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Major Goals:  The objective of this research program is to provide theoretical support to the study of solid state 
quantum computing.  During the four years of this program, we have worked on two main aspects of spin qubits: 
decoherence, and coupling.  



The major front of our research is on spin qubit decoherence, and we have mostly focused on decoherence of 
multiple qubits or non-equilibrium spin qubits.  Specifically, we have completed our studies of two- and three-spin 
decoherence due to hyperfine interaction.  We have investigated spin relaxation due to charge noise and/or spin-
valley mixing, and found that charge noise and spin-valley mixing could both be an important ingredient to spin 
relaxation at relatively low magnetic fields.   We have studied decoherence of a driven qubit, and found that the 
electron relaxation and dephasing properties are strongly modified by the presence of driving.  We have studied the 
scaling behavior of decoherence for a multiple-spin-qubit system under the influence of hyperfine interaction, and 
found that the multi-qubit decoherence properties are reasonably favorable.  Lastly, we have investigated relaxation 
of a moving spin qubit, and found that phonon bottleneck effect reduces spin relaxation for larger magnetic fields, 
and fast motion can reduce spin relaxation for a wide range of magnetic fields.   We have studied dynamics and 
relaxation of the spin of a tunneling electron, and found regimes where spin relaxation is minimized and spin hot 
spot is eliminated.  



Another front of our research is on coupling of spin qubits.  We have studied effective coupling of two 31P nuclear 
spins mediated by the two confined donor electron spins that are exchange-coupled.  We found that the coupling 
between the two dressed nuclear spins takes on an XY form, instead of the Heisenberg or XXZ form discussed 
before.  We have studied exchange coupling of two singlet-triplet qubits, showing that the effective qubit coupling is 
of the Ising type.  We have been building numerical tools to calculate 31P electron wave functions in Si from single 
to multiple donors in order to understand their couplings.  We have also worked on electronic structure calculations 
for multi-electron-multiple-dots in both GaAs and Si substrates.

Accomplishments:  Over the four and a half years from 2012 to 2016, we have completed the following tasks.



One theme of our research is to explore the effect of nuclear spins on an electron spin qubit, whether it is made of 
a single spin or multiple spins.



We have calculated decoherence of two- and three-electron spin states induced by hyperfine interaction with 
nuclear spins in the presence of a magnetic field gradient.  We find that at the large magnetic field gradient limit 
(compared to the exchange interaction), two-spin decoherence approaches the single-spin limit.  We have also 
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calculated error rate of an exchange gate for two single-spin qubits due to random nuclear fields.  A manuscript on 
this work is published in Physical Review B.  For three-spin states, we have identified the most important leakage 
channels, and clarified the operating condition for a three-spin qubit.  We find that both the inhomogeneous 
broadening and the pure dephasing rates for such a logical qubit are close to those for a single confined spin, and 
the decoherence properties are not significantly influenced by variations in the interdot exchange coupling.  This 
work is published in Physical Review B.



We have analyzed statistically the scaling behavior of nuclear spin induced dephasing on uncoupled electron spin 
qubits.  We find that the fidelity of a multi-qubit superposed state varies from no decay to a decay rate proportional 
to their polarization, to decay rates proportional to the square root of the number of qubits.  Overall this is a quite 
favorable scaling behavior for the electron spin qubits.  This work is published in Scientific Reports.



A second theme of our research is to study electron spin decoherence due to electrical noise (such as charge noise 
and electron-phonon interaction) and spin-orbit coupling, especially when the electron is driven out of equilibrium.



We have investigated decoherence of a confined electron spin due to charge noise and spin-orbit interaction.  
While spin-orbit interaction together with electron-phonon interaction is the main relaxation mechanism for electron 
spins at higher magnetic fields,   we find that for lower external field charge noise could be an important, possibly 
dominant, contributor.  This work is published in Physical Review B.  We have applied our understanding of charge 
noise in the specific case of Si quantum dot that has spin-valley mixing.  By including charge noise, particularly 
Johnson noise from the circuit, we can better describe the experimental results for lower magnetic fields (when 
Zeeman energy is lower than the valley splitting in the dot).  This work is published in Physical Review B.



