Downloaded viaHARVARD UNIV on February 26, 2019 at 15:52:09 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Nl \NO ETTERS @ Cite This: Nano Lett. 2019, 19, 1052—1060 pubs.acs.org/NanoLett

Gate Tunable Hole Charge Qubit Formed in a Ge/Si Nanowire
Double Quantum Dot Coupled to Microwave Photons

Rui Wang,_}_’;t Russell S. Deacon,® " Jian Sun,”1® Jun Yao,*® Charles M. Lieber,"!
and Koji Ishibashi™*

"Advanced Device Laboratory, RIKEN, Wako, Saitama 351-0198, Japan
*Department of Physics, Tokyo University of Science, Kagurazaka, Tokyo 162-8601, Japan
$Center for Emergent Matter Science (CEMS), RIKEN, Wako, Saitama 351-0198, Japan

'Hunan Key Laboratory of Super Micro-Structure and Ultrafast Process, School of Physics and Electronics, Central South
University, Changsha 410083, China

‘Department of Electrical and Computer Engineering, Institute for Applied Life Sciences, University of Massachusetts, Amherst,
Massachusetts 01003, United States

#Deparment of Chemistry and Chemical Biology, Harvard University, Cambridge, Massachusetts 02138, United States
UISchool of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 02138, United States

© Supporting Information

ABSTRACT: A controllable and coherent light-matter interface is an essential
element for a scalable quantum information processor. Strong coupling to an on-
chip cavity has been accomplished in various electron quantum dot systems, but
rarely explored in the hole systems. Here we demonstrate a hybrid architecture
comprising a microwave transmission line resonator controllably coupled to a
hole charge qubit formed in a Ge/Si core/shell nanowire (NW), which is a e
natural one-dimensional hole gas with a strong spin—orbit interaction (SOI) and ,
lack of nuclear spin scattering, potentially enabling fast spin manipulation by Photon ——

electric manners and long coherence times. The charge qubit is established in a
double quantum dot defined by local electrical gates. Qubit transition energy can
be independently tuned by the electrochemical potential difference and the tunnel coupling between the adjacent dots, opening
transverse (o,) and longitudinal (o,) degrees of freedom for qubit operation and interaction. As the qubit energy is swept across
the photon level, the coupling with resonator is thus switched on and off; as detected by resonator transmission spectroscopy.
The observed resonance dynamics is replicated by a complete quantum numerical simulation considering an efficient charge
dipole-photon coupling with a strength up to 27 X 55 MHz, yielding an estimation of the spin-resonator coupling rate through
SOI to be about 10 MHz. The results inspire the future researches on the coherent hole-photon interaction in Ge/Si nanowires.

KEYWORDS: Nanowire, quantum dot, hole qubit, microwave resonator, light-matter interface

C ircuit quantum electrodynamics (cQED) with manufac- coherent interaction are mainly facilitated by improving the
tured quantum bits (or qubits) opens a feasible path for device coherence (making it more robust to charge noise) to
the implementation of solid-state quantum processors, because reduce y'>" or employing a high-impedance resonator to
of the capabilities of flexible design of device geometry, the elevate the capacitive coupling strength g.."'™'* The coherent
persistent qubit-cavity interaction, and the lithographic photon trapped inside cavities can serve as an “information
scalability,l’2 Qubits formed in semiconductor quantum dots bus” to mediate the interaction between the long-distance
(QDs) in the context of cQED,”" i.e., confined electrons or qubits or facilitate the communication of separated quantum
spins, analogous to the superconducting counterparts,”® show circuits. The entanglement between the separated super-
promise as a coherent light-matter interface. With fast conducting qubits or with the electron ensemble in diamond
quantum state manipulation and the potential for long via a single resonator has been realized.'*™"® Similar results
coherence times, which for electron spins in isotopically have been demonstrated recently between semiconductor
purified Si have extended to the level of milliseconds,”” a series qubits and in a hybrid composite containing a superconducting
of recent advances in realizing strong coupling of single and a semiconductor qubits.'”* So far, all of these inspiring
electrons and electron spins has been reported,’™'* all

satisfying the essential criterion that the qubit-cavity coupling Received: October 28, 2018

strength g. exceeds the qubit decoherence rate y and the Revised:  January 13, 2019

