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Demonstration of a variational quantum eigensolver with a solid-state spin system
under ambient conditions
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Quantum simulators offer the potential to utilize the quantum nature of a physical system to study
another physical system. In contrast to conventional simulation, which experiences an exponential increase
in computational complexity, quantum simulation cost increases only linearly with increasing size of the
problem, rendering it a promising tool for applications in quantum chemistry. The variational-quantum-
eigensolver algorithm is a particularly promising application for investigating molecular electronic
structures. For its experimental implementation, spin-based solid-state qubits have the advantage of long
decoherence time and high-fidelity quantum gates, which can lead to high accuracy in the ground-state
finding. This study uses the nitrogen-vacancy-center system in diamond to implement the variational-
quantum-eigensolver algorithm and successfully finds the eigenvalue of a specific Hamiltonian without the
need for error-mitigation techniques. With a fidelity of 98.9% between the converged state and the ideal
eigenstate, the demonstration provides an important step toward realizing a scalable quantum simulator in
solid-state spin systems.
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I. INTRODUCTION

Quantum computing has demonstrated its superiority
over classical computing in numerous problem domains
[1,2], especially in the field of quantum simulation for the
study of other physical quantum systems [3]. However, the
unavoidable noise from the environment leads to the deco-
herence of qubits and faulty quantum gates, which restricts
further progress in the number of qubits and quantum
circuit depth. To counter this, researchers have proposed
theories such as quantum error correction to protect quan-
tum systems [4], but their implementation requires a larger
number of physical qubits, which in turn introduces more
noise [5,6].

Despite the current limitations on the number of qubits
available, there are still various algorithms [7] that are
capable of leveraging the advantage of quantum systems
in this era of so-called noisy intermediate-scale quan-
tum devices [8]. Hybrid quantum-classical algorithms [9]
are considered to be promising near-term applications,
as they leverage quantum resources to complete classi-
cally consumable tasks while leaving other workloads
for classical computing resources. The quantum parts of
these algorithms often involve variationally updating a
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parameterized quantum circuit [10], such as the varia-
tional quantum eigensolver (VQE) [11–14] and quan-
tum imaginary-time evolution [15,16] for ground-state
problems and the quantum approximate optimization
algorithm [17].

The VQE is a promising application of quantum simu-
lation in the study of the electronic structures of molecules
in quantum chemistry [18]. The energy properties of
the molecule are closely related to the ground state of
its Hamiltonian. Conventionally, the computational com-
plexity of finding the exact solution of the Hamilto-
nian increases exponentially with the size of the system.
Nonetheless, since qubits evolve by the same nature of
quantum mechanics as the electronic wave functions,
quantum simulation, as proposed by Feynman [19], can
be only linearly costly [20] by simulating a quantum sys-
tem by another quantum system. This feature makes the
VQE a useful tool for computing an upper bound of the
Hamiltonian under study.

The experimental implementation of the VQE algorithm
presents various challenges due to the requirements for
expressibility and entangling capability [21], which neces-
sitate a certain circuit depth. Achieving this circuit depth
typically demands a long decoherence time, posing a
challenge for experimental realization. Furthermore, the
iteration-based and gradient-based optimization process
involved in the VQE can be computationally intensive,
further adding to the complexity of the experimental
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implementation. The first experimental implementation of
the VQE was based on a photonic quantum processor
[11]. After that, VQE implementations based on ion-trap
[22–24], superconducting [25–30], and NMR [31] sys-
tems were also realized. Compared with these systems,
spin-based solid-state qubits such as the nitrogen-vacancy
(N-V)-center spin in diamond offer advantages such as
long decoherence time, high-fidelity quantum gates, and
less-stringent environmental requirements. However, the
suitable ansatz for state preparation and the appropriate
methods for state readout and the iteration strategy remain
elusive for the implementation of the VQE algorithm on
the N-V-center system.