We have studied how a driving field alters the decoherence properties of a qubit.  We find that driving changes the 
environment that the qubit experiences, thus can strongly affect decoherence of the qubit.  In the case of an 
electrically driven spin qubit interacting with the phonon reservoir, we find that relaxation is reduced when the 
driving field is negatively detuned, while pure dephasing becomes possible and is maximized near resonance. This 
work is published in Physical Review A.



We have studied spin relaxation of a moving spin qubit through spin-orbit interaction and electron-phonon 
interaction.  We find that Doppler effects lead to significant effects in fast moving quantum dots (QD).  For example, 
the spin relaxation rate peaks when the QD motion is in the transonic regime, so that a moving spin qubit can have 
lower relaxation rate than a static qubit.  In addition, the emitted phonons become strongly directional and narrow in 
their frequency range as the qubit reaches the supersonic regime, similar to Cherenkov radiation.  This work is 
published in Scientific Reports.



A third theme of our research centers on the feasibility of donor spin qubits in Si for large-scale quantum 
computing.



We have studied the feasibility of using the nuclei of two donors to enable a singlet-triplet donor electron spin qubit 
in Si:P.  Within the lowest order approximation the two donor nuclei can indeed act as a field gradient to allow 
singlet-triplet transition.  This is in contrast with the two-donor-one-electron case, where an electrically driven spin 
resonance cannot be achieved because the highly symmetric hyperfine interaction between the electron and the 
donor nuclear spin limits the electron spin dynamics.  



We have examined in detail the effective coupling between two Phosphorus nuclear spins mediated by their two 
donor electrons in Si:P, with the electrons coupled through exchange interaction (This is the original Kane 
proposal).  Using quasi-degenerate perturbation method, we have constructed the effective electron spin 
Hamiltonian, and found that the coupling takes the simple XY form, instead of the Heisenberg or XXZ form that was 
discussed before.  



Currently we are revisiting the electronic states of single and coupled donor system, with particular interest in 
clarifying how excited orbital states may affect the exchange coupling for coupled donors.  



We have been studying the coupled donor-dot system in Si, including calculating its coherence properties and 
exploring its capability for long-distance coupling.  In particular, we have calculated charge qubit relaxation as a 
function of the applied electric field.  By examining the energy spectrum as a function of the applied field, we 
identify the optimal detuning between the donor and the interface state, such that charge noise induced dephasing 
is minimized.  We have also found the form of the qubit interaction Hamiltonian when the individual systems are at 
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their optimal point for decoherence.   This work is performed by my graduate student John Truong, and is being 
written up.



In addition to the themed works above, we have studied other spin properties relevant to quantum control.  For 
example, we have explored the effect of non-adiabaticity on single-spin time evolution in a changing magnetic field.  
We find that non-adiabaticity leads to corrections to the geometric phase of the spin, and leads to completely 
different time-energy relation than the adiabatic limit.  This work is published in Scientific Reports.



We have multiple collaborations with groups around the country and world.  For example, in collaboration with the 
theory group at the University of Wisconsin, led by Mark Friesen and Susan Coppersmith, we have studied 
quantum gates and hybrid qubits; in collaboration with an experimental group at University of Science and 
Technology China, we have explored how to expand the idea of hybrid qubit and multiple electron encoding, which 
resulted in several publications; in collaboration with groups at Riken, Japan, we have studied hole spin resonance 
and multi-electron entanglement.
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Training Opportunities:  During this program one graduate student (Jo-Tzu Hung) obtained her PhD degree, and 
one postdoctoral researcher (Dr. Peihao Huang) completed his training. Three new graduate students and one 
postdoctoral researcher have joined the group during this period of time.  They are Luke Pendo, Bilal Tariq, John 
Truong, and Xinyu Zhao.  They have made contributions to the research effort in my group, and have attended 
conferences and program reviews to present their results.

Results Dissemination:  Dissemination of our results is mostly through two channels: publications in refereed 
journals, and presentations at conferences and academic institutions.  From end of 2012 to 2016, we published 17 
papers, in journals such as Physical Review A, B, and Letters.  During this period my group members and I have 
given 19 invited talks and 32 contributed talks at international conferences, and I have given 15 seminars in various 
universities and research labs.

Honors and Awards:  Nothing to Report

Protocol Activity Status: 

Technology Transfer:  Nothing to Report
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the well-known singlet projection technique.