resonator photon loss rate k. These recent advances toward Published: January 14, 2019
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Figure 1. A nanowire-resonator hybrid device. (a) An optical micrograph of the left half panel of a typical superconducting MoRe transmission line
resonator. Inset is the magnified scanning electron micrograph (SEM) of the input/output coupler. Close to each open (mirrored) end, the
nanowire is deposited onto exfoliated hBN on top of predefined surface gates. The DC wires are connected to the bonding pads through on-chip
LC filters. (b) SEM images of the nanowire device with a high magnification. The principle of the charge qubit coupled to the photon field is
illustrated. (c) Comparison of the resonance transmission spectra with &€ = 0 and & >> 0, corresponding to blue and red dots in part d, respectively.
(d) Magnitude and phase variation of the transmitted signal as a function of V; and Vg, representative of a 3 X 3 charge stability diagram. The
arrows in the phase shift plot highlight the coexistence of negative and positive signals. The other gate voltages and bias settings are Vg = 4.3V, V3

=7.145V, Vpy = 3.5V, and V; = 0 V.

experiments have concentrated on single electrons and
electron spins.” '**'7** To our best knowledge, the
experimental demonstration of a hole-based qubit in semi-
conductor QDs coupled to a circuit cavity has been rarely
reported.”* The coupling strength and the controllability of the
hybrid cQED remains unclear and becomes of fundamentally
increasing interest.

Here we report a hybrid cQED architecture based on a
microwave transmission line resonator coupled to a hole
charge qubit formed in a Ge/Si core/shell nanowire (NW),
which is a natural one-dimensional hole gas with a high carrier
transport mobility and strong spin—orbit interaction
(SOI).>>™** The Ge/Si NW possesses several desirable
qualities that may make it suitable as a building block for
fault-tolerant quantum information processing. The key
properties being that the nature of the group-IV material, the
p-orbital symmetry of hole wave functions, and state-of-the-art
isotopic purification of Ge and Si imply the absence of a
hyperfine interaction and hence potentially long spin
coherence.”***™*" Upon forming the double QD (DQD)
along the NW by energizing the local electrical gates, a two-
level system (TLS) is defined close to the charge transition
degeneracy between the adjacent QDs due to the existence of
tunnel coupling. The charge qubit energy can be tuned relative
to the cavity photon level using the gates, thus switching on
and oft the coupling. The variation of the resonance
transmission can be utilized as a noninvasive probe to
recognize the qubit state in a weak drive limit. A complete
quantum numerical simulation is conducted on the hybrid
system, providing a comparison to interpret the experimental
results. The charge-photon coupling strength is estimated as g,
= 27 X 35~55 MHyz, indicating that the holes trapped in the
Ge/Si NW DQD can be efficiently coupled to the resonator.
However, the observation of strong coupling is prevented due
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to the existence of a fast qubit decoherence y = 27 X 4~6 GHz.
The power dependence of the resonance dispersive shift
further reveals that the pure dephasing is orders of magnitude
faster than the energy relaxation and is the dominant
contribution to the decoherence of the charge qubit. Given
the theoretically predicted and experimentally evident short
spin—orbit length I of the Ge/Si NW,**™** the large g.
indicates that a fast and switchable spin-photon interaction g,
might be accessible, according to the linear relation g,  g./Iso
as several theories have proposed.””**

A typical 50 Q transmission line resonator (left half panel)
fabricated using a 100 nm MoRe superconducting thin film is
shown in the micrograph of Figure la (Device Preparation in
the Supporting Information). Close to each open end (inset of
Figure 1a) of the 4/2 microwave frequency resonator, a Ge/Si
NW device was placed bridging the center pin and ground
plane in order to maximize the capacitively coupling strength
(Figure 1b). Each NW is lying on a set of dense surface gates
using an exfoliated hexagonal boron—nitride (hBN) flake as
the dielectric layer. The DQD is defined by applying voltages
on each finger gate, denoted as Vg, Vi, Vi, Vi, and Vpg,
respectively. For simplicity, we focused on one NW coupled to
the resonator, while the NW at the other end was always
pinched off. In the measurements, several tens of holes were
contained in each QD because the device was found to be too
unstable in the few holes regime. We ignore many body effects
and assume a single level in each QD in the model we employ
to evaluate our results. Under certain gate conditions, the
DQD is isolated from the source-drain electrodes and only the
interdot tunneling is allowed. Individual holes trapped in the
DQD can be treated as a charge qubit, which can be described
by the TLS model'***

