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We investigate the effect of oblique magnetic field configurations on a singly-charged self-assembled quantum dot system as a means to tune the 
spin composition of the ground electron spin eigenstates. Using magneto-optical spectroscopy and Stokes polarimetry techniques, we evaluate 
the anisotropic g-factors and characterize the polarization properties of the charged quantum dot system under oblique fields. We compare the 
results to a simple model that captures the resulting level structure and polarization selection rules for arbitrary magnetic field orientations. Under 
oblique magnetic fields, the system’s ground spin eigenstates are composed of unequal superpositions of the electron spins. This provides an 

additional degree of freedom to tailor the composition of the ground spin states in charged quantum dots and based on this we demonstrate spin 
pumping and initialization of the tailored ground states, confirming that the double-Λ level structure of the charged quantum dot persists in 
oblique magnetic fields. These combined results show that the uneven weightings of the tailored spin states can yield systems with interesting 
behaviors, with potential towards developing spin-selective readout schemes to further enhance the capabilities of spin qubits. 

I. INTRODUCTION

Self-assembled semiconductor quantum dots (QDs) provide an 

excellent arena for improving our fundamental knowledge of 
solid-state systems whilst additionally demonstrating viability 

for future quantum hardware  [1]. This combination of a 
physics-rich environment linked with potential for future 
applications [2], makes research into such systems both 

relevant and exciting.  

Generally, the optical and electronic properties of QDs 
result from the chemical composition, physical shape and 
strain, as well as the type of excitonic complexes  [3]- [5] and 

interactions with the nuclear spins of the surrounding 
environment [6], just to name a few.  

The study of charged quantum dots under external 
magnetic fields enables access to the spin states of electrons 

and holes with the Faraday configuration (field parallel to 
growth axis) typically used for the spin preserving cyclic 

transitions or the Voigt configuration (field perpendicular to 
growth axis) for the optically addressable double-Λ system [7]. 

Understanding the magneto-optical properties of a quantum 
dot, requires characterization of the g-factor tensors.  

Magnetic fields that are applied with varying angles in the 

plane perpendicular to the growth axis enable the 
characterization of the anisotropy of the in-plane g-factors. 

Combining these measurements with magnetic fields out-of-
plane allows for the estimation of the complete g-factor tensor 
of QDs. This is typically done via the application of magnetic 

fields in oblique angles using in parallel additional techniques 
ranging from photoluminescence polarimetry  [8]- [15], pump-

probe Faraday rotation [16]- [19] and resonant spin 
amplification [20] to spin-noise spectroscopy [21],  magneto-
tunneling [22], [23] and magneto-capacitance [24].  

Oblique magnetic fields applied on quantum dots, 
additionally enable access to dark exciton states and recent 
works have focused on their dynamics [25] and their 

interactions with strong optical fields  [26]. Tilted fields have 
also been used for the in-depth study of impurities in quantum 

dots [27], [28] and for the investigation of spin-flip Raman 
scattering [29], [30]. 

In this work, we show that by transitioning towards 

oblique magnetic field angles (containing both Bz and Bx 
components), a double-Λ level structure is retained yet the 

ground spin states are now formed from unequal 
superpositions of spins. From this we see the unique capability 

of tailoring the ground spin state composition, whilst also 
combining elements of both Voigt and Faraday configurations. 

Through a series of experiments in both Voigt and oblique 

configurations we evaluate the anisotropic electron and hole g-
factor components and characterize polarization properties of 

the emission spectra, these are then used to confirm a 
descriptive model of the system. Finally, we show spin 
pumping and spin initialization of the ground spin states in an 

oblique magnetic field with behavior similar to the Voigt 
configuration, confirming that oblique magnetic field 

configurations produce a coupled level structure that can also 
be used for all-optical coherent control. 

This letter is organized as follows: In Sec. II we introduce 

the model and simulated results of transition strengths, spin-
state compositions and polarization properties of the target QD 

along with the experimental setup and methods used. Sec. III 
presents the experimental findings used to characterize the 

system’s level structure and behavior, culminating in the 
demonstration of spin pumping in an oblique field 
configuration and its comparison to spin pumping in the Voigt 
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configuration. Finally, a discussion and our conclusions are 
presented in Sec. IV.  

