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Effects of strain and quantum confinement in optically pumped nuclear magnetic resonance
in GaAs: Interpretation guided by spin-dependent band structure calculations
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A combined experimental-theoretical study of optically pumped nuclear magnetic resonance (OPNMR) has
been performed in a GaAs/Alj ; Gag 9 As quantum well film epoxy bonded to a Si substrate with thermally induced
biaxial strain. The photon energy dependence of the Ga OPNMR signal was recorded at magnetic fields of 4.9
and 9.4 T at a temperature of 4.8-5.4 K. The data were compared to the nuclear spin polarization calculated from
the electronic structure and differential absorption to spin-up and spin-down states of the electron conduction
band using a modified k - p model based on the Pidgeon-Brown model. Comparison of theory with experiment
facilitated the assignment of features in the OPNMR energy dependence to specific interband Landau level
transitions. The results provide insight into how effects of strain and quantum confinement are manifested in

optical nuclear polarization in semiconductors.
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I. INTRODUCTION

The effects of quantum confinement, magnetic field, and
strain on the electronic band structure of III-V semiconductors
have been well studied over the years and are often exploited
in device engineering to achieve enhanced or modified op-
erating characteristics [1-9]. Incorporation of these effects
into spin-dependent band structure calculations could enable
rational design of spintronic devices. Comparison of exper-
imentally measured observables to calculations is critical to
the development of advanced theoretical models. Optically
pumped nuclear magnetic resonance (OPNMR) probes the
spin-dependent band structure because of its sensitivity to the
conduction electron spin polarization generated by interband
optical absorption.

Here we present an OPNMR study of a 30-nm-wide,
n-doped, Aly | Gag 9As/GaAs quantum well (QW) array at high
magnetic fields. Optical absorption to spin-up and spin-down
conduction electron states is calculated for this structure
based on the electronic Landau level structure calculated
from a k - p model based on a modified Pidgeon-Brown (PB)
model [10]. The laser photon energy (hv;) dependence of the
OPNMR signal for circularly polarized light is compared to
theoretical calculations, facilitating assignment of prominent
features in the experimental data to specific interband Landau
level (LL) transitions.

II. BACKGROUND

In the optical nuclear polarization (ONP) effect in GaAs,
hyperpolarization of lattice nuclei occurs through spin angular
momentum exchange between optically pumped conduction
electrons and lattice nuclei. The spin angular momentum
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exchange is mediated by the Fermi-contact interaction AT - S,
where { and § are the nuclear and electron spin angular momen-
tum operators, and A is the coupling constant. In a high field
OPNMR experiment, the enhanced nuclear spin polarization,
I./I (where I = 3/2 for °Ga and "'Ga), generated by ONP
is detected by ordinary nuclear magnetic resonance (NMR)
radio wave absorption at the Larmor frequency [11-14].
Hyperpolarization by ONP has facilitated OPNMR studies of
nuclei in single sub-30-nm-wide GaAs QWs [11] and arrays
of wells [15].

Optical nuclear polarization in bulk GaAs has been modeled
by a scalar relaxation mechanism in which electron-nuclear
spin exchange transitions are mediated by fluctuations in the
Fermi-contact hyperfine coupling [16,17]. The initial rate of
ONP buildup in this model is proportional to S, — § g, i.€.,
the deviation of the steady-state optically pumped conduction
electron spin Zeeman order (which is proportional to the
polarization S,/S) from its thermal equilibrium value [16].
Since S, is a function of the spin-dependent optical absorption,
the photon energy dependence of the OPNMR signal reflects
the spin-dependent band structure in both the valence and
conduction bands. The complexity of the band structure at
high magnetic fields results in a rich structure in the OPNMR
photon energy dependence [11,15,18]. Additional complexity
is introduced by quantum confinement and strain effects. Here,
we use computational modeling to compute the conduction
band spin-dependent absorption coefficients. Based on a
literature cross-relaxation model appropriate for ONP in n-
doped GaAs [18], we simulate the OPNMR photoexcitation
energy dependence and compare it to the experimental data.

Optically pumped nuclear magnetic resonance has previ-
ously been used to probe the band structure in bulk GaAs
[19,20]. In the work of Ramaswamy et al. [20], the photon
energy dependence of OPNMR signals in bulk GaAs at high
magnetic field was interpreted by direct comparison of the
data to the spin polarization, S, /S, calculated from a modified
PB model [21]. On this basis, features in the OPNMR energy
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dependence were assigned to specific interband LL transitions.
The programming code has since been extended to include
effects of both quantum confinement and strain.

Simulation of I,(hv;) requires: (i) a calculation of the
absorption coefficients @™ and o~ for transitions to electron
spin-up and spin-down states in the conduction band at a given
photon energy and magnetic field, and (ii) an appropriate ONP
model relating ot and @~ obtained in the band structure
calculations to the nuclear spin polarization, I,/I. In the
scalar relaxation model for a spin system consisting of one
electron coupled to one I = 3/2 nucleus [22,23], ONP at
short pumping times (with nuclei initially unpolarized) can be
modeled by the term

1
I, x _”(SZ - Sz,eq) (H
Tl

where 1/T/" is the electron-nuclear cross-relaxation rate con-
stant [16,24]. Optical nuclear polarization in quantum confined
GaAs appears consistent with nuclear spin hyperpolarization
mediated by Fermi-contact interactions [11,15,18,25,26].