DOI: 10.1021/acs.nanolett.8b04343
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The qubit energy is given by Ey, = hay, = Jei + (),
where fg, = @,/27 is the qubit transition frequency, 7 is the
reduced Planck constant, and ¢, is the tunnel coupling strength
intra-DQD controlled by V. € = ji;, — py, represents the energy
level difference between the adjacent QDs, and piy ) is the
electrochemical potential of each QD tuned by the plunger
gate voltages. 7,,, are the Pauli matrices for the positional bases
IL) and IR). The arbitrary charge qubit involves the ground I|)
and excited I1) states, which are the eigenstates derived from
the Hamiltonian in eq 1 after diagonalization. For instance,
when ¢ 0, the hole is mobile through the intra-QD
transitions and equivalently dwells in the left and right dots as
illustrated in Figure 1b. The qubit can be encoded by the
molecular bonding (1)) and antibonding states (I1)) in the
positional bases given as (IL) —IR))/v/2 and

(IL) + IR))/~/2, respectively. Once the DC plunger gate
voltages or the microwave electric field tunes & # 0
(particularly when & > t_), the hole tends to be trapped in
either left or right dot (being localized in the IL) or IR) state),
where the charge transition between QDs is forbidden.

The qubit energy will change with respect to t. and €
controlled by the gate voltages. The corresponding suscepti-
bility of the DQD to microwave photons also varies, allowing
the characterization by DC transport and microwave resonance
response simultaneously. The transmission of the resonator
was investigated by a lock-in homodyne technique at the base
temperature of ~S0 mK (measurement setup in Figure S1).
Figure lc presents the comparison of the resonance spectra,
where & 3> 0 (blue dot, Figure 1d) and & = 0 (red dot, Figure
1d), respectively. The qubit is considered nearly uncoupled to
the resonator when QD is in the deep Coulomb blockade
regime as the detuning € > g.. The blue points in Figure 1c are
measured when € >> 0 and represent a spectrum similar to the
bare resonance, showing a Lorentzian line shape with a central
frequency f. = w /27 = 5.9667 GHz and a width Af = k/27 =1
MHyz, yielding a loaded quality factor Q ~ 6000. The lifetime
of trapped photons in the cavity is 1/k & 160 ns. As the DQD
is capacitively coupled to the resonator, we only consider the
voltage fluctuation induced by one trapped photon, which is

estimated by V., = \/hf /C]l = 1.5 pV, where C; = 1.66 X
107" F/m is the capacitance per unit length of the waveguide,
I = 10 mm is the resonator length, and h is the Planck
constant.”

At € = 0, the hole is delocalized in the DQD. When ft, is
tuned close to the photon energy, the charge qubit becomes
susceptible to the microwave electric field. As a result, the
central position and the magnitude of the resonance
transmission spectrum (red points in Figure lc) are both
altered due to the dispersive pull and the dissipation from the
qubit, respectively. Figure 1d plots out the relative magnitude
change A/A; and phase variations Af = 8 — 6, as a function of
V, and Vy at a fixed drive frequency @w,/27 = f; = f. with a DC
bias of V4 = 0. A; and 6, are the amplitude and phase of the
transmitted signal when the DQD is in the deep blockade
regime. The power of the probe microwave signal reaching the
input port of the resonator is always P —125 dBm
(corresponding to ~4 photons in the bare resonator, rough
estimation with n ~ P, /hf.c),>* unless noted otherwise. In
both plots, an array of parallel tilt-dashes is visible. A clear
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honeycomb-like pattern is observed, as outlined by the white
dotted lines, a manifestation of a typical 3 X 3 charge stability
diagram of a DQD. Indices m/n in Figure 1d indicate the
respective charge number in the left/right dot. The
pronounced signals observed at the short boundaries shared
by two adjacent hexagons arise from the charge transitions
between the left and right dot, where ¢ ~ 0 and the total
charge number of the DQD is a constant. The vertical
boundaries of each hexagon are also seen because of the
dissipation caused by the charge transition between the nearby
(left) dot and the lead connecting to the resonator, whereas
the lateral boundaries representing the charge hopping
between the far (right) dot and the ground plane are much
weaker due to the small capacitive coupling to the resonator.
The direct charge transport and the related resonance response
are also investigated when the DQD is out-of-equilibrium
under finite V4 (Figure S2). The charging energy of each dot is
evaluated as E; = 2.6 meV and Ep = 2.8 meV. The coupling
lever arms of the plunger gates and the source electrode to
quantum levels in the DQD are a; = 0.079 eV/V, ai = 0.077
eV/V, and a, = 0.243 eV/V, respectively. The electrochemical
potential of each dot considering the mutual capacitive
coupling reads pyr) = aLr)Viw) + ﬂmaR(L)VREL), where the
cross capacitive coupling rate 3, = C,/Cyr)~, the mutual
capacitance between dots C,, & 20 aF, and CL(R)Z ~ 60 aF is
the total capacitance of each dot. The vacuum Rabi couplin§
rate can be roughly estimated as g./27 = oV, ,/h =~ 90 MHz.
We observe both negative and positive phase shifts in the same
plot as highlighted by arrows in Figure 1d. Because the phase
shift is strongly influenced by the qubit-cavity energy detuning,
the coexistence of negative and positive phase shift implies that
the qubit is close to resonance with the photons.

