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ABSTRACT The importance of the role of two-level fluctuators (TLFs) in causing qubit frequency (fq)
shifts has been highlighted in previous studies to improve the gate fidelity in silicon spin qubits at higher
temperatures. In this study, we employed a simulation technique to investigate the origin of the temperature
dependence of fq shifts in silicon spin qubits. Among the various possible microscopic origins, we focused
on the charge noise, which is attributed to the TLFs at the semiconductor/oxide interface, for which the
experimental features of the fq shift have been theoretically reproduced in previous studies. We analyze the
TLF characteristics required to improve the gate fidelity by simulating the effect of charge noise, considering
the spatial and energetic distributions, as well as characteristic parameters. We observed that the exponential
distribution of the activation energies was preferable for reproducing the fq shift and fidelity improvement.
Moreover, in terms of parameter selection, a short transition time and a steep temperature transition can
improve fidelity during higher-temperature operations. Based on these findings, we discussed the origin of
TLFs and observed that electronic transitions are more likely to produce TLFs than transitions involving
atomic displacement.

INDEX TERMS Quantum computer, Si spin qubit, charge noise.

I. INTRODUCTION
Electrons confined within quantum dots exhibit a spin-1/2
degree of freedom that can be utilized as qubits [1]. These
spin qubits, particularly those based on semiconductor sil-
icon, represent a promising quantum computing platform
owing to their long coherence times and compatibility with
advanced semiconductor manufacturing technologies [2].
Advances in isotopic purification and control techniques
have enabled high-fidelity operations for both single-qubit
gates [3], [4], [5], [6], [7], [8] and two-qubit gates [5],
[6], [7], achieving gate fidelities that surpass the threshold
required for surface code quantum error correction [9], [10].
As the next step, the variation issues in gate fidelity must be
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considered for each integrated qubit device for the large-scale
integration of such spin qubits required to achieve practical
fault-tolerant quantum computers.

One of the key challenges arises from the temperature
dependence of the Larmor frequency (fq), also referred to as
the qubit frequency. The fq value corresponds to the energy
difference between the up and down spin states, which are
determined by Zeeman splitting due to an external mag-
netic field required for spin qubit operation. Ideally, for
microwave-driven qubit operation, the fq value must remain
constant to maintain the resonance condition between the fq
value and microwave frequency. However, some experiments
demonstrated that the fq value can shift during operation
by approximately 1 MHz, either positively or negatively,
depending on the devices [3], [11], [12], [13]. Recent stud-
ies reported that the fq shift arises from the microwaves
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used to operate the device, which emits heat [14]. Addition-
ally, this shift exhibited non-monotonic behavior, featuring
a sharp increase at low temperatures, followed by a gradual
decrease at higher temperatures. Consequently, the temper-
ature dependence of fq disrupts the resonance condition,
thereby deteriorating the gate fidelity during operation.

Undseth et al. reported that operating the qubits at a higher
temperature of 200 mK rather than the standard temperature
of approximately 20 mK can mitigate the effect of the fq shift
on the gate fidelity [14]. Consequently, they achieved better
gate fidelity at 200 mK than at 20 mK in the Si/SiGe spin
qubit devices.

These studies demonstrated key features of the fq shift that
deteriorate the gate fidelity, which are as follows:

1. The fq value can shift both positively and negatively,
2. The fq shift exhibits non-monotonic temperature depen-

dence,
3. The microwave produces heat, in which causes the fq

shift,
4. Higher-temperature operations can mitigate the fq shift.

However, the microscopic origin of the fq shift remains
unclear. Several candidates have been proposed to this end.
The first candidate is the strain caused by the temperature
change, which can, in turn, vary the confinement poten-
tial and shift the center position of the electron [3]. Such
a shift can lead to changes in the fq value in the pres-
ence of magnetic field gradients. The second candidate is
the temperature-dependent variation in the electron g-factor,
which directly determines the qubit frequency via fq =