In the conduction band of a quantum confined semicon-
ductor at high magnetic field, 7}/ could also vary with the
electronic state. While different excited states may be accessed
as the photoexcitation energy is varied, ONP occurs in the ther-
malized state. During thermalization of the electronic states,
electron spin relaxation may potentially occur by various
mechanisms. The Dyakanov-Perel mechanism, which stems
from the lifting of the degeneracy of the conduction band when
k # 0 for k-directions other than the principal axes (100) and
(111), is effectively suppressed at sufficiently high magnetic
field [27,28]. The Elliott-Yafet mechanism [29,30] is expected
to be very weak, since the conduction band states are almost
pure spin states. Electron scattering by holes, leading to relax-
ation by the Bir-Aronov-Pikus mechanism [31], is not expected
to be significant in our n-type GaAs sample, since, as discussed
below, the photocarrier density is significantly less than the
doping density. Therefore, we hypothesize that under our
experimental conditions, the polarization vector is conserved
through the thermalization of the electronic states. The steady-
state conduction electron spin polarization depends on the
electron spin relaxation time, 7', and the excited state lifetime,
7. If Ty < 7., electron spins thermally equilibrate (i.e., S, —
S:.eq)> and no ONP occurs. The observation of strong OPNMR
signals in our GaAs QW sample suggests that 715 > t,.

We adopt the expression for S, — S, oq derived by Akiba
et al. [18] for an n-doped GaAs QW under optical pumping
conditions:

0
np Sz - Sz.,eq

- Neq + 1y 1+ 7/Tis

@

Sz - Szﬁeq

where n; is the photoexcited electron density, and nq is the
equilibrium electron density in the absence of optical pumping.
The photoexcited electron spin polarization at the instant of
optical absorption Sg can be calculated from the energy-
dependent spin-up and spin-down absorption coefficients

o lam—a”
T 2at4a
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Whenn; < neqand Ty > 7., Egs. (1) and (2) can be combined
to give

L - 0
I (hvy) W[a (hv) + (hvl)][sz (hv) — Sz,eq] 4
1

where we have used n; < @™ 4 o~ The nuclear spin polariza-
tion, I,(hv;)/1,in an OPNMR experiment depends on the laser
photon energy hv; through the photon energy dependence of
the absorption coefficients. For 200 mW/ cm? at 1.52¢eV, the
maximum possible generation rate of photoexcited electrons is
G = 8x10'" s7! cm~2. Assuming an electron lifetime of 7, =
1ns [32], the maximum possible steady-state photoexcited
electron density is Gt, = 8% 108 cm~2. Thus, the condition
n; K Neq is satisfied for our QW sample, which is §-doped
to a level of neq = 7x10'cm™2. The cross-relaxation rate,
1/T/, is a function of the conduction electron density. For
example, in bulk n-doped Si, 1/ Tl” is linear in neq for neq >
10'7 cm~3 [33]. For our n-doped QWSs, where the photoexcited
electron density is much lower than the doping density neq,
we will assume 1/7/" to be independent of the optical
absorption. In the results presented below, OPNMR signals,
which are proportional to I, (hv;), are compared to the quantity
[et(v) + oe‘(vl)][S?(vl) — S ¢q] obtained from the electronic
band structure calculations. The comparison facilitates assign-
ment of prominent features in the I,(hv;) data to specific
interband transitions, allowing interpretation of the effects of
strain and quantum confinement in ONP. We find ONP to be
extremely sensitive to relatively small changes in the strain or
the pump laser photon energy. Interestingly, multiple changes
in the sign of I,(hv;) are observed over a rather small range of
photon energies. These sign changes are related to strain and
quantum confinement effects in the electron band structure.

III. EXPERIMENTAL SECTION

A. Equipment and methods

The experiments were performed on a Aly 1GagoAs/GaAs
multiple quantum well (MQW) structure (EA-124; see Fig. 1)
consisting of twenty-one 30-nm-wide GaAs wells separated by
360-nm-wide Aly GaggAs barriers with Si-6-doping to give
a two-dimensional (2D) electron density of 7x 10°cm=2. To
eliminate background NMR signals due to the GaAs growth
substrate, EA-124 was epoxy bonded to a Si single crystal
support, and the growth substrate was removed by selective
chemical etching following the epoxy bond and stop-etch
(EBASE) technique [34]. Upon cooling the sample to low tem-
perature, differential thermal contraction between the sample
and substrate resulted in a uniform biaxial tensile strain in the
film, as discussed in detail below. Unless otherwise stated, the
static magnetic field was applied parallel to both the (100) QW
growth direction and the direction of electronic confinement.

A copper NMR coil was wound in a rectangular shape with
dimensions slightly larger than the sample. Coil windings were
placed into grooves cut into the face of a sapphire block and
were fixed in place using GE varnish. To mitigate sample
heating due to laser irradiation, the sample was mounted in
physical contact with the sapphire block inside the NMR coil
using Apiezon N grease. The sapphire block was mounted into
a homebuilt NMR probe, and the NMR coil was incorporated
into a tank circuit that could be impedance matched to 50 Ohms
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FIG. 1. (Color online) Schematic structure of EA-124, which is
composed of layers of GaAs (orange), Al,Ga;_,As (blue), and Si-
8-doping (red dashed lines). The Si-8-doping level is 4x10'' cm~2
for the bottom dashed line and 2x10'' cm=2 for middle and top
dashed lines. The Al composition is x = 0.1 in the MQW layers, x =
0.1 — 0.55 in the superlattice layers, and x = 0.55 in the stop
etch layers. Thicknesses of each layer are specified to the right of
the structure along with the repeat multiple. The entire structure is
epoxy-bonded (black) to a Si support (gray).

and tuned to the nuclear Larmor frequency of the nucleus of
interest at low temperature. At the experimental temperature,
the Q-factor of the circuit was measured to be 70.