We now concentrate on one interdot charge transition line.
The evolution of the phase signal for the same range of V; and
Vg is present in Figure 2a with Vy altered in steps of 10 mV.
The mean electrochemical potential and energy detuning of
the DQD is indicated by the axes as ¢ and &, where u = y; +
Ug. The values of y and € can be converted from the plunger
gate voltages and lever arms as previously discussed. Under
each Vy condition, the homogeneous phase signals always
appear along the interdot lines, where detuning € is constant.
Once the QD is detuned such that € # 0, the phase shift A9
varies rapidly. In addition, as Vg increases (corresponding to a
rise of the middle barrier height E; and thus a smaller
tunneling rate t/h), the position in gate voltages of the
interdot line is slightly shifted due to the capacitive coupling
from the barrier gate. More importantly, we observed that the
negative phase shift gradually changes to a positive shift as Ey
increases. Traces of Af as a function of ¢ for different Vj are
compared in more detail in Figure 2b. Detuning ¢ is varied by
sweeping V; and Vy along the arrows indicated in Figure 2a.
Alongside the observed change of magnitude, the line shape of
the phase shift spectra is clearly altered from a single dip as ¢ is
reduced. We attribute the changes of A# to the circumstance
that the tunnel coupling rate undergoes an evolution from 2t/
h > f. to 2t./h < f. as V (Eg) increases.

To quantitatively interpret the dynamical response of the
resonance transmission to the qubit states, we compare the
experimental observations with an analytical model from the
input—output theory and also a full quantum numerical
simulation, and both models show a good consistency with the
experiments. Throughout the present work, we first employ the
analytical model to fit out the physical parameters such as g, ¥,
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Figure 2. Tuning of the charge qubit energy and the qubit-resonator
coupling. (a) Evolution of one interdot charge transition line for the
same range of V; and Vy at zero bias with V;; = 7.135 V (upper), Vi =
7.145 V (middle), Vi = 7.155 V (bottom). Comparison of (b) phase
shift A and (c) relative transmission power change A’/Ay* as a
function of & with a different V. The gray dotted lines are measured
data, and the solid lines are the fits using eq 4. The colors used in
parts a and b are correlated with each corresponding to a different V5.
The fitted parameters are [2t./%, g, y] = 2z X [11, 0.038, 5.25] GHz
(green), 27 X [S.8, 0.035, 4.5] GHz (blue), and 27 X [3.84, 0.055,
6.49] GHz (red), respectively. The traces in parts b and c are
vertically offset for clarity.

and t.. We later conducted the quantum numerical simulation
using the fitted-out parameters to reproduce the full trans-
mission spectrum. The hybrid system is modeled by a Jaynes—
Cummings (JC)-type Hamiltonian describing a TLS coupled
to a single mode photon in a quantized harmonic oscillator: ">

& 1 1 -
Hyc = ha)c(a'a + E) + Efla)qboz + hg (ac” +d'c")
2)

The first and second terms describe the bare resonator and
qubit, respectively. The third term governs the qubit-photon
coherent interaction and g . =g X 2f/Ey, is the effective

coupling rate, which shows a linear relation to the qubit
energy. a' and a are the photon creation and annihilation
operators of the single mode resonator. The mean photon
number in the resonator is n = {(a’a ). 6"~ are the qubit raising
and lowering operators in the energy bases (I}) and I1)) after
the diagonalization of eq 1 and the operator o, = IT){(1l —
[1){ll. The expectation value of (6,) = P; — P defines the
qubit occupation probability; here P; = 1 — P = (670") is the
qubit excited state population.