Publication Type:  Journal Article
Journal:  Physical Review B

Publication Location:  
Article Title:  Spin qubit relaxation in a moving quantum dot

Keywords:  spin qubit, spin relaxation, moving quantum dot, spin-orbit interaction, random potential
Abstract:  Long-range quantum communication for spin qubits is an important open problem. Here we study 
decoherence of an electron spin qubit that is being transported in a moving quantum dot. We focus on spin 
decoherence due to spin-orbit interaction and a random electric potential. We find that at the lowest order, the 
motion induces longitudinal spin relaxation, with a rate linear in the dot velocity. Our calculated spin relaxation 
time ranges from sub ?s in GaAs to above ms in Si, making this relaxation a significant decoherence channel. Our 
results also give clear indications on how to reduce the decoherence effect of electron motion.
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Abstract:  We investigate theoretically the hyperfine-induced dephasing of two-electron-spin states in a double 
quantum dot with a finite singlet-triplet splitting J . In particular, we derive an effective pure dephasing 
Hamiltonian, which is valid when the hyperfine-induced mixing is suppressed due to the relatively large J and the 
external magnetic field.Using both a quantum theory based on resummation of ring diagrams and semiclassical 
methods,we identify the dominant dephasing processes in regimes defined by values of the external magnetic 
field, the singlet-triplet splitting, and inhomogeneity in the total effective magnetic field. We address both free 
induction and Hahn echo decay of superposition of singlet and unpolarized triplet states (both cases are relevant 
for singlet-triplet qubits realized in double quantum dots). We also study hyperfine-induced exchange gate errors 
for two single-spin qubits. Results for III-V semiconductors as well as silicon-based quantum dots are presented.
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Abstract:  We investigate the nonadiabatic implementation of an adiabatic quantum teleportation protocol, finding 
that perfect fidelity can be achieved through resonance. We clarify the physical mechanisms of teleportation, for 
three qubits, by mapping their dynamics onto two parallel and mutually coherent adiabatic passage channels. By 
transforming into the adiabatic frame, we explain the resonance by analogy with the magnetic resonance of a 
spin-1/2 particle. Our results establish a fast and robust method for transferring quantum states and suggest an 
alternative route toward high-precision quantum gates.
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Abstract:  In a typical quantum circuit, nonlocal quantum gates are applied to nonproximal qubits. If the 
underlying physical interactions are short-range (e.g., exchange interactions between spins), intermediate SWAP 
operations must be introduced, thus increasing the circuit depth. Here we develop a class of “mediated” gates for 
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Abstract:  We study decoherence of a multi-spin-qubit state under the influence of hyperfine interaction, and 
clearly demonstrate that the state structure is crucial to the scaling behavior of n-spin decoherence. Specifically, 
we find that coherence times of a multi-spin state at most scale with the number of qubits n as square root of n, 
while some states with higher symmetries have scale-free coherence with respect to n. Statistically, convergence 
to these scaling behavior is generally determined by the size of the Hilbert space m, which is usually much larger 
than n (up to an exponential function of n), so that convergence rate is very fast as we increase the number of 
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Contract number: W911NF-12-1-0609 
 
Project title: Theoretical study of solid state quantum information processing 
 
Principal Investigator: Xuedong Hu 
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Main Project Goals: 
The main goal of this project is to study decoherence and quantum control of multi-qubit 
states, particularly for spin qubits in semiconductors. 
 
Project Description: 
 
The objective of this research program is to provide theoretical support to the study of 
solid state quantum computing.  During the four years of this program, we have worked 
on two main aspects of spin qubits: decoherence, and coupling.   
 
The major front of our research is on spin qubit decoherence, and we have mostly 
focused on decoherence of multiple qubits or non-equilibrium spin qubits.  Specifically, 
we have completed our studies of two- and three-spin decoherence due to hyperfine 
interaction.  We have investigated spin relaxation due to charge noise and/or spin-valley 
mixing, and found that charge noise and spin-valley mixing could both be an important 
ingredient to spin relaxation at relatively low magnetic fields.   We have studied 
decoherence of a driven qubit, and found that the electron relaxation and dephasing 
properties are strongly modified by the presence of driving.  We have studied the scaling 
behavior of decoherence for a multiple-spin-qubit system under the influence of 
hyperfine interaction, and found that the multi-qubit decoherence properties are 
reasonably favorable.  Lastly, we have investigated relaxation of a moving spin qubit, and 
found that phonon bottleneck effect reduces spin relaxation for larger magnetic fields, 
and fast motion can reduce spin relaxation for a wide range of magnetic fields.   We have 
studied dynamics and relaxation of the spin of a tunneling electron, and found regimes 
where spin relaxation is minimized and spin hot spot is eliminated.   
 