Experiments were performed at a series of different mag-
netic fields ranging from 3.0 to 9.4 T. For experiments above
3.0 T, the probe was lowered into a 0—17 T variable supercon-
ducting cold bore magnet. After inserting the probe into the
cold bore, a low-pressure (~5 mbar) helium exchange gas was
introduced into the bore of the magnet, allowing heat exchange
with the magnet’s liquid helium dewar, to cool the probe and
the sample to 4.2 K. The temperature of the sample space
was monitored by a Lakeshore Cernox CX-1030 temperature
sensor that was mounted approximately 2 cm from the sample.

Optically pumped nuclear magnetic resonance experiments
performed at the National High Magnetic Field Laboratory
(NHMFL) utilized a Coherent Verdi V5 pumped Coherent
Mira 900 Ti:Sapphire laser with a 0.35 meV line width oper-
ated in continuous wave mode for all experiments. Laser light
from the Ti:Sapphire laser was directed through polarization
optics, a polarizing beam splitting cube, and a zero-order
quarter-wave plate centered at 800 nm, and into the bore of
the magnet through an optical window. Optical power was
measured using an Ophir Photonics thermopile detector (P/N
7702621) and controlled using a variable neutral density filter.
Photon energy was measured using a McPherson 0.75 m path-
length monochromator equipped with a 600 grooves/mm grat-
ing and a Princeton Instruments charge-coupled device (CCD)
(Model No. IN/CCD-1024-UV). For an entrance slit width
of 20 pum, the energy resolution of the setup was 0.1 meV
at 1530.7 meV.

Nuclear magnetic resonance spectra were acquired at the
NHMFL using a homebuilt spectrometer. Individual OPNMR
spectra were acquired using a standard saturation-recovery
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pulse sequence with continuous laser irradiation for the
entirety of the pulse sequence. A fixed irradiation time of
120 s was used in all experiments. At a given magnetic field,
OPNMR spectra were acquired as the photon energy and
polarization were varied. This was repeated at several different
magnetic field strengths.

Additional experiments were conducted at 3.0 T and 9.4 T
using an Oxford Instruments CF-1200 continuous flow cryo-
stat inserted into the bore of the high-homogeneity, room-
temperature, 89-mm-bore superconducting magnets. These
studies utilized a Coherent Verdi G 15 W pumped Coherent
899 Ti:Sapphire laser as an energy tunable photon source.
The output beam of the Ti:Sapphire laser was focused into a
600-um-core-diameter fiber optic, which terminated directly
above the sample. Optical power was measured using a Coher-
ent Field Master power meter with a Coherent LM 10 detector
and controlled using a variable neutral density filter. Photon
energy was measured using an Ocean Optics USB2000 spec-
trometer with an 1800 grooves/mm grating and an entrance
slit width of 5 um, giving an energy resolution of 0.4 meV at
1530.7 meV. The NMR probe was fitted with a sample
rotation stage incorporating a worm/worm gear pair with a
30:1 reduction for variable tilt angle experiments.

B. Theory

The model used here incorporates: (i) quantum con-
finement effects in the EA-124 QW structure; (ii) strain
that arises from differential thermal contraction between the
GaAs/Aly,1GapgAs film and the Si support to which the film
is bonded; and (iii) the interaction with the applied magnetic
field. The calculations are based on an eight-band PB model
that was modified and extended to include the effects of
quantum confinement and strain. A similar model was used
previously to study cyclotron resonance in the dilute magnetic
semiconductors InMnAs [10] and cyclotron resonance and
magneto-absorption in InSb [21,35,36] and InMnSb [37].
Since details are explained in Ref. [10], only the salient
features of this model as it applies to the strained EA-124
QW structure are outlined here. We use the PB model in
the axial approximation. In this approximation, the Luttinger
parameters y, and y;3 are set equal to each other. This allows
us to neglect the coupling between PB manifolds and solve
each one individually, which greatly aids in the calculation.
The effective mass Hamiltonian is written as

H=H;+Hz;+ Hs+ Hc Q)

where H; is the Landau Hamiltonian [10], Hz is the Zeeman
Hamiltonian, and H¢ is the confinement Hamiltonian, which
results from differences in the band gap between the wells and
barriers. The strain Hamiltonian Hy is given by [38—40]

Se  Se
Hq = \ 6
g [SI Sb] ©
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where
mA, 0 0 0
0 —P.—0. —M, iN2M,
Sa = ) @)
0 -M}  —P.+ Q. iv20.
0 —iv2Mr  —iy20. —P,
mA, 0 0 0
0 —-P.—0Q: -MF iV2M?
Sp = . (8
O _Me _Ps + Qe lﬁQs
[0 —iv2M, —iV20, —P,
[0 0 0 0
0 0 —L, —i,/iL,
Se = 9
0 L, 0 i\/3L}
0 —i\/gLs iJ3L 0
and
Ag = ac(&xy + &yy + &2) (10)
Py = —ay(exx + &yy + €22) an
b
Qe = _E(gxx + Eyy — 2811) (12)
3 23
M, = —£b(em —£y) + iidsx,, (13)
2 3 :
and
Le = id(e,, — ieyy). (14)

Here, ¢;; are the components of the strain tensor, and a, a,, b,
and d are deformation potentials, which for GaAs can be found
in Ref. [41]. For the case of biaxial tensile strain, &,, = &y,
and ¢;; = 0 fori # j, giving My = L, = 0. Hence,

A, 0 0 0
0 —P.—0Q, 0 0
Se=H=1y 0 —pto. ivio. |
0 0 —iv20.  —P.
and
S, = 0. (16)