For the calculation of transmission spectrum, an external
microwave drive is applied on the JC oscillator with an
extended Hamiltonian H = Hjc + Hypy, where the coherent
drive with an amplitude of { at the frequency fy = @4/27 is
Hyny = h(a’e™™d + ae+). In a rotating frame approximation,
we have dropped the rapid oscillating drive term. The system is
disturbed by the surrounding environment, leading to
dissipation and decoherence. The dynamics of the driven
and dissipative system can be described with a density matrix p
by solving a Markovian master equation:"”
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g _ &
p= h[H, pl + Llp] 3)

3

Here, L[p] = %EI(ZCI,OCI.T _ Ci'*Cip - pCiTCi) is the Lind-
blad operator governing the qubit energy relaxation and
dephasing with C, = fy,6” and C, = ,/y,/20, and the
photon dissipation with C; = +/Ka.** The average value of the
photon field {a) = Tr(ap) and the qubit occupation probability
(0,) = Tr(o,p) are obtained by extracting the steady state of
the hybrid system from eq 3 using the numerical calculation
tool, QuTip.*® As the input/output coupling rate of the
resonator is a constant (which is only determined by the
design), the output signal from the resonator is linearly
proportional to (a), from which the magnitude and phase as a
function of f; can be derived. Except for the power dependence
experiments, the numerical simulation was implemented in a
weak drive limit { << @g4, which is close to the experimental
conditions. We restrict the Fock number of photon states N =
2 when the mean photon number trapped in the cavity is
smaller than unity. The density matrix p is then mapped to a 4
by 4 vector space, which allows an analytical solution using
Bloch equations.”” In the power dependence calculation, the
Fock space extends to N = 160, limited by our calculation
capacity. The photon number changes when the drive
amplitude is swept.

We first fit the amplitude and phase response as a function of
QD detuning € in Figure 2b,c using a resonance transmission
equation taking into account the decoherence of the qubit and
the resonator loss™’

—ik,

= 22(f, — ;) = iK/2 + g e/ (=22(f,, — f,) + ir/2)

(4)

where k_ is the input/output coupling rate of the resonator. y =
71/2 + Yo is the qubit decoherence rate, which is the
combination of the energy relaxation rate y, and the pure
dephasing rate of superposition states yg. In a weak drive limit,
(0,) ® —1 as the qubit remains predominantly in the ground
state. Here we focus on the relative magnitude change A/A,
and relative phase variation A with respect to the trans-
mission of the bare resonator at the fixed frequency f; = f.. The
numerator of eq 4 can be normalized to unity. Equation 4 was
applied to fit the experimental data (gray dotted lines) in
Figure 2b. From the evolution of phase spectra with an
increasing Vp, we identify that the interdot tunneling rate
varies from 2t./h = 11 GHz > f, to 2t./h = 3.84 GHz < f.. The
coupling rate under these gate conditions are in the range 27 X
35~55 MHz, in good agreement with the above estimation
with the gate lever arms. With a different ¢, the decoherence
rates vary in the range 27 X 4.5~6.5 GHz. (Here we did not
consider the & dependence of the decoherence rate usually
observed in a DQD charge qubit.”*’) The detailed fitting
parameters are present in the figure caption. We also compare
the measured A*/A,* with the calculations from eq 4 using the
fitted-out parameters, and the results show a good consistency
as shown in Figure 2¢c. On this device, we did not observe the
signature of strong coupling between the qubit and photon,
mainly because of the large y.