Another front of our research is on coupling of spin qubits.  We have studied effective 
coupling of two 31P nuclear spins mediated by the two confined donor electron spins that 
are exchange-coupled.  We found that the coupling between the two dressed nuclear spins 
takes on an XY form, instead of the Heisenberg or XXZ form discussed before.  We have 
studied exchange coupling of two singlet-triplet qubits, showing that the effective qubit 
coupling is of the Ising type.  We have been building numerical tools to calculate 31P 
electron wave functions in Si from single to multiple donors in order to understand their 
couplings.  We have also worked on electronic structure calculations for multi-electron-
multiple-dots in both GaAs and Si substrates.   
 



Accomplishments over duration of the grant: 
 
Over the four and a half years from 2012 to 2016, we have completed the following tasks. 
 
One theme of our research is to explore the effect of nuclear spins on an electron spin 
qubit, whether it is made of a single spin or multiple spins. 
 
We have calculated decoherence of two- and three-electron spin states induced by 
hyperfine interaction with nuclear spins in the presence of a magnetic field gradient.  We 
find that at the large magnetic field gradient limit (compared to the exchange interaction), 
two-spin decoherence approaches the single-spin limit.  We have also calculated error 
rate of an exchange gate for two single-spin qubits due to random nuclear fields.  A 
manuscript on this work is published in Physical Review B.  For three-spin states, we 
have identified the most important leakage channels, and clarified the operating condition 
for a three-spin qubit.  We find that both the inhomogeneous broadening and the pure 
dephasing rates for such a logical qubit are close to those for a single confined spin, and 
the decoherence properties are not significantly influenced by variations in the interdot 
exchange coupling.  This work is published in Physical Review B. 
 
We have analyzed statistically the scaling behavior of nuclear spin induced dephasing on 
uncoupled electron spin qubits.  We find that the fidelity of a multi-qubit superposed state 
varies from no decay to a decay rate proportional to their polarization, to decay rates 
proportional to the square root of the number of qubits.  Overall this is a quite favorable 
scaling behavior for the electron spin qubits.  This work is published in Scientific Reports. 
 
A second theme of our research is to study electron spin decoherence due to electrical 
noise (such as charge noise and electron-phonon interaction) and spin-orbit coupling, 
especially when the electron is driven out of equilibrium. 
 
We have investigated decoherence of a confined electron spin due to charge noise and 
spin-orbit interaction.  While spin-orbit interaction together with electron-phonon 
interaction is the main relaxation mechanism for electron spins at higher magnetic fields,   
we find that for lower external field charge noise could be an important, possibly 
dominant, contributor.  This work is published in Physical Review B.  We have applied 
our understanding of charge noise in the specific case of Si quantum dot that has spin-
valley mixing.  By including charge noise, particularly Johnson noise from the circuit, we 
can better describe the experimental results for lower magnetic fields (when Zeeman 
energy is lower than the valley splitting in the dot).  This work is published in Physical 
Review B. 
 
We have studied how a driving field alters the decoherence properties of a qubit.  We 
find that driving changes the environment that the qubit experiences, thus can strongly 
affect decoherence of the qubit.  In the case of an electrically driven spin qubit interacting 
with the phonon reservoir, we find that relaxation is reduced when the driving field is 
negatively detuned, while pure dephasing becomes possible and is maximized near 
resonance. This work is published in Physical Review A. 



 
We have studied spin relaxation of a moving spin qubit through spin-orbit interaction and 
electron-phonon interaction.  We find that Doppler effects lead to significant effects in 
fast moving quantum dots (QD).  For example, the spin relaxation rate peaks when the 
QD motion is in the transonic regime, so that a moving spin qubit can have lower 
relaxation rate than a static qubit.  In addition, the emitted phonons become strongly 
directional and narrow in their frequency range as the qubit reaches the supersonic 
regime, similar to Cherenkov radiation.  This work is published in Scientific Reports. 
 
A third theme of our research centers on the feasibility of donor spin qubits in Si for 
large-scale quantum computing. 
 