II. THEORY AND METHODS 

A. Hamiltonians, eigenstates and spin-state weights 

The electronic states of a charged quantum dot are subject 

to the Zeeman interaction in the presence of a magnetic field. 
Due to the additional confined charge they are known to 

exhibit no exchange interaction [8]. To simulate the behavior 
of the charged QDs in oblique magnetic fields, we treat both 
electrons and trions (holes) as pseudospins; the electrons as 

spins ˆ 1 / 2eJ    and the trions as spins ˆ 3 / 2hJ    

associated with the heavy-hole (hh) states. Here, pre-selection 
of the quantum dots allows us to neglect light-hole (lh) states 

and hh-lh mixing. The Zeeman interaction Hamiltonian for 
both electrons and heavy holes within the QD is given by, 
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where μB is the Bohr magneton, 
/e hg   are the electron/hole g-

factors, B  is the applied magnetic field vector components, 

and Ŝ
 are the Pauli spin operators.  

For the hole states ˆ 3 / 2hJ    and we use the Luttinger-

Kohn Hamiltonian with the valence-band parameters   and 

q , akin to Bayer et al. [8] and other works  [10] [12]. By 

introducing the heavy-hole subspace matrices for Ĵ
 and 3Ĵ

 

the hole Hamiltonian can be reduced to a similar form to 
equation (1), containing the same spin operators and an 

effective hole g-factor while differing only by a sign prefactor. 

In the presence of hh-lh mixing the full ˆ
hJ  matrices with 

additional parameters relating to the mixing ratio would be 

required, at which point the process may then be better 
described using the full Luttinger-Kohn and Bir-Pikus 

Hamiltonian [12], [32]. Here however, we can simplify the 
model as we have pre-selected the quantum dot we study for 
minimal hh-lh mixing [33]. 

The Hamiltonian (1) can be readily diagonalized for both 
electrons and holes and allow us to understand the quantum 

dot’s response to an applied magnetic field in arbitrary 
orientations. A schematic diagram of the system is shown in 

Fig. 1(a) which consists of the electronic ground states, |    

and |   , and excited trion states, |    and |   . Here, 

,  represent the ground state electron spins while ,   relate 

to the hole spins. The excited trion states consist of two 
electrons with opposite spins (in a singlet-like spinless state) 

and a hole that interacts with the magnetic field. The trion 
states can therefore be described in a simpler way only 
considering the contributions of the heavy hole spins. 

Under an external applied magnetic field, both ground and 
excited trion states split because of the Zeeman interaction by 

gsE  and 
trE  respectively and a four-level structure like the 

one shown in Fig. 1(a) appears. The resulting spin eigenstates 

are composed of weighted superpositions of the basis states 

aligned along the z-axis  0z    which are either | z   or 

| z   for the ground state electrons, or | z   and | z  for 

the excited state trions. This allows us to express the QD 
eigenstates as a linear combination of the basis states. Thus, 

the eigenstates of both the ground and trion states can be 
written as, 
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FIG. 1. (a) (Top) Schematic diagram of the double-Λ level structure 
found within oblique and Voigt configurations. (Bottom) Simplified 
view of structure depicting the QDs inside the sample (Top and 
bottom DBRs are not shown) with the principle axis. (b) Simulated 
results of a charged QD four-level splitting (T1-T4) as a function of 
applied magnetic field angle  0 5B T  using g-factors extracted

from experimental data. The color bar indicates relative transition 
intensity for each transition. (c) Amplitude square of the normalized 
ground state basis weights ( )e   and ( )e  , as a function of 

applied field angle. These are components of the ground state 
eigenstates generated in a non-zero magnetic field. When 90   we 

see an unequal weighting of the basis spin between the two ground 
states. (d) Amplitude square of the normalized trion states basis 
weights ( )h  and ( )h  , as a function of applied field angle. 

Again, as we move away from the Voigt configuration the trions have 
a non-equal basis hole spin weight 
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The terms 
/ ( )e h  and / ( )e h  in (2) are the normalized 

weights found by explicitly solving for the eigenvectors of the 

Hamiltonian (1). 