The JC system is then numerically simulated with the fitted-
out parameters from the results of Figure 2. We first plot out
the quantum level spectra of a closed Jaynes—Cummings

system for (a) 2t./h < f,, (b) 2t./h = f, and (c) 2t./h > f. when

DOI: 10.1021/acs.nanolett.8b04343
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Figure 3. Quantum numerical simulation of the cQED system with a decoherence in a weak drive limit ({ < @,). Energy level spectra of the lowest
eigenstates in a closed Jaynes—Cummings system as a function of qubit detuning € under the condition (a) 2t./h < f,, (b) 2t./h = f,, and (c) 2t./h >
fo. The inset of part a indicates the anticrossing levels of a coherent qubit-photon hybridized system encoded by the superposition states,
1,1y =11,0)/~v2and (1},1) +11,0))/+2. The other simulation parameters are [2t./%, g, ®, @y k] = 27 X [4, 0.0S, 6, 6, 0.001]
GHz. The gray dashed lines are the energy spectra of the uncoupled system with g. = 0. The numerically calculated resonator transmission
(normalized) with a variable qubit decoherence  is shown (d) on resonance, A = 0, and (e) in the dispersive regime, fo = 2t./h and A # 0. The
inset in parts d and e show the absolute transmission in arbitrary units, presenting the evolution of the dissipation. The traces in parts d and e are

vertically offset for clarity.

drive and system decays are not considered. The qubit-cavity
energy detuning is defined as A = h(fy, — f.). The calculated
eigenenergies of the four lowest excited states of the hybrid
system are presented in Figure 3a. A splitting feature is always
observed whenever the qubit energy is swept close to
resonance with the photon level as shown in the inset of
Figure 3a. The anticrossing gap is determined by the effective
coupling rate, g The qubit-photon hybridization is encoded

by the superposition states as (I |, 1) — 11, 0))/+/2 and

(1l,1)+11,0))/v2. The qubit is repeatedly absorbing/
emitting the photon trapped in the cavity, causing a so-called
vacuum Rabi splitting."*” If fo = 2t./h = f. as indicated by an
arrow in part b, the splitting is at the maximum, equal to 2g..
Once the qubit is detuned from the photon level such that A #
0 (Figure 3c), the system enters a dispersive regime where the
cavity mode is shifted by as much as g.¢*/A, where the shift is
largest at € = 0.

With a probe drive ({ ~ 0.0001lw, to ensure the photon
number in the cavity is much less than a unity), we are able to
calculate the transmitted signal through the resonator. To fully
interpret the influence of the qubit decoherence on the dressed
qubit and photons, we numerically calculated the transmission
spectrum for a range of decoherence rate y when qubit-cavity is
both on resonance, A = 0, and detuned, A # 0, in Figure 3d,e,
respectively. The blue lines in the main plots of parts d and e
are the normalized spectra and highlight the line shape
changes. The absolute transmission spectra (insets of parts d
and e) give information about the effects of dissipation from
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the amplitude variations of the peaks. The corresponding
phase spectra are also compared (Figure S3). It is clearly seen
that when A = 0 two separated peaks always appear when y <
2¢. and they broaden and finally merge into a single peak as y
increases. Once y becomes much larger than g, the broadened
peak narrows as the incoherent interaction dominates. When A
# 0, only a single peak is observed with the central position
displaced from f,, due to the dispersive pull of the qubit. As ¥
increases, a similar broadening of the peak is seen, while the
shift of the peak gradually diminishes toward zero. The
simulations are in line with the measurements that a large y
gives rise to the small observed phase shifts. The ¢ dependence
of A’/Ay* and A6 with a different g and y are also calculated
(Figure S4), providing a comparison to the measured data in
Figure 2.

Under the gate condition of Vi = 7.155 V corresponding to
2t./h = 3.84 GHz < f, (red line in Figure 2), we compare the
measured transmission as a function of & and f; with the
numerical simulation in a weak drive limit, as shown in (Figure
4). The absolute and normalized transmitted power from the
measurements are presented in parts a and b, respectively.
Corresponding numerical calculations using the fitted-out
parameters are shown in parts ¢ and d. The simulations
replicate the main features of the measurements. For instance,
a similar reduction of the transmitted signal is observed where
€ ~ 0 (or the detuning A is small) in both parts a and c due to
the qubit dissipation. Moreover, in the normalized trans-
mission spectra of parts b and d, both positive and negative
dispersive shifts on the scale of a few hundred kHz are

DOI: 10.1021/acs.nanolett.8b04343
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Figure 4. Comparison of experiment and numerical simulation. Full
transmission spectrum as a function of f; and & with voltage
conditions corresponding to the red arrow in Figure 2a. The
measured signal is plotted (a) as the absolute transmission power in
arbitrary units and (b) normalized transmission power. Plots show a
good consistency with the numerical simulations plotted in parts ¢
and d, respectively. Simulations use the exact experimental and fitting
parameters. In the simulation, the microwave drive amplitude { ~
0.0001@y to ensure the photon number in the cavity is much lower
than the unity. In the normalized plots, the spectrum at each € is
normalized to its own maximal output power.