We have studied the feasibility of using the nuclei of two donors to enable a singlet-
triplet donor electron spin qubit in Si:P.  Within the lowest order approximation the two 
donor nuclei can indeed act as a field gradient to allow singlet-triplet transition.  This is 
in contrast with the two-donor-one-electron case, where an electrically driven spin 
resonance cannot be achieved because the highly symmetric hyperfine interaction 
between the electron and the donor nuclear spin limits the electron spin dynamics.   
 
We have examined in detail the effective coupling between two Phosphorus nuclear spins 
mediated by their two donor electrons in Si:P, with the electrons coupled through 
exchange interaction (This is the original Kane proposal).  Using quasi-degenerate 
perturbation method, we have constructed the effective electron spin Hamiltonian, and 
found that the coupling takes the simple XY form, instead of the Heisenberg or XXZ 
form that was discussed before.   
 
Currently we are revisiting the electronic states of single and coupled donor system, with 
particular interest in clarifying how excited orbital states may affect the exchange 
coupling for coupled donors.   
 
We have been studying the coupled donor-dot system in Si, including calculating its 
coherence properties and exploring its capability for long-distance coupling.  In particular, 
we have calculated charge qubit relaxation as a function of the applied electric field.  By 
examining the energy spectrum as a function of the applied field, we identify the optimal 
detuning between the donor and the interface state, such that charge noise induced 
dephasing is minimized.  We have also found the form of the qubit interaction 
Hamiltonian when the individual systems are at their optimal point for decoherence.   
This work is performed by my graduate student John Truong, and is being written up. 
 
In addition to the themed works above, we have studied other spin properties relevant to 
quantum control.  For example, we have explored the effect of non-adiabaticity on single-
spin time evolution in a changing magnetic field.  We find that non-adiabaticity leads to 
corrections to the geometric phase of the spin, and leads to completely different time-
energy relation than the adiabatic limit.  This work is published in Scientific Reports. 
 



We have multiple collaborations with groups around the country and world.  For example, 
in collaboration with the theory group at the University of Wisconsin, led by Mark 
Friesen and Susan Coppersmith, we have studied quantum gates and hybrid qubits; in 
collaboration with an experimental group at University of Science and Technology China, 
we have explored how to expand the idea of hybrid qubit and multiple electron encoding, 
which resulted in several publications; in collaboration with groups at Riken, Japan, we 
have studied hole spin resonance and multi-electron entanglement. 
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Figures 

Fig. 1.  Two-spin dephasing due to hyperfine interaction in the presence of a field gradient in a GaAs 
double dot.  The left-most panel gives inhomogeneous broadening time due to random nuclear 
polarization.  Clearly the dephasing time is severely suppressed by the field gradient.  The middle panel 
shows the dephasing times of the dominant pure dephasing channels, with one insensitive to the field 
gradient, while the other going down quickly with the increasing gradient.  The right panel shows Hahn 
echo decay of the two-spin coherence function.  The qualitative behavior here is similar to that for a 
single spin in a single dot, with the modulation coming from interference between different nuclear spin 
species.  The field gradient here is large, at 40 mT.  For smaller gradients the signal modulation 
magnitude become smaller as well.  

Fig. 2.  Decoherence of three-spin states.  On the top of the left panel is a schematic of the coupled 
triple dot.  In our case we have taken J12 = J23 = J and J13 = 0, so that we have a uniform linear 
chain.  At the bottom of the left panel we give the spectrum of the three-spin system, at two useful 
limits.  Panel (a) is the condition for a three-node spin bus, while panel (b) satisfies the conditions 
for the DiVincenzo encoding scheme, with states |0> and |2> encoding the logical qubit.  On the 
right side we give the results of our pure dephasing calculation for the logical qubit, including those 
for free induction decay, Hahn echo decay, and 2-pulse CPMG echo decay.  The dashed lines give 
the respective results for a single spin qubit in a single dot.  Clearly, the three-spin logical qubit has 
very similar dephasing properties as a single-spin qubit. 