In this work, we use the N-V-center spin in diamond
and the nearest-nitrogen nuclear spin to construct the quan-
tum simulator. Although the nitrogen spin is normally a
dark spin insensitive to laser illumination, we realize two-
qubit readout using the fluorescence-count difference at
the excited-state level anticrossing (ESLAC). We choose
a hardware-efficient ansatz for generation of the trial
state. Without error-mitigation techniques, precise energy
estimation is realized by Pauli-term measurements with
postrotations after the state preparations. The minimiza-
tion process to the eigenvalue is observed as the iteration
times increase by our optimizing the parameters with the
gradient-descent method. The results closely align with the
predictions of numerical simulation. The expectation value
converges to −2.1, compared with the ideal eigenvalue
of −√5 (2.236). A fidelity of 98.9% is achieved between
the ideal eigenstate and the trial state represented by the
converged parameters.

II. VARIATIONAL-QUANTUM-EIGENSOLVER
ALGORITHM

A variational algorithm typically involves varying a set
of parameters to minimize a defined loss function. For
the VQE algorithm, the parameters �θ are for the quan-
tum circuit to prepare the state |ψ(�θ)〉, which represents
an approximation of the ground state of the Hamiltonian
under study. The structure of the quantum circuit is defined
as the variational ansatz. An effective ansatz not only pro-
duces a better approximation of the exact eigenstate but
also consumes fewer computing resources.

To investigate the lowest eigenvalue of the Hamiltonian,
the loss function is naturally the expectation value

E(�θ) = 〈ψ(�θ)|H |ψ(�θ)〉 . (1)

For the minimization of the expectation value, one can
use the gradient-based optimizer in which the gradient is
obtained by the parameter-shift rule [32,33]

∂E(�θ)
∂θi

= (E(�θ+i )− E(�θ−i ))/2, (2)

Paul-term

FIG. 1. Procedure for the VQE. The components in yellow use
the quantum qubits and the components in pale blue are con-
ducted in a classical computer. The qubit operations in the dashed
box are defined as a unit layer in the current quantum circuit.

where �θ±i = �θ ± π
2 �ei, where �ei is the ith unit vector in

the parameter space. Thus, the neighboring states in the
parameter space are described as |ψ(�θ±i )〉. With the gradi-
ent, the parameters are updated with use of the gradient-
descent method:

�θ ′ = �θ − α∇E(�θ). (3)

The algorithm distributes the workload between classical
and quantum computing resources. It proceeds through a
series of steps, as depicted in Fig. 1. A typical iteration
of the VQE starts with an initial guess of the parame-
ters �θ before the loop begins. According to this set of
parameters, a quantum circuit is then used to apply the
unitary operation U(�θ) to the initial state, generating the
trial state |ψ(�θ)〉. To obtain the gradient information about
this set of parameters, states that are nearby in the param-
eter space are also generated. The states are subsequently
measured, and the information about the expectation value
of the Hamiltonian is transferred to classical comput-
ing resources. The expectation values 〈ψ(�θ)|H |ψ(�θ)〉 of
these states can then be calculated. From these expecta-
tion values, the gradients of this set of parameters can
also be calculated. The parameters are updated with use
of the gradient-descent method, and a new iteration begins
with the updated parameters. The loop continues until the
expectation value converges to the minimum.

III. EXPERIMENTAL IMPLEMENTATION

The VQE algorithm is implemented on a two-qubit sys-
tem composed of the N-V-center spin and the nitrogen
nuclear spin. The negatively charged N-V center is a form
of point defect in diamond that acts as a spin-1 system
[34,35]. The N-V center has a long coherence time [36],
making it a favorable option for realizing a quantum simu-
lator. The naturally occurring nitrogen nuclear spin of the
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FIG. 2. Experimental system for the VQE. (a) The N-V-center
spin and nitrogen nuclear spin as qubits. (b) Spin energy levels
in excited states for various magnetic fields. The |ms = 0〉 and
|ms = −1〉 states cross at around 500 G, causing ESLAC. (c)
Optical initialization at the ESLAC. The strong hyperfine cou-
pling between the electron spin and the nuclear spin enables
the energy-conserving flip-flop process between them. Yellow
single-headed arrows mean laser initialization of the N-V-center
spin to the |ms = 0〉 state and purple double-headed arrows
characterize the flip-flop process.