gµBB/h̄, where g is the electron g-factor, µB is the Bohr
magneton, B is the external magnetic field, and h̄ is the
reduced Plank constant [14]. The effective g-factor depends
on various factors including spin-orbit coupling, the shape
of the confinement potential, valley state, crystal compo-
sition and strain, each of which can exhibit temperature
dependence and therefore contribute to changes in fq. The
third candidate is charge noise arising from the thermally
fluctuating two-level fluctuators (TLFs) at the semiconduc-
tor/oxide interface, which can influence the electron position
via Coulomb interaction and then cause the fq shift based on
the analogy of the first case [14], [15], [16]. Subsequently,
Choi and Joynt reported that the theoretical charge-noise
model could reproduce the other key features of the fq
shift, i.e., the sign-indefinite and non-monotonic tempera-
ture dependence, by considering the uniform distribution of
TLFs around a qubit [16]. Finally, although the temperature
dependence of nuclear spins or unpaired electron spins could
induce fq shifts, their contributions are expected to be too
small to account for the experimentally observed behavior.
Thus, they are unlikely to represent the microscopic origin of
the measured fq shifts [14].
In this study, we focused on the charge noise model and

analyzed the origin of TLFs to provide feedback on the qubit
fabrication. We analyzed the origins of the TLFs from several
perspectives regarding the spin qubit operation. One example

corresponds to the defects in the gate oxide, for which sev-
eral atomistic mechanisms have been proposed as potential

FIGURE 1. Schematic diagrams of the Si/SiGe gate-defined quantum dot
device structure assumed in this work. (a) Cross-sectional view showing
the typical layer structure of the assumed Si/SiGe device. (b) Bird’s-eye
view illustrating the TLFs distributed at the interface between the
semiconductor and insulator.

sources of TLFs. These include tunneling atoms, hydrogen
rotations, and collective atomic motion [17]. In theoretical
studies that focused on the semiconductor/oxide interface,
various types of trap centers associated with oxide and hydro-
gen atoms have been considered as the possible sources of
TLFs. These hypotheses were supported by a comparison
between the energy levels predicted via DFT calculations
and those obtained from experimental measurements [18],
[19], [20]. Furthermore, noise measurements conducted at
cryogenic temperatures indicate that the band-edge states
induced by random potentials can cause 1/f noise produced
by random telegraph noise, which is considered a type of
TLFs [21], [22], [23].

To this end, we considered them in our theoretical cal-
culations as the actual TLFs are randomly distributed in
space around a qubit and in energy. The study was con-
ducted in three steps. First, we established a charge noise
model originating from the TLFs, considering their spatial
and energetic distributions. This step is similar to the previous
study conducted by Choi and Joynt [16], except that we
additionally considered some types of distribution. Second,
we narrowed down the TLF characteristics as the key fea-
tures of the fq shift mentioned above were reproduced. This
step helped obtain the most plausible parameter sets for the
TLFs. In this step, we randomly generated several samples of
TLF distributions, varied the parameters without any physical
rationale, and compared the reproducibility of the key fea-
tures. We performed this step based on the criterion that the
non-monotonicity of frequency shift. Third, we executed gate
simulations to validate the improvement of the fidelity with
an increase in temperature. Lastly, we discuss the probable
source of the TLFs, which can be inferred from the obtained
parameter sets.

II. SIMULATION MODELS
Fig.1 depicts the device structure assumed in this study, where
the electrons are confined within a quantum dot formed at the
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FIGURE 2. Typical experimentally observed temperature dependence of
fq shifts. As indicated by arrows, the frequency shift exhibits steep
increase in low temperature region (200 mK) and gradual decrease at
higher temperatures (200 mK).

Si/SiGe double heterostructure. Their spins were controlled
using microwaves, which was enabled by the magnetic gradi-
ent induced by a Co micromagnet. Additionally, TLFs, which
produce the charge noise, are assumed to be located at the
semiconductor/oxide interface [15], [23].

In such device structures, experiments have demonstrated
temperature-dependent fq shifts that exhibit a distinctive
nonmonotonic behavior. This was characterized by a sharp
increase in the low temperature region, followed by a gradual
decrease at higher temperatures (Fig. 2) [14]. These shifts
have been attributed to the temperature dependence of TLF
dynamics in some theoretical analyses [13], [16]. However,
a comprehensive analysis of this phenomenon, which also
accounts for microwave-induced heating during spin control,
has not yet been performed. In this section, we present the
model that incorporates both the temperature variation due to
microwave heating and the Larmor frequency shift induced
by the thermal fluctuations of the TLFs, which serve as the
foundation for subsequent simulations.