To model quantum confinement effects in the QW structure
with an effective mass Hamiltonian, we replace the z com-
ponent of the wave vector k, with a differential operator
k, — —i V, along the confinement direction (Z). We then
divide the superlattice unit cell into G equally spaced grid
points, so that the V, operator can be approximated by finite
differences on the grid. In addition, all the material parameters
are allowed to vary with position along . We use a finite differ-
ence approach on each PB manifold, allowing us to calculate
all the LLs for each quantum confined subband. However, this
increases the size of the matrix to be diagonalized from 8 x
8 (size of the effective mass Hamiltonian matrix without grid
points) to 8G x8G. In the present paper, we chose G = 101.
The 808 x 808 matrix is diagonalized numerically to obtain
Landau subband energies and corresponding wave functions.
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Increasing the number of grid points did not significantly
change the calculated band structure.
We solved the eigenvalue equations [10]

Hpr,u = Ep,v(kz)Fp.v (17)

for the eigenvalues and eigenvectors using the eight Bloch
basis states consisting of the spin-up/spin-down conduction
band (CB), light hole (LH), heavy hole (HH), and split-off
hole (SO) states. In Eq. (17), p is the PB manifold index and
has allowed values of p > —1, while v labels the eigenstates
in the p™ manifold in ascending order. Solutions are labeled
as BS?, 1, where BS corresponds to the Bloch basis state (see
above), which dominates the character of the eigenvector, p is
the PB manifold index, sb is the subband number, and the arrow
indicates the “spin state” of the Bloch basis state. Note that
“spin-up” and “spin-down” correspond to the maximum and
minimum  ; values for the type of basis state. For instance,

; mj =22 isthe HH up state; and

ILH]) = |j = 3; m; = 3} isthe LH down state.

We note that |[HH1) is a pure spin state (i.e., eigenstate of S.),
while |LH ) is not a pure spin state. It is important to note that
the PB manifold number is not the same as the LL number.
Within a given PB manifold, the LL number depends on the
basis state. For instance, by looking at Eq. (27) of Ref. [10],
we see that in the p‘h PB manifold, the HH down state is in the
p + 1 LL harmonic oscillator state, while the CB up state is in
the p—1 state, and the LH down state is in the p state, etc. The
LL number n can be calculated from the PB index p using the
relations listed in Table I. We note that, while within a given
PB manifold, the sum of the n and the m ; quantum number of
the Bloch basis state is a constant givenbyn +m; = p — 1/2.

At a magnetic field B., the photon energy—dependent ab-
sorption coefficients, «(hv;), are obtained from the imaginary
part of the dielectric function, which is calculated using
Fermi’s golden rule [10]. The absorption coefficient is given
by

00 2
> / dk.|e - PLyY (k)]
’ —0Q

e’B
alhvy) = ———5—
]’lU[(hC) ny PP

X (fplk) = frwkDS(AE}, (ko) — hvy) (18)

where n, is the index of refraction, & - 135 "V are the optical
matrix elements (see Ref. [10]), f,, . is the Fermi distribution,

TABLE I. Relationship between PB index p and LL number n
for the given basis states.

Basis State Relation
CB?t n=p-—1
CB| n=p
LH?Y n=p-—1
LH| n=p
HH?Y n=p-—2
HH| n=p+1
SOt n=p-—1
SOl n=p
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¢ is the optical polarization vector, and AEg,’”v, is the

optical transition energy. Separate absorption coefficients were
calculated for transitions generating spin-up and spin-down
CB electrons. This was accomplished by limiting the sum in
Eq. (18) to just one of the given CB spins. (We note that the
CB-valence band mixing in GaAs is weak, and, as a result,
the CB LLs are over 99% of a given spin type.) Using these
spin-dependent absorption coefficients, the energy dependence
of S? — S eq can be calculated using Eq. (3), and the energy
dependence of I.(hv;) can be calculated using Eq. (4). Within
the axial approximation, absorption of o circularly polarized
light occurs only between PB manifolds that differ by +1; i.e.,
p — p + lis the selection rule for o polarized light. For o~
circularly polarized light, the selection rule is p — p — 1.

IV. RESULTS AND DISCUSSION

Figure 2 shows the thermally polarized and optically
pumped Ga-71 NMR spectra of EA-124 at 4.2 K and 94 T.
Upon cooling, strain is induced due to differential contraction
of the MQW film and the Si support to which it is epoxy
bonded. Due to Poisson’s law, the biaxial tensile strain in the
plane of the sample (the xy-plane) produces an associated
strain along the z axis, &,,. Strain along the z axis produces an
electric field gradient (EFG) along the z axis, V_;, leading to a
quadrupole splitting of the nuclear spin states, which has been
previously reported in the OPNMR spectrum of EA-124 [15].

The thermally polarized NMR spectrum exhibits a single
line because it is dominated by the NMR signal from nuclei
located in the Al,Ga;_,As regions of the structure; >90% of
Ga nuclei are in Al,Ga;_,As regions of EA-124. The single
resonance in the thermally polarized spectrum is assigned
to the central transitions of Al,Ga;_,As. Satellite transitions
from the Al,Ga;_,As barriers are not observed due to first-
order quadrupole broadening resulting from the alloy disorder
in the Al,Ga;_, As material. Similar observations are reported

1.00
0.75F
0.50
0.25¢
0.00
-0.25¢

0.00
-2.00f

Intensity (arb. units)

-4.00
-6.00
-8.00

100 50 0 50 -100
Frequency (kHz)

FIG. 2. (a) Thermally polarized 7'Ga NMR spectrum of EA-124
at 4.2 K and 9.4 T acquired immediately after cooling the sample.
(b) "'Ga OPNMR spectrum of EA-124 at 4.2 K, acquired using
ToONP = 50s.