N-V center can be coupled to it with hyperfine interac-
tion, forming a two-qubit system. A schematic illustration
of the two-qubit system of the N-V-center spin and the
nitrogen nuclear spin is shown in Fig. 2(a). The details
of our experimental setup are discussed in Appendix A.
Our implementation of the VQE algorithm uses the ms = 0
and ms = −1 subspace of the N-V center and the mI = +1
and mI = 0 subspace of the nitrogen nucleus to define the
qubits. ms is the magnetic quantum number of the electron
spin and mI is the magnetic quantum number of the nitro-
gen nuclear spin. In this paper, we designate the nitrogen
nuclear spin as qubit 1, with parameters θ1 and θ2 for y and
x rotations as in the quantum circuit in Fig. 1. Likewise,
the N-V-center spin is identified as qubit 2, with parame-
ters θ3 and θ4. We carefully selected the four parameters
in a way that each spin possesses two degrees of free-
dom. This decision was made on the basis of our prior
knowledge of the Hamiltonian, allowing us to effectively
represent its solution space while minimizing the number
of gates required. We set the magnetic field to around 500
G to reach the ESLAC, with which we can initialize the
system by optical illumination [37] as shown in Figs. 2(b)
and 2(c). The ESLAC-caused spin-dependent fluorescence
is also the key to reading out the system [38]. The coher-
ent control of the N-V-center electron spin and nitrogen

nuclear spin is realized by our applying microwave and
radio-frequency pulses.

The Hamiltonian under study is

H = X1X2 + Z1 + Z2. (4)

The minimum eigenvalue of this Hamiltonian should be
−√5, and it corresponds to the eigenstate−

√
50− 20

√
5/

10 |00〉 +
√

50+ 20
√

5/10 |11〉. Although it is obvious
that the straightforward Pauli measurements are X1X2,
I1Z2, and Z1I2, measurements of I1I2, I1Z2, Z1I2, Z1Z2,
X1X2 + Y1Y2, and X1X2 − Y1Y2 are needed in our exper-
iments due to the restriction of the N-V-center system,
which is discussed in detail in Appendices B and C.

The experimental procedure for the VQE can be sum-
marized as the following steps:

(1) Choose an initial guess of the parameters �θ0 and
an appropriate learning rate α. The four components of
�θ0 correspond, respectively, to the nuclear and electron
spin rotation angles in the y and x directions. The learn-
ing rate α for the updating of the parameters can affect
both the optimization process and the final expectation
value the process converges to. An appropriate learning
rate is expected to be small enough to cause convergence
close to the ideal eigenvalue but will not make the con-
vergence process too slow. The closeness also reaches a
plateau when α is below a certain value.
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FIG. 3. Minimization process for the expectation value dur-
ing VQE iterations. The brown line represents the experimental
result. The orange line represents the simulated minimization
process with the same initial guess and learning rate. The specific
parameters for each iteration in the simulation line are calculated
according to the simulation result for the last iteration, different
from the experimental parameters. The blue line represents the
theoretical expectation value for the same set of parameters in
the experiment for each iteration.
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(a) (b)

FIG. 4. Minimization process in a Bloch sphere of (a) the
nitrogen nuclear spin qubit and (b) the N-V-center spin qubit.
The red arrow represents the ideal eigenstate and the blue arrow
represents the state of the converged parameters. The blue dots
represent the state of the parameters in different iterations.

(2) Prepare and measure the quantum states. The trial
state |ψ(�θ)〉 is prepared with the hardware-efficient ansatz
depicted in Fig. 1, in which θi, representing the rotation
angle, is encoded as the duration of a driving pulse in
hardware. In this paper, we use one layer in the state prepa-
ration to generate the trial state. By postrotations after
the state preparation, measurements of certain Pauli matri-
ces are achieved. According to the specific Hamiltonian,
we can choose the specific Pauli terms to measure. The
preparation and the readout are also repeated for eight

other, neighboring states |ψ(�θ±i )〉 in the parameter space.
In the course of experimentation, it is imperative to exe-
cute a particular sequence for a given state repeatedly for
a significant number of instances to ensure reliability and
precision of the results obtained. In this regard, it is note-
worthy that 106 trials are conducted for each sequence
corresponding to a single state in our experiment.