A. fq SHIFT BY MICROWAVE HEATING
To simulate the experimentally observed temperature vari-
ations induced by the microwave pulses, we established a
model incorporating both microwave heating and dilution
refrigerator cooling. We then fit the model parameters into
the experimental data [14].
Silicon qubit devices are typically installed in a dilution

refrigerator. This refrigerator maintains a cryogenic environ-
ment, which typically ranges from 10 mK to 1 K, to protect
the electron spin from thermal noise. However, the tem-
perature of the device increases under the application of
microwave signals for qubit operations, which causes fq
shifts. The circular points in Fig. 3 represent the frequency
shifts for different pulse durations that were experimentally
observed at four base temperatures [14]. The trend of higher
base temperatures exhibiting more stable frequencies across
varying pulse durations indicates that the temperature vari-
ations are less affected by pulse-induced heating at elevated

temperatures. This behavior can be attributed to the increased
cooling power and heat capacity at higher temperatures.
To incorporate these experimental observations, we describe
the temperature variation as follows:

FIGURE 3. Measured fq shifts as a function of pulse duration at base
temperatures of 50, 100, 150, 200 mK (circle points). The blue dashed line
represents fitting curve for 50 mK while the dash-dotted lines show the
predicted frequency shifts for 100, 150 and 200 mK, calculated using
the temperature variation model using the parameters obtained from the
fitting for 50 mK. Here, shifts refer to deviations from the fq at 50 mK
prior to the application of the pulse.

dT (t)
dt

=
WJoule (Eac(t)) −Wcool (T (t))

C (T (t))
, (1)

where T (t) denotes the temperature at time t , WJoule denotes
the Joule heating power from the applied microwave field
with amplitude Eac, Wcool denotes the cooling power of
the dilution refrigerator, and C denotes the heating capacity
of the device. Here, both Wcool and C are assumed to be
temperature-dependent. To simulate the temperature depen-
dence of the gate fidelity for arbitrary microwave pulse
shapes, we fitted the parameters governing the Joule heating,
WJoule, contribution induced by the microwave field with the
amplitude, Eac(t), temperature dependence of cooling power,
Wcool(T ), and heat capacity, C(T ). The temperature depen-
dence of the frequency shift 1fq is fitted to the following
model using the experimental data for the Q1 qubit reported
in Undseth et al [14]:

1fq (T ) = ⟨s+⟩ (T ) f+ + ⟨s−⟩ (T ) f−, (2)

⟨s±⟩ (T ) = ±
1

e−µ±/T + 1
∓

1
e(1E±−µ±)/T + 1

, (3)

where f±, µ±, and 1E± denote the fitting parameters.
We combined Eqs. (1), (2) and (3) to model the response of
the 1fq to the applied pulse and its dependence on the pulse
duration. The detailed functional forms of these dependen-
cies, frequency shift model, and fitting procedures have been
provided in Appendix A.
The blue dashed line in Fig. 3 represents the result of

fitting Eq. (1) to the experimental data at a base temper-
ature of 50 mK [14]. The parameters obtained as a result
were then used to predict the frequency shift at other base
temperatures, as indicated by the dash-dotted lines. The blue
line successfully captures the experimental trend, wherein
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FIGURE 4. Three types of EA distributions considered in this study: (a) uniform, (b) truncated normal, and (c) exponential. These
distributions are used to model the statistical variation of activation energies among thermally fluctuating TLFs.

the frequency shifts increase with pulse duration, particularly
in the low-temperature region, as indicated by the blue data
points. In addition, the deviations of the dash-dotted lines
from the experimental results vary based on the base tem-
perature. For 100 mK, the fitted model effectively captured
the overall shift across various pulse durations. For 150 mK
and 200 mK, frequency shifts are roughly invariant within
the range of experiments, which qualitatively corresponds
with experimental results. Conversely, there were deviations
between the predicted and measured frequency shifts. These
discrepancies arise from long-term fluctuations in the qubit
frequency, which were not considered in this fitting process.
In the actual experiments, measurements at different temper-
atures are performed at separate times, leading to random
variations in the baseline (offset) of fq. This offset tends to
become larger as the temporal separation between measure-
ments increases. Indeed, as shown in Fig. 3, the 200 mK data
already exhibits a noticeable deviation in the offset relative
to the 50 mK reference point. As explained in Section II-B,
in the latter simulations we consider random fq fluctuations;
the qualitative agreement of the fq shifts should therefore not
be significant within the scope of this study.