PHYSICAL REVIEW B 90, 155317 (2014)

for Al,Ga;_,As for x = 0.1 [42] and x = 0.5 [43]. Because
optical absorption occurs only within the GaAs QW, ONP
hyperpolarizes nuclear spins in the QW region. The nuclear
spin hyperpolarization diffuses from the QW nuclei into the
Aly,1Gag 9As barriers of EA-124. Thus, our OPNMR spectrum
contains signal contributions from both the GaAs QWs and the
Alp,1Gag gAs barriers. As previously reported, nuclei in the QW
region of EA-124 exhibit a strain-induced nuclear quadrupole
splitting, which is observable because (i) ONP produces large
NMR signal enhancements, and (ii) there is no alloy disorder
within the well [15]. The central and satellite transitions in the
OPNMR spectrum in Fig. 2(b) are in phase. The linear phase
correction applied to obtain the spectrum in Fig. 2(b) was
validated by setting the spectrometer frequency on resonance
with each of the three transitions and then applying the same
zero-order phase correction as was applied to the thermally
polarized signal.

Using the quadrupole moment of the nucleus and
the observed quadrupole splitting in the OPNMR spec-
trum, we obtain V,; = 1.45x10% erg - stat C~! - cm™2 and
g, = —7.7x10™* from the Ga-71 OPNMR spectrum (see
Appendix). Similarly, Vz; = 1.25x 10 erg - stat C~!' - cm™
and &,, = —6.6x10™* are obtained from the Ga-69 OPNMR
spectrum. To validate our calculation of ¢,,, we compared
the strain in EA-124 to that of a 1.1-um-thick GaAs
epitaxial liftoff (ELO) sample bonded to Si [44]. Photolu-
minescence measurements from the ELO sample reveal a
valence band splitting (between the LH and HH) of 4.2 meV.
To relate the valence band splitting to strain, we used
equations for the transition energy, to first order, of the
LH-to-CB, AE};,, and HH-to-CB, AE};,, under biaxial strain,
& = &y = &y, Which are [45,46]

Ch—-C C 2C
AE), = <—2a 11 12 b 11+ 12) e (19)
Cu Cu
and
c,-C C 2C
AE,, = <—2a 11 2 _,tn + 12) .. (20
Cu Cu

Thus, the relationship between the valence band splitting,
AE]h — AEhh, and ¢ is

C 2C
AEy — AEy, = 211212 1)
Cu
Using values of 12.1><1012dynescm’2 [47], 5.48x

1012 dynes cm~2 [47], and —2.0 eV [48] for Cy;, C}2, and
b, respectively, we find that a strain of ¢ = 5.5x% 10~* would
produce a 4.2 meV valence band splitting. Finally, €., is given
by [45]
2C1»
&2 L &. (22)
Using Eq. (22), we calculate ¢,, = —5.0x107* in the ELO
sample. The slightly smaller value of ¢, in the ELO sample
is expected because it was bonded to Si at room temperature,
while EA-124 was bonded to Si at a temperature of 100 °C.
The slightly higher bonding temperature results in a larger
strain upon cooling the sample.
The strain estimated from the quadrupole splitting
(6. = —7x107*) was used as input into the calculations of the
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FIG. 3. (Color online) Calculated magnetic field dependence of
conduction band (top) energies for CB; (®) and CB, (o) and the
valence band (bottom) energies for LH, (m), HH, (A), and HH; (A)
in EA-124. The dashed vertical lines are 4.9 T and 9.4 T. Colors
correspond to PB indices of —1 (red), O (black), 1 (orange), 2 (blue),
3 (green), and 4 (purple).

magnetic-field dependence of the band structure from 1 to 12 T
(see Fig. 3). Only the C By, C B,, LH|, HH;, and HH, subbands
are displayed because they contribute most significantly to the
optically pumped electron spin polarization. First, we note that
the gap between the valence and conduction bands is 1519.8
meV at 1 T. There are three different contributions that shift the
gap in different directions. Tensile strain narrows the gap. By
comparing calculations with and without strain, we estimate
this contribution to be about 5 meV in our sample. Conversely,
both confinement and magnetic field increase the gap. Because
the gap at 1 T is only slightly larger than that of bulk GaAs,
the combination of confinement and magnetic field effects is
estimated to be slightly larger in magnitude than that of strain.

Next, we note that as expected in the case of tensile strain,
the LH; states are higher in energy than the HH, states. At
1 T, the valence band splitting is about 3.9 meV. This value
is smaller than would be expected due to strain alone and is
likely due to different quantum confinement shifts for the LH;
states as compared to the HH| states. At 1 T, we also observe
a 13.6 meV splitting between CBY and CB) and a 3.0 meV
splitting between HH]_1 and HHI_Z, which are predominantly
due to quantum confinement. The different splittings at 1, 4.9,
and 9.4 T are summarized in Table II.

Note that the Coulomb interaction was not included in the
band structure calculations. While a thorough treatment of
Coulomb effects in strained and doped QWs in a magnetic
field is beyond the scope of the present work, we briefly
discuss some expected effects of the Coulomb interaction
on a qualitative level. The Coulomb interaction between the
photoexcited electrons and holes leads to exciton formation.
For excitons in bulk GaAs in a magnetic field B,, Coulombic
interactions produce a shift in the absorption edge that depends
on the ratio of the cyclotron and Coulomb binding energies,
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TABLE II. Summary of relevant energy splittings determined
from the calculated band structure of EA-124 for fields of 1, 4.9, and
9.4 T. Energies are given in meV.