Figures 

Fig. 3.  Three-spin dephasing due to hyperfine interaction in a GaAs triple dot for an exchange-only 
qubit.  The left figure shows the narrowed free induction decay (nFID) of an exchange-only qubit. The 
upper panel gives the real and imaginary parts and the absolute value of the coherence function for the 
qubit.  The lower panel gives the nFID at different fields of 0.1 and 0.5 T, with benchmark values of 
single-spin FID (s, nFID).  This figure shows that the nFID for the exchange only qubit is slightly 
slower than that for a single-spin qubit.  The right figure gives the results of Hahn echo decay and 
CPMG echo decay, with their initial decay having a 4t and 6t dependence, as compared to the 

2t dependence of the nFID.  Clearly, the echo decay is much slower than the nFID. 

Fig. 4.  Spin relaxation due to charge noise and spin-orbit interaction.  The left pane shows the results 
for an electron confined in a GaAs quantum dot.  At higher fields (above 1 T) phonon noise is the 
main relaxation channel, while for lower fields Johnson noise is the main channel.  The right panel 
shows the results for an electron confined in a Si quantum dot.  The sharp peak slightly below 3 T is 
due to spin-valley mixing in the Si dot, when the Zeeman energy is on resonance with the valley 
splitting of the two-dimensional dot.  The red dots are experimental results from Dzurak group.  We 
can see that only by including both phonon and Johnson noise can we properly fit the experimental 
results with reasonable system parameters. 



Figures 

Fig. 5.  Decoherence of a driven spin qubit.  The left panel shows how spin relaxation rate changes with 
detuning of the driving field.  The parameter βα=r  is the ratio of the Rashba and Dresselhaus spin-
orbit interaction strength.  As illustrated by the inset, the relaxation rate is lower than the non-driven 
rate for a wide range of driving field detuning.  The right panel shows the pure dephasing rate for a 
driven spin qubit due to electron-phonon interaction.  As is well known, for a non-driven spin qubit 
there is no pure dephasing due to phonon noise and spin-orbit interaction at the lowest order 
approximation.  However, since driving changes the quantization axis of the qubit, now there could be 
pure dephasing, particularly when the driving field is near resonance.  

Fig. 6.  Scaling of pure dephasing for uncoupled spin qubits.  The left panel shows results on states with a 
specific spin polarization (represented by k, the number of flipped spin relative to the ground spin 
orientation).  The n-qubit dephasing rate calculated from state fidelity is roughly proportional to 

( )( ) 21knkn −  as compared to single-spin dephasing.  Thus for large n and a constant k the overall 

decoherence grows only as k and does not increase with n.  The right panel shows our results for a general 

n-qubit state.  Now decoherence rate is proportional to n , with the square root coming from the hyperfine 
induced pure dephasing channel.  The insets for both panels show how fast the numerical errors decrease as 
we move to systems with more qubits.  Specifically, the errors go down as a function of the Hilbert space 
size m instead of the number of qubits. 



Figures 

Fig. 7.  Fidelity of a tunneling spin qubit in GaAs.  The left panel shows the energy spectrum and spin 
relaxation rate as functions of the double dot detuning.  When the spin-excited ground orbital state and 
the orbital-excited spin ground state anti-cross (the splitting due to spin-orbit coupling is small), strong 
spin mixing leads to a spin hot spot, as indicated by the sharp peaks in the lower figure.  The middle 
panel shows the fidelity of spin transfer as a function of the total gate time and the applied field, if we 
vary the interdot detuning as a linear function of time.  The right panel presents a different angle on the 
answer to the fidelity question, with the parameter regime below the orange belt giving high-fidelity 
spin transfer.  This regime corresponds to relatively low magnetic fields and reasonably slow total gate 
time.  

Fig. 8.  Explorations on the donor-dot charge qubit and donor flip-flop spin qubit in Si.  The left panel shows 
a diagram of the donor-dot system, with a single electron that can reside at both the donor and dot sites.  
When the electron is at the donor site, coupled to the donor nuclear spin through hyperfine coupling, it can 
form a flip-flop qubit (essentially an electron spin qubit) that has a very long coherence time.  When the 
electron can hop between the donor and the dot, it forms a charge qubit that could interact with other charge 
qubits over a long distance, albeit with notoriously short charge decoherence times.  We are now exploring 
whether we can use the not-so-coherent charge qubit to mediate a high fidelity coupling between spin qubits.  
The right panel shows our initial results on charge relaxation rate.  The minimum charge relaxation happens 
when the donor and dot ground orbital states are in resonance.  Further studies are underway to explore the 
form of the spin qubit coupling and its strength. 