B. TLF AND CHARGE NOISE
Charge noise is one of the primary sources of intrinsic noise
in the silicon qubit systems. Experiments conducted on sil-
icon devices have indicated that the charge noise affects
the Larmor frequency and exhibits a power spectral density
(PSD) with a 1/f dependence [15], [24], [25], [26], [27]. This
behavior can be modeled as a superposition of the electric
fluctuations generated by TLFs [28], [29].
An ensemble of TLF can reproduce the temperature depen-

dence of the fq shift [16]. Here, we assume that the dipole
TLF exists in one of two states, denoted by ±, which induces
a frequency shift of ±1f and these states exhibit thermal
fluctuation. Under this assumption, the greater the thermal
fluctuations, the more rapid the convergence of the finite time
average frequency shift 1f to zero within the measurement
time. Therefore, an ensemble of TLF can cause temperature-
dependent non-monotonic fq shifts.
We aimed to evaluate the capability of the TLF-based

model to reproduce the experimentally observed

improvement in gate fidelity at 200 mK. To this end,
we computed the gate fidelities using gate-level simula-
tions incorporating the fitted temperature variation model
(Section II-A) and the frequency shift model based on the
TLF dynamics described below.We present the model used to
characterize the thermal fluctuations of the TLFs and describe
the approach employed to account for their stochastic varia-
tions.

The temperature dependence of mean transition time for
TLF τ is given as follows:

τ (T ) = τp (T ) exp
(
EA
kBT

)
, (4)

where the prefactor τp(T ) denotes the minimum transition
time, EA denotes the activation energy, and kB denotes the
Boltzmann constant. Here, we assume that the prefactor
exhibits temperature dependence, which can be expressed as
follows:

τp (T ) ∝ T β . (5)

For example, the case of β = 0 corresponds to the Arrhe-
nius equation, β = −1 corresponds to the Eyring–Polanyi
equation, and β = −2 corresponds to the expression for
trap generation-recombination processes (see Section IV-C).
According to Eq. (4), the transition times of TLFs with low
EA converge to τp at low temperatures, whereas those with
high EA converge at higher temperatures.

Based on the mean transition time, the transition probabil-
ity of the TLF within a time interval 1t is given by

ps (1t) =
1
2

(
1 − e−

21t
τ

)
, (6)

where τ denotes the temperature-dependent mean transition
time from Eq. (4). Therefore, the average charge of the dipole
TLF over measurement time tm is expressed as follows:

⟨δq⟩ (tm) = δq (0) exp
(

−
2tm
τ

)
, (7)

where δq(0) denotes the initial state of the TLF. δq ranges
from −e to +e. The fq shift averaged over a given measure-
ment time and initial state can be calculated using Eqs. (4),
(6), and (7).
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The frequency shift was modeled by considering the dis-
placement caused by each TLF using the Coulomb force and
magnetic field gradient within the quantum dot. The detailed
expressions for the frequency shift incorporating these effects
are provided in Appendix B.

III. SIMULATION METHODS
A. TLF DISTRIBUTION
The physical origin of TLFs is uncertain, due to which their
properties, including the activation energy distribution and
spatial distribution also remain unclear. Therefore, we first
prepared a wide range of possible TLF realizations sampled
from several characteristic parameter settings and then deter-
mined the resulting temperature dependence of fq shift and
gate fidelity. Subsequently, we analyzed these results to deter-
mine the origin of the TLFs. To this end, we divided the TLF
realizations into two categories based on whether they could
reproduce the experimentally observed non-monotonicity
(see Fig. 2). The criteria are defined as follows: (i) the peak
absolute value of the frequency shift exceeds 0.4MHz, (ii) the
peak occurs within the temperature range of 100–300 mK,
and (iii) the absolute value of frequency shift at 600 mK
is less than the peak value, but greater than half this value.
We then used subsets of the TLF realizations in each category
in gate-level simulations to evaluate the temperature depen-
dence of the gate fidelities.

When preparing the TLF distributions, we considered
variations in both the spatial location and the intrinsic char-
acteristics of each TLF. For the spatial distribution, each TLF
was assumed to be randomly placed on grid points at the
semiconductor/oxide interface with a spacing of 1 nm, within
a circular region centered at the qubit position and having a
radius of 100 nm. The distance between the interface and the
plane in which the quantum dot is formed was set to 30 nm.

