted, includ-

ing the swapping of transition probabilities between pairs
of Pidgeon-Brown basis states. The simulations permit
optical absorption coefficients to be computed and ana-
lyzed. The calculations reveal that the dominant tran-
sition for ¢~ absorption occurs at higher energy than
that of . Hence, the comprehensive understanding of
the field dependence of Landau level mixing in the HH
and LH states can account for the very different field de-
pendences observed for the dominant transition in the
OPNMR profiles obtained with left and right circularly
polarized pumping light.
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