1T 49T 94T
Gap
LH — CBY 1519.8 1523.3 1527.4
Confinement
CB" — CB) 13.6 13.7 15.9
HH' — HH;' 3.7 3.7 4.1
Strain
LHY — HH;' 3.9 43 438
2, with [49]
232
e“h*B
= (23)
n=e’c

where ¢ is the absolute permittivity, & is the reduced Planck’s
constant, u is the reduced mass of the exciton, e is the electron
charge, and c is the speed of light. Though EA-124 is quite
different than bulk GaAs, we expect that at 4.9 T, we are in
a regime of 8 > 1, where magnetic effects begin to exceed
Coulomb effects. Typical exciton binding energies in bulk
GaAs are about 5 meV. In a quantum confined system at high
magnetic field, the exciton binding energies can be larger. In
our current system, strain changes the ordering of the heavy
and light hole energies, further complicating calculation of
exciton binding energy. More work is required to quantitatively
evaluate 8 and solve for the shift in the absorption edge in
EA-124. To account for Coulombic shifts of the absorption
edge at a given magnetic field, the entire energy scale of
the absorption coefficient calculations was shifted by a fixed
amount. We have neglected any dependence of Coulombic
effects on the LL number, though in a real system, this can
be important. Coulombic effects are expected to be strongest
near the absorption edge and become weaker at higher photon
energies.

The dependence of the OPNMR signal (the peak area of the
central transition) on photon energy for o~ and o™ light at 4.9
Tis plotted in Fig. 4. In the top panels, I, (h Vi) Obtained using
Eq. (4) and S? are superimposed on the experimental OPNMR
data. The bottom panels present the PB manifold-resolved (i.e.,
separated by transitions from p to p) absorption coefficients,
also at 49 T. This aids us in identifying the transitions.
The energy scale for the calculations at 4.9 T is shifted by
13.7 meV. Prominent features are labeled according to the
transition that dominates at that energy. The transitions are
summarized in Table III, along with the subbands involved in
each transition and the composition of the states in terms of
the eight Bloch basis states (i.e., the band mixing). For T¢ with
o~ polarization, the spin label is omitted because the transition
results from the HH1 character of the initial state, even though
it is predominantly a LH | state.

The calculated absorption coefficients vary rapidly with
photon energy in a strained QW at high field, which explains
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TABLE III. Transitions, labels, subband labels, and wave function probabilities for 4.9 T.

Transition Label Subband Label Wave Function Probability
T, LH!Y — CBY] LH!} 89% LH? + 8% HH),
CcBY, 99.6% CB,
T, HH*t — CB}} HH?4 33% HHY + 15% HH), + 13% LH| + 38% LH?
CB}1 99.7% CB%
Ts LH?t — CB1| LH?4 77% LHt + 13.3% HH?
CB}| 99% CB|,
o~ T, HH} — CB24 HH A 35% HHY + 57% LH|,
CB*t 99% CB%
Ts HH*t — CBy} HH?4 33% HHY + 15% HH), + 13% LH| + 38% LH?
and CBlt 99% CB%
LH}t — CB%| LH3t 74% LHA + 15% HHY
CB}| 98.8% CB\,
Ts LHY — CB% LH} 53.5% LH| + 36.7% HH}
CB 99% CB%
T, LHY| — CB;t LHY| 92% LH|,
CB!t 99% CB%
T, HH'| — CBY| HHT'| 100% HH,
cBYy 99.6% CB,
T; LH!| — CB}t LH! 85% LH| + 14% HH|,
CB*t 99.3% CB%
ot T, HH}| — CBy) HH)| 45% HH| + 54% LH,
CB}} 99% CB\,
Ts HHY| — CB}| HHY), 71% HH| + 28% LH|,
and CBl| 99% CB\,
LH?| — CB}t LH?, 58.5% LH + 34.5% HHA
CB3 99% CB4
Ts HH;'| — CBY| HH;'| 100% HH,
CBY) 99% CB,

the rapid oscillations in 7,(hv;). Reasonably good agreement
is obtained between theory and experiment, particularly in
the predicted positions of the maxima and minima. However,
not all features in the data are captured by the theory. With
increasing photon energy, the amplitude of the oscillations
in the calculated 7,(hv;) steadily increases, while in the data
these oscillations are damped. At the higher photon energies,
the data show a closer match to S?. This might be due to one
or more of the following factors: penetration depth effects,
nonlinear dependence of the OPNMR signal with absorption
at some photon energies, and effects of sample heating (such
as reduction of T, and/or t,).

The OPNMR photon energy dependence data and corre-
sponding calculations at 9.4 T are shown in Fig. 5. The energy
scale for all calculated quantities has been shifted by 16.1 meV.
The increase in the shift, compared to 4.9 T, reflects larger
Coulombic effects at a higher magnetic field. The dominant
transitions at 9.4 T are listed in Table IV, along with the
subbands involved in the transitions and their decomposition

in terms of probability densities of the basis states. Similar to
the 4.9 T data, there are several transitions (T, and T3 for o~
and T3 for %) where the spin label has been omitted from
the valence band subband descriptor because the transition
involves the eigenstate with a spin state that differs from that
of the dominant eigenstate in the linear combination.

Our results show that the OPNMR photon energy depen-
dence is highly sensitive to both confinement and strain effects.
For example, at 4.9 T, the T, and T¢ for o™ excitation and
T, and Ts for o~ excitation involve transitions to different
confinement subbands of the conduction band. An obvious
effect of strain is that the lowest energy transition for both
polarizations of light is from a LH initial state. In the absence
of strain, the lowest energy transition would be expected to
originate from a HH initial state.

Strain effects are seen to be significant in EA-124, pro-
ducing a LH/HH splitting of ~4 meV. This is noteworthy
because, near the band edge in unstrained bulk GaAs in zero
magnetic field, the LH/HH degeneracy limits S, to S, = £1/4
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FIG. 4. (Color online) Upper panels: Photon energy dependence of the experimental OPNMR data T = 5.1 0.3 K (black points, arbitrary
units), /,(hv;) calculated using Eq. (4) (red curve, arbitrary units), and S? (dashed blue curve) at 4.9 T for o~ and o light. Lower panels:
Decomposition of the total optical absorption coefficients according to PB manifold, as indicated. Gray dotted vertical lines mark prominent

features in the data, which are labeled according to transition, T;.