For the intrinsic parameters that determine the temperature-
dependent behavior of each TLF, we considered several
parameter settings. The range was chosen so that the asso-
ciated TLFs have activation energies that allow transitions
within the low-temperature range relevant to this study
(20 mK to several hundred mK). In addition, the charac-
teristic time scale must be comparable to the gate duration;
otherwise, if the temperature is sufficiently high relative to
the activation energy, the fluctuation becomes too fast to
affect the qubit frequency and is averaged out within each
gate operation. The range of τ0 was determined based on
this requirement. Consequently, we set the parameter settings
as follows: (i) three EA distributions depicted in Fig. 4, i.e.,
uniform, truncated normal, and exponential distributions,
(ii) three values of energy distribution width Ew ∈{1.5, 3.0,
4.5} meV, (iii) three values of the minimum transition time
at 20 mK τ0 ∈{10−12,10−9,10−6} s, and (iv) four values
of exponent β ∈{−2, −1, 0, 1} in the prefactor τp(T )
(see Eq. (5)). This presents a total of 108 unique parameter
settings. For each setting, 5,000 different TLF realizations
were generated. Additionally, the number of TLF was set to
10× (EW/1 meV), corresponding to TLF density values of

4.77× 1010 cm−2, 9.55× 1010 cm−2 and 1.43× 1011 cm−2.
Note that although the energy width, Ew, is defined as the
upper limit of the uniform distribution, the shape of the trun-
cated normal and exponential distribution was determined to
match the variance of all the distributions. In addition, when
sampling the EA, a truncated normal distribution represents
a normal distribution that is limited to positive values and
excludes negative values.

B. GATE FIDELITY
We evaluated the gate fidelity of the X gate under
temperature-dependent charge noise. In the proposed model,
the Hamiltonian governing electron spin dynamics is given as
follows:

H (t) =
1
2
fRabi (t) σx +

1
2

{
fq+δfq (t)

}
σz, (8)

where σx and σz denote the Pauli matrices, fRabi(t) denotes
the time-dependent Rabi frequency determined by the
microwave amplitude Eac(t), and δfq(t) denotes the calculated
temperature-dependent fq shift. Subsequently, we obtained
the unitary time-evolution operator, U , corresponding to

FIGURE 5. Five samples of simulated fq shifts obtained from different
realizations of TLF distribution (labeled Ra1-Ra5, etc.) are shown in each
panel. All simulations employ the exponential energy distribution, but
different parameter settings are used in cases (i) and (ii). Panels (a) and
(c) present realizations that satisfy the non-monotonic frequency-shift
behavior observed in experiments, whereas panels (b) and (d) show
realizations that do not.

the quantum gate operation, by numerically integrating
this Hamiltonian into the rotating frame, as described in
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Appendix C. Here, we did not include any energy relax-
ation processes in the simulation. Thus, the only decoherence
mechanism implicitly captured in this model arises from fluc-
tuations in the qubit frequency, which lead to pure dephasing.
No additional stochastic dephasing or relaxation channels
were incorporated.

The gate fidelity of each execution is evaluated by the
average gate fidelity, Fg, which is defined as follows [30]:

Fg =
|tr (σxU)|2 + 2

6
, (9)

where σx denotes the Pauli matrix representing the X gate and
U denotes the simulated quantum gate matrix.

Based on the model described above, we first estimated
the initial reference frequency, fq + δfq(0), of the rotating
frame based on the mean frequency shift obtained from 10ms
measurements using Eq. (7) for each parameter configu-
ration. We then simulated 1,000 executions of the X gate
and reported the mean Fg. The temperature and TLF states
were reset to their initial states after every 100 executions
to prevent bias toward high-temperature cases. This corre-
sponds to approximately 10 µs of accumulated microwave
driving which is consistent with the ‘‘tens-of-microseconds’’
microwave load roughly estimated for randomized bench-
marking experiments [14]. The base temperature was swept
from 20 to 400 mK in increments of 20 mK. We used a Gaus-
sian waveform for the gate control pulse and its amplitude
profile was adjusted to implement a gate duration of tg =

100 ns. The interval between successive gate operations was
set to 50 ns.