observed when the qubit energy is swept. A slight deviation is
observed as the simulated peak broadening close to € = 0 is
larger than that of the measurements. The discrepancy may
originate from the lower charge noise sensitivity of the real
device when the qubit is tuned to the so-called “sweet spot”,
while in the simulation we used the constant y.*** The y
dependence of the full transmission spectra is conducted with a
numerical simulation and how it hinders the occurrence of the
Rabi splitting are discussed in Figure SS.

To separate the influence of the qubit energy relaxation y,
and the pure dephasing ye, we further examine the power
dependence of the transmitted signal in a dispersive regime.
We first examine the numerical simulation. The calculated (o,)
and A# as a function of n with a fixed y but different y, are
shown in Figure Sa,b. The physical parameters used for the
simulation are [2t./%, €, g, ¥, ®, @4q] = 27 X [4, 0, 0.05, 6, 6,
6] GHz. With an increasing photon number n up to ~120
(where the photon number is numerically calculated out from
the input drive amplitude { and limited by our workstation
calculation capacity), for each y;, we observe that (c,) (A8)
consistently increases (decreases) from the minimum (max-
imum). It is interesting to note that for all y,, the initial phase
shifts are the same, being only determined by the given y and
A, in accordance with the prediction of eq 4. With variable y,
the initial phase proves different as evident by numerical
simulation in Figure S6. In contrast, the transition tendencies
of (0,) and A are related solely to y,, showing a quicker qubit
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saturation (Figure Sa) and phase elimination (Figure Sb) for a
smaller y,. The ground and excited states of the qubit will be
mixed even in the case where A # 0 due to the qubit transition
saturation,** as illustrated by the Bloch sphere (in the energy
bases that |]) and I1) define the poles of the z axis) of Figure
Sa, where the pointing of the arrow represents the quantum
state.

The extent of the qubit state mixing at a given n is also
affected by the coherent coupling strength, the qubit-cavity
detuning, and the qubit relaxation and decoherence with an
analytical relation as"**

(6) = =1/1 + 4g*ny /3(y* + &) (s)

Substituting eq S into eq 4, we can easily find that the
increase of photon number n will reduce the dispersive shift of
the resonator, in line with the numerical calculations. The
power dependence of the dispersive shift with photon number
n (n is an input variable in analytical simulation) is also
calculated using eqs 4 and 5, showing the same results as the
numerical simulation in Figure S6.

A series of measured A# as a function of & with a different
input drive power P is plotted in Figure Sc, where the qubit
state is defined with the same gate conditions indicated by the
red arrow in Figure 2. The contrast of the phase shift AQ(e =
0) — Ad(lel > 0) sequentially becomes smaller with an
increasing P,,. This evolution is further plotted in Figure 5d as
a function of n (n spans over 4 orders of magnitude), showing
a similar tendency as the numerical simulation in Figure Sa,b.
The experimental data was fitted by the combination of eqs 4
and 5 with free y; and y. The other parameters are fixed with
[2t./h, €, g, @, ] = 21 X [3.84, 0, 0.055, 5.9667, 5.9667]
GHz as determined in the previous analysis. The fitting gives
that y; ~ 27 X 70 MHz and y ~ 27 X 5 GHz, yielding the pure
dephasing rate yg = y — ¥1/2 ~ 27 X S GHz, which is orders of
magnitude larger than y,. The results imply that the
inhomogeneous dephasing of the qubit, typically induced by
the charge noise, is the main obstacle to the realization of the
coherent hole-photon coupling.”** A similar recovery of the
bare resonator mode has been experimentally observed when a
resonator is coupled to a transmon in a dispersive regime at a
large drive power and has been theoretical modeled accounting
for the qubit transition saturation.”*' A large drive power will
also induce the broadening, merging, or even splitting of Rabi
peaks when a qubit resonantly couples to the resonator.*”*