[14], which in turn limits the maximum achievable nuclear
spin polarization. In the case of EA-124, our calculations
show that it is possible to selectively excite a LH or HH
to CB transition, resulting in fully spin polarized optically
pumped electrons. Furthermore, these calculations reveal that
the optically pumped S, can be switched from Sg =+41/2to
S? = —1/2 with a change in photon energy of less than 6 meV
at 9.4 T. To demonstrate the effect of strain on the photon
energy dependence of electron §,, Fig. 6 presents a plot of

S
g
oz

ZIR=

e =

X

n_‘v

(@)

3
S
+ F 4

1500 1510 1520 1530 1540 1550
hv, (meV)

S, versus photon energy for seven different values of strain
for EA-124 at 4.9 T. The calculations show that increasing
the tensile strain shifts S,(hv;) to lower energies and results
in more pronounced features and larger oscillations in S, with
photon energy.

In Fig. 7, we compare the photon energy dependence
of OPNMR signals from EA-124 to that of a bulk GaAs
sample. Comparison of the photon energy dependence of
these two samples demonstrates the dramatic difference

94T, 06"

T, 0.5
B ,"| N
TR 00 Y
A o 4-0.5

~ AL /\_/\-//\’-

1500 1510 1520 1530 1540 1550
hv, (meV)

FIG. 5. (Color online) Upper panels: Photon energy dependence of experimental OPNMR data at T = 5.1 &£ 0.3 K (black points, arbitrary
units), /,(hv;) calculated using Eq. (4) (red curve, arbitrary units), and S? (blue dashed curve) at 9.4 T for 6~ and ot light. Lower panels:
Decomposition of the total optical absorption coefficients according to PB manifold, as indicated. Gray dotted vertical lines mark prominent

features in the data, which are labeled according to transition, T;.
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TABLE IV. Transitions, labels, subband labels, and wave function probabilities for 9.4 T.

Transition Label Subband Label Wave Function Probability

T, LH!Y — CBY| LH!1 86% LHt + 10% HH
CcBY) 99.4% CB)

T, LH? — CB}+ LH? 58% HH? + 28% LH| + 14% LH*
CB}1 99.8% CB1

o~ T, HH! — CBY| HH! 60% LH| + 30% HH|, + 9% LH%

CcBYy 99.4% CB|,

T, HH3t — CB}t HH31 48% HH* + 30% LH|, + 20% HH,
CBl1 99.5% CB1

Ts LH't — CB}| LH1 69% LH? + 23% HHY + 7.5% CB\
CB!| 98.7% CB)

T, LH?| — CB}t LHY] 92% LH|, + 8% HH,
CB}4 99.5% CB1

T, HH;'| — CB] HH'} 100% HH,
CcBY) 99.4% CB)

ot T; HHY — CB]} HH) 44% LH|, + 56% HH|

CB| 98.8% CB1

T, LH!| — CB} LH!| 74% LH|, + 17% HH,
CB}t 98.8% CB)

Ts HH;'| — CBY) HH;'| 100% HH,
CBY) 99% CB|,

between the band structure of a strained and quantum confined
semiconductor and that of a bulk semiconductor. Notably, no
inversions of the signal in the bulk material are observed,
indicating that in the case of bulk GaAs, the optically pumped
electron spin polarization is always less than the thermal
equilibrium electron spin polarization. This is in contrast to the
data acquired from EA-124, where multiple signal inversions
are observed, indicating that the sign of S?(hvz) — S;eq Can
be reversed. The difference between the bulk (unconfined)
semiconductor and the quantum confined semiconductor can

1500 1510 1520 1530 1540 1550
hv, (meV)

FIG. 6. (Color online) Calculated photon energy dependence of
Sf(h vy) at 4.9 T for o+ light for the values of ¢, given to the right of

the plot.

be attributed to a fundamental difference in the density of states
of the 2D and three-dimensional (3D) systems in high magnetic
field. In the 3D system, k, is a good quantum number. As a
result, in 3D systems, the HH density of states and LH density
of states overlap due to the tail extending to the continuum in
k.. On the other hand, the density of states in the 2D system
is fully discrete, which allows the pumping of transitions from
the HH and LH bands to be resolved, resulting in an inversion
in the sign of the electron spin polarization.

Finally, in Fig. 8, we present the photon energy dependence
of the OPNMR signal at 3.0 T for two different orientations

e <
o o

-0.2
-0.4
-0.6
-0.8

'
[
(=)

OPNMR Signal (arb. units)

1490 1500 1510 1520 1530 1540 1550
hv, (meV)

FIG. 7. (Color online) OPNMR photon energy dependence of
EA-124 (blue circles) and bulk GaAs (red circles) at 3.0 T using
unpolarized light. Data have been normalized to the largest OPNMR
signal for each data set.
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FIG. 8. (Color online) OPNMR photon energy dependence of
EA-124 at 3.0 T using unpolarized light oriented at angles of 0°
(blue circles) and 6° (green squares) with respect to the magnetic
field. Angles refer to the orientation of the growth direction with
respect to the magnetic field.

of the sample with respect to the magnetic field. The OPNMR
profile of EA-124 is shown to be insensitive to tilt angle for
small tilt angles, indicating that LL filling factor effects do not
contribute significantly under the present experimental con-
ditions, presumably because of the high ambient temperature
(~4.2 K).