IV. RESULTS AND DISCUSSION
A. fq SHIFT
First, we present the simulated temperature dependence of the
fq shift. Fig. 5 depicts the examples of simulated fq shifts for
two different TLF parameter sets, (i) {Ew, τ0, β}={1.5 meV,
10−12 s, −2} and (ii) {Ew, τ0, β}={3.0 meV, 10−9 s,
−1}, employing exponential distribution. The graphs on the
left (Figs. 5(a) and (c)) depict five curves, each of which
exhibited trends similar to the non-monotonicity observed
in the experiment based on the aforementioned criteria (see
Section III-A). Each curve was obtained from a different
spatial TLF distribution. Conversely, the graphs on the right
(Figs. 5(b) and (d)) depict five curves that did not exhibit such
trends. The TLF characteristics and distribution significantly
changed the temperature dependence of the fq shift.
Subsequently, we aimed to narrow the TLF parameter sets

and energetic distributions to determine the most plausible
ones in terms of reproducibility. As explained earlier, this
strongly depends on the spatial TLF distribution. There-
fore, we counted the number of successful cases in all the
distributions for each TLF parameter set and energy dis-
tribution. The one that reproduced the most frequently was
determined to be the most plausible. Fig. 6 depicts the num-
ber of TLF distribution that reproduced non-monotonicity
under different settings of energy distribution, Ew, τ0, and β.

FIGURE 6. Comparisons of the number of successful reproductions of the
experimentally observed non-monotonicity: (a) comparison among three
different EA distributions and (b) comparison among different parameter
sets in exponential distribution with Ew = 1.5 meV.

As shown in Fig. 6(a), The exponential energetic distribution
is most likely to reproduce non-monotonicity, and a smaller
Ew value is preferred. This is reasonable based on the criteria
(ii) of non-monotonicity in this study (see Section III-A).
The non-monotonicity of fq shift exhibits a peak at relatively
low temperatures (see Fig. 2). This indicates that more TLFs
affected the fq shift around the temperature of peak and that
the number of effective TLFs gradually decreased with an
increase in the temperature over this range. According to Eq.
(4), this occurs when TLFswith a smallerEA value are greater
than those with a larger EA value. Therefore, an exponential
energetic distribution and a smaller EW are preferable for
reproducing the fq shift.
Fig. 6(b) depicts the results under different τ0 and β param-

eters with a fixed Ew on an exponential energetic distribution.
Smaller values of τ0 and β are preferable as they present a
larger change in τp with an increase in the temperature within
low-temperature range. Thus, TLFs exhibit a greater effect on
the fq shift at lower temperatures. This also helps to satisfy
criterion (ii) (see Section III-A).
Not all realizations with the same TLF parameter set

reproduced the non-monotonic fq shift. Essentially, the fq
shift relies heavily on the spatial TLF distribution. It was
observed that six qubits simultaneously exhibited similar
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FIGURE 7. Temperature dependence of gate fidelity for five samples corresponding to three different minimum transition time τ0. (a) exhibits the
cases with the TLF realizations that reproduce the fq non-monotonicity and (b) those that do not. The Ew and β are fixed at 1.5 meV and −2,
respectively.

non-monotonicity [14]. This can be attributed to the limita-
tions in the reproducibility of the spatial TLF distribution in
our simulation. We randomly placed the TLFs in a physically
meaningless manner. Therefore, we did not reproduce the
actual TLF distribution in real qubit devices, as it is impossi-
ble to determine in detail. Some realizations that we simulated
included distributions that were impossible. We believe that
it is essential to determine the plausible TLF characteristics
using this type of statistical analysis.

B. FIDELITY
In this subsection, we focused on fidelity improvement
under operation at higher temperatures. Based on the results
discussed in the previous subsection, we employed only plau-
sible exponential distribution. Subsequently, we utilized the
TLF realizations sampled from the exponential distribution
with 27 different parameter sets. Fig. 7 exhibits example
curves of the simulated temperature dependence of gate
fidelity for different τ0 values, with Ew = 1.5 meV and
β = −2. Each curve was generated using different realiza-
tions with different spatial and energetic TLF distributions.
Fig. 7(a) depicts the cases using realizations exhibiting a non-
monotonic fq shift, whereas Fig. 7(b) depicts the cases using
realizations that did not exhibit such a shift. Some curves
exhibit successful fidelity improvements with an increase in
temperature, whereas others do not. It is likely that a shorter
τ0 effectively reproduces the fidelity improvement. In this
study, we set the gate duration, tg, to 100 ns. If the τp value
becomes shorter than the tg, the fq shift averages out during