For the implementation of a strong coupling, further effort
must be dedicated to lengthen the qubit coherence. Improving
the cleanness of the hBN/NW interface in fabrication or the
crystallinity of the NW core and shell in growth may be
beneficial to eliminate the unwanted defects and charge
impurities. A recent experiment on Si/SiGe quantum dots
claims that making an accumulation type QD will help to
confine the charge wave function in a compact space, which
may make devices less sensitive to the environmental noise.**
An alternative strategy is to elevate the coupling strength by
employing a high-impedance resonator as the vacuum voltage

~ \/Z . Following this approach, it has been

shown in several recent studies that g. can be enhanced several
fold."' ™" Tt is of interest to estimate the potentially effective
spin-photon coupling via a spin—orbit interaction based on our
current results. As previously reported, the g in Ge/Si NWs is
short and can be electrically tuned down to a few nanome-
ters,””** which is significantly smaller than the reported values

fluctuation V,
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of other materials, for GaAs quantum wells Iso ~ 20 ym™ and
for InAs and InSb NWs lo ~ 100 nm.*** In a DQD
geometry, we select the qubit energy E gy, = 2f. = h X 10 GHz =
40 peV at € = 0 and the half interdot distance L = 50 nm. We
assume each single dot energy spacing AE = 0.5 meV and the

corresponding radius of single dot ground state wave function

h . .
l= Toas ™ 20 nm, where m* = 0.28 my, is the effective mass
m

of holes and mj is the free electron mass.”® We set E; = hf. =
24 peV, where E; is the Zeeman splitting of spin states. Using
the reported g = 2.2 yields the necessary magnetic field B = E;/
gy ~ 250 mT, where py is the Bohr magneton.48 Here we
choose a moderate lso = 20 nm (correspondingly a Rashba
SOI coefficient a = A*/m*lg5 ~ 3 X 107! eVm) for the Ge/Si
NW*” and g. = 27 X 60 MHz. The spin-photon coupling
strength of the DQD is then estimated as g, ~ 2g.(AEE,/

Eg)(L/l)n ~ 27 X 14 MHz, n = s/N/1 — s> and s = (L | R)

2 QO
= e @D relates to the interdot wave function overlap.“ The

predicted g, in the DQD is close to recently reported values of
the strong spin-photon coupling using a local magnetic field
gradient.u’w’37 When ¢ # 0, the electron spin is trapped in a
single dot, giving the spin-photon coupling strength g, =
g(Ez/AE)(I/1,,) ~ 27 X 2.5 MHz>** The reasonably large
value even for a single QD mainly arises from the short spin—
orbit length of Ge/Si NWs. We note that the charge noise can
also cause spin decoherence through the SOI. As proposed by
Benito et al,’” the optimal working point is where the charge
qubit is slightly detuned to the photon, for which the charge
noise will be largely decoupled to the spin albeit at a cost of
reduced spin coupling rate g. However, the ratio of spin
coupling rate over the decoherence rate g,/y, can be optimized.
With the same model as in ref 37, we estimate the spin
decoherence rate of our device in a dispersive regime using y, =
YE.>/4[(Eq, — Ez)* + 1*], here the spin-charge hybridization
energy E, . = aLy/F* ~ 7.5 ueV.* Using the fitted-out charge
decoherence rate y ~ 27 X 5 GHz, y, is evaluated to be
approximately 27 X 120 MHz, 1 order of magnitude larger
than the estimated g, indicating that a significant improvement
is required to achieve the strong coupling regime. However, if y
can be suppressed to 27 X 100 MHz (which has been realized
in QDs made from a carbon nanotube, Si/SiGe hetero-
structure, and GaAs quantum well systems™'”'*~'*), the spin
decoherence rate will reduce to 27 X 6 MHz, allowing access
to the strong spin coupling regime.

In conclusion, a controllable cQED system was implemented
with a Ge/Si NW DQD embedded in a transmission line
resonator. A hole charge qubit is formed at the left—right QD
energy degeneracy. The transition energy of the qubit can be
tuned across the photon level by local electrical gating, thus
turning on and off the coupling, which is detected from the
response of the transmitted signal through the cavity.
Numerical simulation of the dynamics of the hybrid system
provides a powerful guide to interpret the experimental results.
The hole-photon coupling strength is evaluated to be in the
magnitude of several tens of MHz; however, strong coupling is
not achieved due to a fast qubit decoherence. The power
dependence of the cavity mode dispersive shift further reveals
that pure dephasing dominates the decoherence of the qubit.
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