(3) Estimate the expectation values and the gradients.
The expectation values are calculated on a classical com-
puter with the results of Pauli measurements on a quantum
computer for the trial state and eight neighboring states.
The four gradients of the expectation value in �θ0 are
calculated by the parameter-shift rule [Eq. (2)] with the
estimated expectation values of eight neighboring states.

(4) Update the parameters. The parameters are updated
with us eof the gradient-descent method [Eq. (3)] with the
four gradients calculated in step (4).

(5) Repeat steps (2)–(4) until the expectation value
converges to the minimum.

We start the VQE experiment with a random initial
guess of the parameters as �θ0 = (0.1, 0.2, 0.1, 0.2)× 2π .
To reduce the duration of the experiment without compro-
mising the optimization intricacies, the learning rate α is
set to 0.3. The algorithm converges to E(�θ) ≈ −2.1 after
16 iterations as shown in Fig. 3 as the brown line. The
trial state represented by the converged parameters has a
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FIG. 5. Specific optimization processes for four specific parameters. The four plots correspond to the nuclear (qubit 1) and electron
(qubit 2) spin rotation angles in the y and x directions, respectively. The brown line represents the experimental result. The orange line
represents the simulated minimization process with the same initial guess and learning rate.
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fidelity of 98.9% with the ideal eigenstate. The trajecto-
ries in the Bloch sphere of the minimization process for
two spins are depicted as the blue dots in Fig. 4. The dots
in the Bloch spheres represent the reduced density matri-
ces of two spins. For the specific optimization processes
for four parameters, experimental and simulation results
are included in Fig. 5. From the optimization processes
for the parameters of the electron spin qubit, we can infer
that more iterations may eliminate the distance between the
converged state and the ideal eigenstate of the N-V-center
spin qubit in Fig. 4.

By comparison with the simulations in QISKIT [39], we
find that the method based on Pauli-term measurements to
estimate the expectation value has a readout error with a
magnitude of approximately 0.01, which is discussed in
detail in Appendix E. The major noise contributing to the
fluctuation of the measured expectation value is photon
shot noise. Although the percentage error of the fluores-
cence count reaches 0.1% as a result of 106 repetitions for
each state, the fluctuation of the final calculated value is
larger due to the error propagation. Besides, the inhomo-
geneity of the magnetic field in different runs of the exper-
iment and the error of the fitted resonance frequency affect
not only the precision of the estimation of the expectation
value but also the generation of the desired state, caus-
ing the difference between the VQE-optimized expectation
value and the ideal eigenvalue. After estimating the mag-
nitude of the dephasing process through T∗2 experiments,
we add the above-mentioned noise and simulate the exper-
iment in the Lindblad equation with QuTiP [40,41] using
the same initial guess of the parameters, learning rate, and
other experimental parameters, which is discussed in detail
in Appendix D and shown in Fig. 3. The estimation of
the error bar in the experimental result is accomplished
through a method inspired by the Monte Carlo experi-
ment. More specifically, the method involves the random
sampling of direct measurement outcome errors, which
are based on their corresponding experimental photon shot
noise. Subsequently, the error-added results go through
normal data processing, resulting in the generation of a dis-
tribution for the expectation value. The error bar is then
defined as the standard deviation of this distribution.

IV. CONCLUSION

We demonstrate the variational-quantum-eigensolver
algorithm on a two-qubit system based on the nitrogen-
vacancy center in diamond under ambient conditions.
A decay to the lowest eigenvalue for the Hamiltonian
under study is observed as predicted by the numerical
simulation with our noise model. The accuracy can be
further increased by uss of optimal control [42] and error-
mitigation techniques.