gate operations such that the fidelity is not degraded. Con-
sequently, the fidelity appears to improve with an increase
in temperature when the TLF population with a shorter τp
increases at higher temperatures. However, due to stochastic
variations in the activation energy distribution and the number
of switching events during a finite gate duration, such fidelity
improvement is not guaranteed for every TLF realization,
even when τ0 < tg.
Subsequently, we statistically considered the TLF realiza-

tions based on the reproducibility of the fidelity improve-
ment. We examined the change in gate fidelity with an
increase in temperature from 20 to 200 mK. In this time,
we performed simulations on 100 TLF realizations for each
parameter set, in whichwe selected 50 realizations that exhib-
ited a non-monotonic fq shift and 50 realizations that did not.
The results were categorized into three types: (i) improved:
the fidelity improved by at least 0.1%, (ii) degraded: the
fidelity degraded by at least 0.1%, and (iii) not changed: the
fidelity changed within ±0.1%. Fig. 8 depicts the statistical
results for the cases of realizations that exhibited a non-
monotonic fq shift. It indicates that the cases with smaller
values of τ0 and β are more likely to exhibit the fidelity
improvement (type (i), blue bars) in several realizations. This
indicates that TLFs with smaller values of τ0 and β can
reproduce the experimentally observed fidelity improvement
with an increase in temperature, regardless of their spatial
distribution. This is reasonable as a smaller τ0 indicates that
the τ rapidly becomes much shorter than tg, which reduces
the influence of TLF on the gate operation. A smaller β also
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FIGURE 8. Statistical summary of the gate fidelity changes with increasing temperature from 20 to 200 mK, for the cases of the TLF
realizations exhibiting the non-monotonic fq shift, with 12 different parameter settings. Each histogram based on the simulation results
using 50 TLF realizations. The histograms are organized by τ0 = 10−12, 10−9 and 10−6 s (from top to bottom rows) and β = −2, −1, 0 and 1
(from left to right columns). Blue, red and green bars correspond to the three categories: (i)improved: the fidelity improved at least 0.1%,
(ii)degraded: the fidelity degraded at least 0.1%, and (iii)not changed: the fidelity changed within ±0.1%, respectively.

makes the τ faster with an increase in temperature. Fig. 9
depicts the statistical results for the cases of the realizations
that do ‘‘not’’ exhibit a non-monotonic fq shift. It indicates
a similar trend to Fig. 8 regarding the values of τ0 and β.
However, the number of realizations exhibiting a fidelity
improvement (type (i), blue bar) was less than that shown in
Fig. 8. Furthermore, most realizations did not exhibit fidelity
changes (type (iii), green bars). This indicates that a non-
monotonic fq shift, such as shown in Fig. 2, was essential for
fidelity improvement.

C. ORIGIN OF TLFS
First, we will summarize the results presented in the
previous subsections. From the perspective of the non-
monotonic fq shift and fidelity improvement, we observed
that the TLFs exhibiting exponential energetic distribution
and smaller Ew, β, and τ0 values are preferred for reproduc-
ing the experiment. In particular, the parameter set {Ew, τ0,
β}={1.5 meV, 10−12 s,−2} was effectively reproduced them
regardless of the spatial TLF distribution in our statistical
simulation.
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FIGURE 9. Statistical summary like Fig. 8, for the cases of the TLF realizations ‘‘not’’ exhibiting the non-monotonic fq shift.

In a previous study, some plausible physical origins of
TLFs, including dangling bonds at the interface, tunneling
atoms, tunneling electrons, and oxygen vacancies were pro-
posed [17]. Some previous simulations have successfully
reproduced the experimentally observed frequency shifts
using dipole-defect models [13], [16]. In particular, Choi
and Joynt. [16] demonstrated that interactions between dipole
defects can lead to a non-monotonic temperature dependence.
In addition, Champain et al. [13] employed numerical opti-
mization to fit experimental data in hole spins and concluded
that an assembly of very small dipoles would be required to
explain the observed behavior. These studies provide strong

support for the TLF model as a promising framework for
understanding temperature-dependent frequency shifts. How-
ever, the microscopic physical origin of such defects has not
yet been fully clarified.