V. CONCLUSIONS

To summarize, the strain in a MQW was estimated from
the quadrupole splitting observed in the OPNMR spectrum
and used as an input parameter in calculations of the MQW’s
band structure at 4.9 and 9.4 T. From the band structure, photon
energy—dependent absorption coefficients for the spin-up and
spin-down states of the CB were calculated, yielding the
electron spin polarization. Using the spin-dependent absorp-
tion coefficients, two different quantities were calculated
and compared to the experimental OPNMR photon energy
dependence. A shift of the energy scale had to be included in
the calculations to account for excitonic effects. We find that
for an n-doped QW, Eq. (4) provides a reasonable match to
the OPNMR data. Deviations could be due to one or more
of the following: penetration depth effects, where the optical
intensity is not homogeneous across the QW array, nonlinear
dependence of the OPNMR signal on absorption at some
photon energies, energy-dependent spin relaxation, which
has been assumed to be unimportant under our experimental
conditions, and effects of sample heating (such as reduction of
Ty and/or 7,.). Further work is obviously necessary to reach a
quantitative match between theory and experiment.

With the aid of theory, we are able to assign specific
features in the OPNMR photon energy dependence to specific
transitions in the band structure. Comparison of data acquired
from EA-124 to that of bulk GaAs shows that the OPNMR
photon energy dependence is strongly influenced not only by
quantum confinement effects, but also by strain. Experiments
in a tilted field suggest that at these temperatures, the data
are insensitive to filling factor effects. Finally, we find that
the strained QW exhibits a HH/LH splitting of ~4 meV. This
separates the LH bands from the HH bands and, as a result,
can substantially change the CB spin polarization and hence

PHYSICAL REVIEW B 90, 155317 (2014)

the nuclear polarization. Calculations show this splitting can
be used to increase the maximum possible optically induced
electron spin polarization. Application of strain to remove
degeneracies in the band structure could be crucial in potential
applications such as in spintronics or in quantum computation,
which demand initialization of a pure state.
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APPENDIX

At sufficiently high magnetic field, the frequencies of
the single quantum transitions m — m — 1 of a quadrupolar
nucleus are given by

A 3Cm = DeQ,  3cos9—1) (Al
Vimosm—1 — V) = ———————— cos“6 —
T RIer—nn

where vy is the nuclear Larmor frequency, Q is the quadrupole
moment of the nucleus, 4 is Planck’s constant, V;; is the
component of the EFG along the z axis in the principal axis
frame of reference, and 6 is the angle between the z axis of the
principal axis frame and the magnetic field. For I = 3/2, the

three single quantum transition frequencies, to first order, are

eQ )
Aviznsqip — Vo = — Vzz(3cos0 — 1)

A2
4h (A2)
Aviipps_ipp—vo =0 (A3)
eQ )
Avfl/zﬁ,yz — Vo = —EVZz(:‘}COS 6 — 1) (A4)
The quadrupole splitting Av, is defined as
Avg = Avizpqip — Avyips_ip
= Aviips12 — Av_ias 3. (AS)

Hence, we can infer the component of the EFG from the
measured quadrupole splitting:
4h ) 4
Vzz = —Avp(Bcos™d — 1) . (A6)
eQ
The differential thermal contraction between the Si substrate
and the GaAs films is assumed to produce a biaxial tensile
strain. In this case, the z-principal axis of the EFG tensor
will be parallel to both the growth direction and the applied
magnetic field (i.e., perpendicular to the samples). Hence, the

field gradient tensor elements in the principal axis system, Vjy,
are equivalent to those of the lab frame, V;;, and 6 = 0, so Eq.
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(A6) reduces to:

\% 2h A

= —Avp.
2z =7 0 0
The elements V;; are related to the elastic strains, &;;, by the
gradient-elastic tensor S}, [50],

(A7)

Viy=Vij =Y Siutu. (A8)
k.l
Neglecting ¢; for k # [ strains, this reduces to
Vix :11 :12 :12 Exx
Viy | = S/12 S/11 S/12 Eyy (A9)
Ve S S S 2z

where we have used S, = 5%, = S5; and 8, = §; = S5, =
S5 = 8%, = 8%, for GaAs [50]. From Eq. (A9),
Vzz = Voo = Spheex + Sy + 81162 (A10)

We note that the stresses, and therefore the strains, are equal
along the x-and y axes, giving:
Vzz = Vie = 285600 + 81162 = =S 8xx + S71822- (A11)

We have used the fact that 25", = —S, [50]. The strains along
the x and z axes can be related using the compliance tensor
S; ;. For an isotropic material where &; = 0 for k # [,

Exx Sit Sz S| | Oxx
gy | =Sz S S| |oy (A12)
Ezz S22 Sz Sn Oz

In the case of equal stress o along the x and y axes (and no
stress along the z axis), the strains are related to the stress by

Exx = Eyy = S110 + Siho (A13)

TABLE V. Values used to calculate ¢,, from the Ga-71 and Ga-69
nuclear quadrupole splitting for EA-124.

PHYSICAL REVIEW B 90, 155317 (2014)

Parameter Value Units Reference
Sii 1.17 1072 ¢cm? dyn™! [51]
Sia —0.37 1072 cm? dyn™! [51]
S, —-9.1 10" statCcem™3 [52]
Ga-71
0 1.07 1072 cm? [53]
Avg 56 10° Hz
€. —7.7 10~
Ga-69
(0] 1.99 1072 cm? [53]
Avg 90 10° Hz
&, —6.6 104
and
&, = 2810. (Al14)
From Egs. (A13) and (A14),
£ e
XX y 44 (A15)

o0=—"—"-= .
o S+ S 25»
This gives the following relation between ¢, and ¢,

_ Su+Se

rx = e Al6
35, (A16)

Finally, substituting Egs. (A11) and (A16) into Eq. (A7) and
rearranging:

2h
Erz = E 1

Numerical values for the constants, quadrupole splitting, and
calculated strain using Eq. (A17) are given in Table V.

AUQ.

B Sll+Sl2>_l 1 (A17)
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