Although only a simple VQE algorithm with four
parameters is implemented in this work, the simulation

power can be broadened by one leveraging all three levels
of the N-V-center spin and nitrogen nuclear spin to con-
struct a quantum simulator of two qutrits. In addition
to the VQE, other quantum-classical algorithms, such as
the quantum approximate optimization algorithm, can also
benefit from this qutrit system [43]. The initialization-
and-readout method can be generalized from the existing
technique based on the ESLAC. Besides, more layers in the
parameterized state preparation can be added to increase
the expressibility and entangling capability [21].

Furthermore, the demonstration has substantial scalabil-
ity and versatility for extension to other fields of solid-spin
systems. To scale up the system, besides using nuclear spin
qubits around the color center [44,45], we can also develop
a connected network of entangled nodes, each containing
a limited number of qubits [46]. The coupling between
nodes has been realized on N-V centers [47] and group-
IV vacancies in diamond [48]. This can help the VQE to
study more-complex Hamiltonians or harness parallelism
to accelerate the optimization process [49]. Moreover, we
demonstrate the feasibility of implementing the VQE on
hybrid spin systems, where coherent control and readout
present challenges due to the distinct spin species and one
spin functioning as a readout probe. Our approach to this
issue and the entangled-node architecture can be extended
to other solid-state hybrid spin platforms with a similar
problem, such as group-IV vacancies in diamond, rare-
earth ions in solids [50], and divacancies in silicon carbide
[51]. Besides, our Pauli-measurement technique is essen-
tially an efficient two-qubit tomography method, which
can be adapted for other quantum applications, such as
quantum sensing.
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APPENDIX A: EXPERIMENTAL SETUP

The experimental configuration is illustrated in Fig. 6.
We use a type-IIa-natural-diamond sample oriented along
the 111 crystallographic direction with a 1.1% natural
abundance of 13C. The diamond sample is affixed to a
sample holder, which has a copper wire located near the
N-V center and is connected to the microwave-and-radio-
frequency system. To increase the collection efficiency, a
solid immersion lens is fabricated around the N-V center
with use of a focused ion beam. Additionally, a permanent
magnet is situated close to the sample to create a magnetic
field parallel to the N-V axis.

The green laser light used for N-V-center initializa-
tion is generated with a 530 nm laser source (Coherent
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Quarter-wave plate Half-wave plate
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FIG. 6. Experimental setup. AOM, acousto-optic modulator; APD, avalanche photon detector; MW, microwave; PBS, polarizing
beam splitter; rf, radio frequency.

Sapphire) and is subsequently directed through a half-
wave plate to modify the polarization direction. Then it
first passes through a polarizing beam splitter. After dou-
ble passing through an acousto-optic modulator (Gooch
& Housego 3350-199) and a quarter-wave plate altering
the polarization, the laser light is reflected by the polariz-
ing beam splitter with a polarization perpendicular to the
original polarization and coupled into a fiber. The acousto-
optic modulator, which can function as a switch for the
green laser, is controlled by 350-MHz microwave pulses.
After exiting the fiber, the green laser light passes through
a dichroic mirror and is reflected by a piezoelectric-
controlled 2D mirror before entering the 4f system, which
includes two additional lenses. The 2D mirror enables an x-
y-plane scan of the diamond sample. Following the second
lens, the green light is directed into an oil ×100 objec-
tive (UPLSAPO100XO) with a numerical aperture of 1.4
mounted on the piezoelectric z scanner. Finally, the laser
light reaches the N-V center, and the z scanner controls the
objective’s z position, enabling a z-direction scan of the
diamond sample.

The red fluorescence emitted by the N-V center prop-
agates back along the same optical path as the green
laser light until it reaches the dichroic mirror, where it is
reflected toward the detection system. The lens and the
pinhole work like a spatial filter of fluorescence. After the

pinhole, a long-pass filter is used to further filter out non-
fluorescence photons. Finally, the fluorescence is focused
into an avalanche photon detector (SPCM-AQRH-10-FC,
Excelitas Technologies).