 The complete expressions of the terms 
/ ( )e h  and / ( )e h  in 

equations (2) along with the normalization factor are given in 

(3):  
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The sample orientation and axis choice used with respect to the 
QD sample are shown in the bottom inset of Fig. 1(a), with the 

z-axis aligned along the growth axis. 
Fig. 1(b) shows simulated eigenenergies of the four 

available transitions between the eigenstates of a charged QD 

 0 5B T  as a function of applied magnetic field angle  . In 

the same figure, the strength of each transition dipole is 
represented by the line color. In the Faraday configuration

 0   , the two inner transitions are entirely inactive while 

in the Voigt configuration all four transitions are equally 

optically active. In terms of energy splittings, as   moves from 

Faraday to Voigt configurations, there is a reduction because 
of the difference of the g-factors in Voigt and Faraday 
configurations. Interestingly, there is an observed level 

crossing at ~ 74    between transitions 2( )T   and 3( )T   

which aligns well with experimental observations in oblique 

 60obl    and Voigt  90V    configurations as shown 

further on. At 60obl   , the model predicts that the ratio of 

the emission intensity of the inner to outer transitions is ~ 0.3. 
The normalized weights of the basis electron spins in the 

ground states are shown in Fig. 1(c) while the normalized 

weights of the basis hole spins in the excited states are shown 
in Fig. 1(d). In both cases, there is a clear dependence on the 

magnetic field angle  : At 0F   (Faraday configuration), we 

retrieve pure spin-up and spin-down basis states while at 

90V   (Voigt configuration), we see equally weighted basis 

state contributions. By transitioning towards oblique 

configurations, it is clear that the eigenstates are formed of 
unequal weights which shows that using an external magnetic 
field at an oblique angle allows for precise tailoring of the spin-

up and spin-down components in the resultant electronic 
ground and excited states. 

B. Effective polarizations 

Previous research has highlighted that polarization 
properties of charged QDs in oblique magnetic fields differ 

significantly from the Voigt configuration [14]. To further 

shed light on this behavior we characterized the polarization 
state of QD emission through Stokes polarimetry. The Stokes 

vector S  consists of the four Stokes parameters, 

 0 1 2 3 , , ,S S S SS  , relating to the intensity of light, and 

degree of linear, diagonal and circular polarization 
respectively and proves a convenient method for the complete 

characterization of a polarization state of light [34] [35]. 
Evaluating the Stokes parameters from theory alongside 

development of a Stokes polarimetry setup allows for direct 
comparisons between theory and experiment to be made. Each 
Stokes vector was evaluated from the transition dipole matrix 

elements of the optical transitions. The transition dipole matrix 

element between an initial and final state evaluated as f i  

[31], [32] yields a complex electric field amplitude 


, from 

which  relative transition strength is found as shown in Fig. 

1(b). The Stokes parameters are then represented by the square 

of the amplitudes and are evaluated from 


 using the 

following expressions, 

 

FIG. 2. (a)-(d) Simulated polarization of light emitted from each 
transition (as seen in Fig. 1) as a function of applied magnetic field 
angle (B0 = 5 T). We show only the linear (S1) and circular (S3) 
component of the Stokes vector as no diagonal component (S2 = 0) is 
observed. These simulations predict that a small fraction of linear S1

component remains in both (b) T2 and (c) T3 across all angles, 
however the optical activity of these two transitions drops to zero for 
low magnetic field angles.  
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To get the normalized Stokes parameters, we take Si/S0 

yielding the normalized polarization components  1 2 3S , S , S  

which vary between -1 and 1, dependent upon the degree of 

the polarization component. The degree of polarization (DOP) 
can be calculated from the individual stokes parameters in  (4) 

by taking 2 2 2
1 2 3 0/DOP S S S S    and is 1 for all transitions 

in our simulations. 

The simulated results of the normalized linear (S1) and 
circular (S3) parameters are shown as a function of field angle, 

 , in Fig. 2 (a)-(d) for each transition. Because of the chosen 

symmetry of the simulated system, the diagonal (S2) 

component was 0 for all magnetic field angles and thus was 
not displayed. The maximal values of |S1| = 1 in the Voigt 

configuration  90V    and |S3| = 1 in the Faraday  0F    

correctly match expectations. Of interest here, and overlooked 

in previous works, are transitions 2 ( )T   and 3 ( )T   which 

maintain some degree of linearity even under oblique angles 

near the Faraday configuration. Both transitions however 
become optically inactive at low angles.  

C. Experimental details and methods 

The self-assembled, δ-doped, InGaAs QD sample emits in 
the region of 910-920 nm and was grown by the Stranski-
Krastanow method at the center of a GaAs microcavity  [37], 

[38] A single layer of InAs QDs was deposited on the substrate 
and capped with 100 nm GaAs layer. At 10 nm below the QD 

layer a high-density (~1011 cm-2) δ-doped region of Silicon 
exists to greatly increase the probability of charged QDs, 
resulting in approximately one third of the QDs being in a 

charged state, confirmed through 4-fold symmetric level 
splitting in high magnetic fields under the Voigt configuration. 

The sample is housed within a continuous flow liquid 
Helium magnetic cryostat (Oxford Microstat-MO) that has 

been combined with a helium cryo-recirculator (Coldedge 
Stinger) for closed-cycle operation [39] and can apply a 
homogeneous magnetic field of up to 5 T directly through the 

central axis of the sample chamber. The sample is maintained 
at approximately 6.8-7 K over the course of all experiments. 

Copper sample holders with embedded 45 silver-coated 

prisms were designed to allow for magnetic field application 
in either the Voigt configuration, or in the oblique 

configuration 60obl   with respect to the z-axis as shown in 

the top and bottom right-side insets in Fig. 3(a).  
To enable relocating the QD used here when switching 

between different configurations, we use features of an 

aluminum mask deposited on the sample in combination with 
the spectral signature of this QD at zero and maximum 

magnetic field.  

 

FIG. 3. (a) Schematic diagram of the experimental setup with top-
right (bottom-right) inset: Oblique (Voigt) field sample holder. The 
excitation setup consists of a combination of an above-band laser 
(Ad. bd.) and a resonant laser (Res.) with complete polarization 
control. Excitation and light collection is done through a 0.5 NA 
microscope objective (MO). The emission is spatially filtered and 
sent to the spectrometer. M: mirror, FC: fiber coupler, LP: linear 
polarizer,  (P)BS: (polarizing) beam splitter and m- /2(4): motorized 
half (quarter)-waveplate.  (b) Zeeman splitting of the QD as a 
function of magnetic field strength in the Voigt (left) and 60° oblique 
(right) configuration. T2 and T3 exchange relative positions between 
configurations. (c) Confirmation of the exchanged position in Fig.
3(b) via resonant excitation on T1 (red arrows) which shows increased 
emission on either the third peak location  2 ( )VT   or the adjacent 

second location  2 )( oblT  because of spin pumping. (d) & (e) 

Rotating quarter waveplate polarimetry of target QD in Voigt and 
Oblique configuration respectively. The intensity profiles seen for the 
Voigt configuration are indicative of highly linear emission whereas 
for the oblique case they show high degree of circularity.    
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Fig. 3(a) shows a schematic of the experimental setup used 
for the measurements. Optical excitation was done either 

above-band (Ab. bd. laser), with a 780 nm diode laser, or 
resonant (Res. laser), using a tunable single-mode Ti:Sapphire 

laser. Each are introduced through a polarization maintaining 
fiber, before passing a combination of a linear polarizer (LP), 
quarter-wave plate (λ/4) and half-wave plate (λ/2), yielding 

full control over the polarization of incident light. Monitoring 
of the resonant laser frequency is achieved in realtime using a 

Fizeau-type wavemeter with 10 MHz frequency resolution. 
To optically address individual QDs, a confocal 

microscopy setup allows for both excitation and detection 
through a 0.5 NA long working distance (~12mm) microscope 
objective lens. The excitation spot for both the resonant and 

above-band lasers is of the order of ~1μm FWHM.  
Polarization-resolved spectroscopy was performed by filtering 

photoluminescence using a custom rotating quarter-wave plate 
(QWP) polarimetry setup inspired by other works [36]. This 
consists of the motorized quarter-wave plate (m-λ/4) and the 

polarizing beam splitter (PBS) as shown in Fig. 3(a). The 
additional motorized half-wave plate (m-λ/2) can be removed 

and when present, enables cross-polarized reflectivity, 
rejecting back-reflected laser light that is present during 
resonant experiments such as spin pumping presented in 

section III.  
When implementing a QWP polarimetry setup it is 

important to investigate how optical elements prior to the 
polarimeter may affect the polarization of incident light 

reflected/transmitted through. Thus, the optical elements 
between the QD sample and the QWP polarimeter were 
characterized by measuring a laser with known polarizations 

before and after the elements which allowed us to construct an 
inverse Mueller matrix corresponding to the overall effect of 

these particular optical elements [40]. This is then introduced 
as a correction, allowing for improved accuracy of the 
polarimeter. The photoluminescence was then spectrally 

filtered through a custom-built double (21 m long) Czerny-

Turner spectrometer with ~ 8 eV resolution, before detection 

of either wavelength spectra on a CCD array, or photon count 

rates at a particular energy via a single-photon counting 
module. 