APPENDIX B: PAULI MEASUREMENTS

Pauli measurements after the trial-state preparation are
based on the different photoluminescence rates of different
states under the condition of the ESLAC [38,52]. Figure 7
shows the typical time-binned photoluminescence of the
N-V-nitrogen two-qubit system in different states. Since
the photoluminescence of an arbitrary state depends sim-
ply on its population in different states, the measurement
matrix without postrotation is simply

M0 =

⎛

⎜
⎝

N1 0 0 0
0 N2 0 0
0 0 N3 0
0 0 0 N4

⎞

⎟
⎠ , (B1)

in which N is the photoluminescence count and 1, 2, 3, and
4 denote the states |0,+1〉, |0, 0〉, |−1,+1〉, and |−1, 0〉,
respectively.

To realize Pauli measurements I1I2, I1Z2, Z1I2, and Z1Z2,
we also perform the measurements with the postrotation of
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π pulses between these states. By doing this, we realize the
measurement matrices

Mπ13 =

⎛

⎜
⎝

N3 0 0 0
0 N2 0 0
0 0 N1 0
0 0 0 N4

⎞

⎟
⎠ , (B2)

Mπ34 =

⎛

⎜
⎝

N1 0 0 0
0 N2 0 0
0 0 N4 0
0 0 0 N3

⎞

⎟
⎠ , (B3)

M� =

⎛

⎜
⎝

N3 0 0 0
0 N4 0 0
0 0 N1 0
0 0 0 N2

⎞

⎟
⎠ , (B4)

in which Mπ13 means a π pulse between states |0,+1〉
and |−1,+1〉 is applied after the trial-state preparation and
before the photon-count measurement. Mπ34 corresponds
to a π pulse between states |−1, 0〉 and |−1,+1〉 and M�

corresponds to a hard π pulse that flips both |0,+1〉 ←→
|−1,+1〉 and |0, 0〉 ←→ |−1, 0〉.

With the results of M0, Mπ13 , Mπ34 , and M� as R0, Rπ13 ,
Rπ34 , and R�, we get the Pauli-measurement results

⎛

⎜
⎝

RI1I2
RI1Z2
RZ1I2
RZ1Z2

⎞

⎟
⎠ =

⎛

⎜
⎝

1 1 1 1
1 −1 1 −1
1 1 −1 −1
1 −1 −1 1

⎞

⎟
⎠

⎛

⎜
⎝

N1 N2 N3 N4
N3 N2 N1 N4
N1 N2 N4 N3
N3 N4 N1 N2

⎞

⎟
⎠

−1 ⎛

⎜
⎝

R0
Rπ13
Rπ34
R�

⎞

⎟
⎠ . (B5)

To realize the Pauli measurement of X1X2, we have
to perform the measurement of both X1X2 + Y1Y2 and
X1X2 − Y1Y2. The X1X2 + Y1Y2 term is measured by our
considering the photoluminescence difference between two
sequences with postrotations. The difference is normalized
by the difference between the states |0,+1〉 and |−1, 0〉.
The first sequence consists of a π pulse between the states
|0,+1〉 and |−1,+1〉, followed by a π/2 pulse around
the y axis of the nitrogen nuclear spin in the rotating
frame between the states |−1,+1〉 and |−1, 0〉, and finally
another π pulse between the states |0,+1〉 and |−1,+1〉.
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FIG. 7. Typical time-binned photoluminescence of different
states.

The second sequence is identical, except for an opposite
rotation around the −y axis for the second pulse. The
X1X2 − Y1Y2 term is measured in the same way but the
first pulse for the two sequences is a π pulse between
the states |0, 0〉 and |−1, 0〉. The quantum circuits of the
postrotations for the measurement of X1X2 + Y1Y2 and
X1X2 − Y1Y2 are shown in Fig. 8.