III. RESULTS 

A. Characterization of level structure 

The four-fold splitting of singly charged excitons in the 
Voigt configuration leads to a double-lambda system that 

allows for the evaluation of the in-plane g-factors in a straight 
forward manner. In this configuration, ground and excited 

state splitting are a result of only the in-plane electron and hole 

g-factor components x
eg  and x

hg , which can be readily 

obtained from experiment. Measurements of level splitting and 

polarization-resolved photoluminescence were taken under 

above-band excitation with power in the range 250 50nW  

throughout data collection.  This excitation power corresponds 

to only 20-40% of the saturation power for this quantum dot (

740 20 nWsatP   ) and ensured high-count rates whilst 

maintaining a narrow transition linewidth. The saturation 

power value was found by performing intensity dependent 
photoluminescence measurements on the target QD, with 

further information and data provided in the supplementary 
material.  

In Fig. 3(b) we show level splitting in both the Voigt (left) 

and oblique (right) configuration as a function of applied 
magnetic field strength after diamagnetic shift removal. The 

QD experiences a diamagnetic shift proportional to the square 
of the applied field alongside this linear Zeeman splitting. The 
Voigt diamagnetic shift factor was found to be 

24 .6 7 /V eV T  , while the oblique configurations 

diamagnetic shift factor was 26 .1 4 /o b l eV T  . From the 

Zeeman splitting data at various field strengths, the in-plane g-

factors were evaluated as 0 .44 2g 0 .0 05x
e   and 

0 .111 0 .004x
hg  .  

Transitioning towards the oblique configuration 

 60obl    in Fig. 3(b) (right) shows similar fourfold 

splitting, but with a greater magnitude of relative separation 
between the transitions. The contribution of both in-plane and 

out-of-plane g-factor components, as opposed to in-plane only, 
intuitively confirms this behavior should be common. At 

0 5 TB  , we see an average 3-fold increase in the separation 

between adjacent transitions with respect to the splittings in 
the Voigt configuration. Immediate benefits of working in 

oblique configurations can be seen, as to obtain similar 
 

 
TABLE I: Normalized Stokes parameters and degree of polarization 

comparison at 60obl   . All four transitions show a DOP of the 

order of 0.998±0.002. Inner relative transition strengths are 
normalized to the corresponding brighter outer transition. 

 S1 S2 S3 
Rel. Transition 

Strength 

 Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. 

T1 0.065 
0.099 

±0.010 
0 

-0.001 
 ±0.004 

0.998 
0.995 

±0.001 
1 1 

T2 -0.223 
-0.204 
±0.001 

0 
0.001 

±0.004 
0.975 

0.979 
±0.001 

0.292 0.296 

T3 -0.223 
-0.173 
±0.001 

0 
0.015 

 ±0.004 
-0.975 

-0.985 
±0.001 

0.292 0.286 

T4 0.065 
0.129 

±0.008 
0 

0.016 
 ±0.005 

-0.998 
-0.991 
±0.001 

1 1 
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separation to the Voigt at 5 T , the field strength can be as low 

as 2 T . Simply lowering the requirement on the magnetic field 

strength to obtain sufficient splitting allows for the field 

strength to be more freely adapted towards improving and 
extending coherence properties of the system. Using the 
previously extracted in-plane g-factor components alongside 

the oblique measurements, out-of-plane g-factor components 

were evaluated as 0 .505 0 .032z
eg    and 

1 .5 75 0 .0 23z
hg  .  

Noting the location of transitions T1-T4 in the two different 

configurations, we see that 2 ( )T   and 3 ( )T   exchange position 

between the Voigt and oblique configuration. Fig. 1(b), shows 

that level crossing between 2T  and 3T  takes place at ~ 74    

which lies in-between the two magnetic field configurations 

used in this work. Fig. 3(c) demonstrates the experimental 
technique used for confirmation whereby combining above-
band and resonant excitation on the lowest energy outer 

transition (T1, left) reveals the lambda-coupled T2 inner 
transition, showing increased emission because of spin 

pumping. Here the increased emission comes either from the 
adjacent (lowest energy) inner transition when the magnetic 

field is applied at 60obl   , or at the highest energy inner 

transition when the magnetic field is applied at 90V   . This 

observation shows that in both cases we are observing the same 
lambda-coupled pair (T1, T2), but because of the different 
ground and excited level splittings in the two configurations, 

the emission energy is modified and the two inner transitions 
switch order. 

Polarization-resolved spectroscopy using QWP 
polarimetry is shown in Fig. 3(d) and (e) for the Voigt and 
oblique configurations respectively. The quarter-wave plate is 

rotated over 360 degrees with a 2 degree step and a complete 
spectrum of the photoluminescence is acquired for each 

waveplate angle. A multi-Lorentzian peak fit is used for each 
spectrum with a common offset and linewidth for all four 

peaks. Using the fitted peak parameters, we calculate the 
overall intensity (peak area) of each transition for all QWP 

angles γ, resulting in an intensity line profile ( )nI   with 

 1,4n the transition number.   Using this intensity profile, the 

associated Stokes vector could then be evaluated [35].  
Fig. 3(d) shows the QWP polarimetry in the Voigt 

configuration. This pattern is indicative of a near unity value 

for the linear component S1 and is expected in this geometry. 
Here, the co-polarized pairs can be seen to be the outer 

transitions (T1, T4) and the inner (T2, T3) transitions by 
observing the similar intensities as a function of QWP angle. 

Conversely, Fig. 3(e) shows the polarimetry data in the 
oblique configuration, indicating that the co-polarized pairs 
are (T1, T2) and (T3, T4). This is influenced by the high degree 

of right and left circular polarization that dominates heavily at 
oblique angles as was shown in the simulated polarization 

properties in Fig. 2. A comparison between the experimentally 
evaluated Stokes parameters and those calculated from the 

simulations in the oblique configuration is shown in Table I. 
The circular S3 components appear similar, while the linear S1 
components show a small discrepancy compared to simulated 

values. The S2 component is below 1.5% for all four 
transitions. This aside, the overall behavior of the linear 

components is consistent in that the inner transitions exhibit a 
higher, shared degree of linearity. All four transitions showed 

a near unity degree of polarization (DOP). The relative 

transition strengths are calculated by taking the ratio of 0S  for 

the inner transitions with respect to the corresponding outer 
transition for each pair T1-T2 and T3-T4 and show a good 

agreement with the simulated results.  

B. Spin pumping in an oblique configuration 

The fourfold splitting we see in oblique magnetic fields 

implies that a coupled double-Λ structure should be in 
operation. Using this assumption, we were able to identify the 

Λ-coupled inner transitions in both the oblique and the Voigt 
configuration using spin pumping as shown in Fig. 3(c). In this 
section we set out to investigate the spin pumping process in 

more depth and evaluate the behavior as a function of the 
resonant laser detuning. Fig. 4(a)-(d), shows normalized 

photon emission count rates, detected at the energy of the 
transition depicted by the wavy downward arrows, as a 
function of the laser detuning while the excitation laser is 

resonantly swept across each transition. The count rate was 
recorded either with (i) combined application of weak above-

band and resonant excitation (Ab.bd+Res.) and (ii) only 
resonant excitation (Res. only), in order to probe the spin 
pumping process and the initialization fidelity. In Fig. 4(a) it 

can be seen that resonantly driving the | |       transition 

(solid red arrow in inset) leads to excitation of the trion state 

followed by spontaneous decay to one of the two ground states. 

If the trion decays to the |   state, the resonant laser will 

simply re-excite it to the trion state. If the decay takes place 

towards the  |   state (wavy black arrow), then the system is 

initialized to that state and a photon can be detected at the 

energy of the | |      transition.  