APPENDIX C: PHASE CONSIDERATION IN THE
QUANTUM CIRCUIT

Owing to the limited power of microwaves, it is cru-
cial to account for the unavoidable duration time of the
quantum gate imposed on the electron spin when one is
conducting the in-phase measurement of the nuclear spin.
Throughout the operation of the quantum gate, the elec-
tron spin is in a superposition state of |0〉 and |−1〉. Given
the intimate connection between the nuclear and electron
spins, facilitated primarily by the hyperfine interaction, dif-
fering states of the electron spin can result in disparate
energy splittings between the up and down states of the
nuclear spin. Consequently, the nuclear spin undergoes
precession around the direction of the magnetic field with
a frequency that is contingent on the state of the elec-
tron spin. For the purpose of manipulating the nuclear spin
within the rotating frame, one must contemplate the phase
discrepancy induced by this disparity in frequency.

All radio-frequency pulses used for the manipulation
of the nuclear spin are in resonance with the transition
between the |−1,+1〉 and |−1, 0〉 states. Hence, we opt
to probe the nuclear spin in this particular rotating frame.
Nevertheless, the parameters θ3 and θ4 imply that part
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FIG. 8. Quantum circuits of the postrotations for the measurement of X1X2 + Y1Y2 and X1X2 − Y1Y2.

of the electron spin’s population will undergo rotation
towards and back from the state |0〉 on application of
microwave pulses. Within the previously stated rotating
frame, the nuclear spin will precess at a frequency of 2.16
MHz (the hyperfine interaction strength) when the elec-
tron spin is in the state |0〉. It thus follows that the phase
of the measurement gates for the nuclear spin, subsequent
to the preparation of the trial state, requires modification
after the process through the state |0〉. Besides, the mea-
surement result also needs to be modified because of the
phase spreading during the process. Through the simula-
tion of the dynamics under the influence of microwave
pulses directly using Schrodinger’s equation with QuTiP
[40,41], we derive the phase discrepancy for the radio-
frequency pulse in the postrotation sequences and the
correction factor for the readout results.

APPENDIX D: SIMULATION

A common method to describe the dynamics of a system
interacting with the environment is the use of the Lindblad
master equation, which has the form

ρ̇(t) = − i
�

[H(t), ρ(t)]

+
∑

n

1
2

[2Cnρ(t)C†
n−ρ(t)C†

nCn − C†
nCnρ(t)],

(D1)

where Cn is the collapse operator characterizing the influ-
ence of the environment. Since the dephasing process
caused by the inhomogeneity of the magnetic field plays a
major role in decoherence in our experiment, we consider
mainly the collapse operator with the form

Cn =
(

0 0
0 1

)
. (D2)

Through the T∗2 measurement shown in Fig. 9, we estimate
that T∗2 is around 4.367 µs, from which we can estimate the
amplitude of the collapse operator.

With knowledge of the decoherence and specific exper-
imental parameters, we next use the Lindblad equation in
QuTiP to compute the dynamics of the two-qubit system
under the microwave and radio-frequency driving in each
experimental sequence. To account for photon shot noise,
we introduce white noise with magnitude equivalent to that
of experimental signal. The simulated outcomes then go
through the same data-processing procedures as the exper-
imental data, yielding the simulated expectation value for
a specific parameter set. In the simulation results, only the
initial point shares the same parameters as the experiment,
while all subsequent iteration points are generated on the
basis of the gradients calculated with use of the expectation
value obtained during the simulation.
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FIG. 9. T∗2 measurement with experimental data and the fit.
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FIG. 10. Relation between the converged expectation value
and readout error.

APPENDIX E: CONVERGED EXPECTATION
VALUE AND READOUT ERROR

To study the readout error of our method based on Pauli-
term measurements, we simulate the VQE iterations with
different readout errors in QISKIT [39]. The iteration times,
initial guess, learning rate, and gate fidelity are set near
the experimental values. The final converged expectation
value (and the distance from the true value) is found to
have a positive correlation with the readout error as illus-
trated in Fig. 10. Since our converged minimum is−2.076,
we can infer from Fig. 10 that the readout error of our
method is approximately of magnitude 0.01.
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