If the ground state is long lived, the system remains in this 

state and the resonant laser has no other effect leading to a 
measurement of background counts for all resonant laser 
frequencies. Conversely, using weak above-band excitation 

enables reshuffling the ground state and therefore the 
aforementioned process can happen over and over again, 

leading to a clearly measured spin pumping peak.  When 
resonantly pumping the system, we set the resonant laser 
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power to 
Res. 50P   nW and its polarization to linear, to allow 

for cross-polarized detection. For the weak above-band 

excitation, we use a linearly polarized laser at 780 nm and set 

the power to 
Ab.bd.P  6 nW (approximately 1-1.5% of peak 

saturation power).  
Despite not matching the polarization of the resonant laser 

(linear) to that of the driven transitions (~98% circular), we are 
still able to drive the transitions through the matching circular 

component of the resonant laser (linear polarization is an equal 
sum of two cross-circular components).  

 For further suppression of the resonant laser, we rely on 

our custom-built double (21 m long) Czerny-Turner 
spectrometer with intermediate slits. By closing the 

intermediate slits, we only allow photons at the energy of the 
detected transition to pass through and the combination of 
intermediate and exit slits gives an overall good suppression. 

A high contrast between the spin pumping peak and the 
background counts with only the resonant excitation on, is a 

clear signature of high fidelity initialization. Fig. 4(b)-(d) 
demonstrate spin pumping through one of the three remaining 
available transitions in the same manner. This behavior was 

repeated and consistently observed throughout the sample 
under the oblique configuration.  

It is instructive to compare the spin pumping behavior of 

this particular quantum dot for oblique fields with spin 
pumping data from the Voigt configuration which is well 
understood and has been extensively studied  [41] [48]. For the 

spin pumping experiment in the Voigt configuration, we used 
the same excitation conditions as for the oblique case above.  

Fig. 5(a)-(d) shows spin pumping data for all four transitions 
in the Voigt configuration. Here, we rotated the 
excitation/detection polarizations by 90 degrees depending on 

whether we were pumping the inner Fig. 5(b),(c) or the outer 
transitions Fig. 5(a),(d). A quick comparison between the 

Oblique and Voigt configurations shows a similar behavior 
with equally high initialization fidelity when resonantly 

driving the two outer transitions. Upon closer inspection of the 
spin pumping data when driving the two inner transitions 
however, one sees that the background counts in the oblique 

configuration under combined laser excitation away from 
resonance are higher than the background counts in the Voigt 

configuration. To understand this one needs to recall that in the 
oblique case, the two inner transitions have a weaker emission 

with respect to the outer transitions (~0.292 at 60obl   , 

5 TB   ). As we are using the same intensity for the above-

band laser when driving all four transitions, the PL counts 

 

FIG. 5. (a)-(d) Spin pumping of T1-T4 as a function of excitation 
laser detuning under the Voigt configuration. Emission intensity vs 
single photon counts shown with (i) randomization and (ii) no 
randomization applied. Solid line is Lorentzian best fit. Inset (top 
right) shows excitation and detection scheme for each. 

 

FIG. 4. (a)-(d) Spin pumping of T1-T4 as a function of excitation 
laser detuning under the oblique configuration. Emission intensity vs 
single photon counts shown with (i) randomization and (ii) no 
randomization applied. Solid line is Lorentzian best fit. Inset (top 
right) shows excitation and detection scheme for each. 
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when detecting the outer transitions will be ~3.4 times higher 
than that of the inner transitions.  

The comparative study presented here with the similar 
spin pumping behavior observed for the oblique and Voigt 

configurations, demonstrate that even in oblique fields the 
tailored ground spin states can be pumped and initialized with 
high fidelity, a fundamental requirement for quantum 

information processing applications. 

IV. CONCLUSION 

In this work, we investigate singly charged QDs under 
magnetic fields at arbitrary field angles. Using a standard 

model based on the Luttinger-Kohn Hamiltonian for the heavy 
holes, we simulate the selection rules and polarization 

properties of the resulting 4-level system. We show that 
depending on the angle of the oblique magnetic field, we can 

introduce a controlled spin-state weight imbalance in the 
ground electron states. This engineered spin composition in the 
ground states shows promise towards possible applications for 

spin-selective readout and measurement schemes that are 
typically employed in the Faraday configuration.  

Furthermore, the  demonstration of spin pumping and high 
fidelity initialization of the engineered ground states shows 
further promise towards demonstration of complete coherent 

control of the ground states in this configuration, which has 
direct implications for systems like pyramidal QDs in 1-1-1 

GaAs recesses that share the same phenomenology  [49], [50] 
but differ in the underlying physics.     
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