Driven by this unresolved issue, we conducted a statistical
analysis of various TLF properties through systematic manip-
ulation of their temperature dependence, with the objective
of narrowing down potential physical origins of TLFs.
In addition, we performed gate-level simulations to identify
time-dependent TLF characteristics that are most consistent
with the experimental observations. Based on the preferred
parameter sets obtained from these statistical simulations,
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we further narrow down the plausible physical mechanisms
underlying TLFs.

Before the beginning of this discussion, we classified them
into two categories: atomistic and electronic.

First, we will discuss the atomistic candidates. Typ-
ically, for these candidates, it is assumed that a TLF
originates from the motion of an atom between the stable
and metastable states. The Eyring-Polanyi equation is one
approach employed for describing the transition time between
these states, based on statistical mechanics, and is expressed
as follows [31], [32]:

τ = κ
h
kBT

exp

(
1G‡

kBT

)
, (10)

where κ denotes the transmission constant, h denotes Planck’s
constant,1G‡ denotes Gibbs energy of activation. Therefore,
by comparing Eq. (4) and (10), we can determine τp(T ) ∝1/T
(β = −1 in Eq. (5)). As κ is typically assumed to be 1, the
prefactor, τp, at T = 20 mK is approximately 2 × 10−9

s, which is comparable to the value of τ0 = 1 × 10−9 s.
This concurs well with our results; however, the problem
lies in the Ew value. In this study, we considered the Ew
value within a few meV, which corresponds to the discussion
of EA within nearly the same energy range. As discussed
previously, a higher EA is unsuitable for reproducing the fq
shift and fidelity improvement. However, the predicted EA
value for the atomistic candidates is relatively large, within
the range of 60 meV to 2 eV [33], [34], [35]. Therefore,
the atomistic candidates are unsuitable for the origins of the
TLFs, exhibiting fq shifts and improved fidelity.
Subsequently, we discussed the electronic candidates. The

electron transition between the conduction band and the trap
level can be determined as the origin of the TLF, which
is considered to be the generation-recombination noise in
MOSFETs. In this case, the transition time is expressed as
follows:

τ =
1

NCvthσt
exp

(
EC − ET
kBT

)
, (11)

where NC denotes the effective electron density of the
conduction band edge, vth denotes the thermal velocity of
electrons, σt denotes the cross-section area of the trap, EC
denotes the energy of the conduction band edge, and ET
denotes the energy of the trap level [36]. As NCvth ∝1/T 2,
this model is comparable to β = −2. Furthermore, the band
edge states are typically considered to exhibit an exponential
energetic distribution at the band edge [37], [38], which
corresponds to our results. The band edge states were also
considered as noise sources in the cryogenic operation of
Si MOFETs [23]. When the trap level lies in a band-edge
state, the EA (= EC − ET in this case) was observed to be
sufficiently low below a few meV [39], [40]. However, it is
difficult to determine the τp due to uncertainties in the σt.
If the band-edge states emerge from random potentials [21],
[22], [41], the σt value increases with a decrease in the EA
value, which presents a τp value low enough to reproduce

the experimental results even at cryogenic temperatures. For
example, when σT equals 1× 10−14 m2, τ0 is approximately
2 × 10−8 s.

Another electronic candidate is the inter-trap transition.
For example, we can assume in the presence of E’-center-
related defects in the SiO2 gate insulator. These defects can
produce dipole-like TLFs owing to the electron distribution
around them. However, it is difficult to describe the transition
time. We can speculate that their transition time could be
sufficiently short to produce an fq shift and improve the
fidelity.Wemust determine whether these types of defects are
energetically distributed exponentially; however, this cannot
be evaluated due to the complexity of the situation. At this
point, this candidate type cannot be neglected. Therefore,
we conclude that the origin of the TLFs is electronic and not
atomistic.

Lastly, we would point out that trap-state control methods,
such as bias cooling [42], [43], could be useful for controlling
the temperature dependence and obtaining more information
about the origin of the TLF. Furthermore, in order to exper-
imentally validate our conclusion, it is essential to obtain
a better understanding of the electron state at the Si/SiO2
interface in both the many-electron [44], [45], [46] and few-
electron regimes, the latter corresponding to qubit operations.

V. CONCLUSION
In this study, we investigated the temperature dependence of
spin qubits implemented in Si/SiGe devices through simu-
lations based on the fq shift and gate fidelity improvement
with an increase in the operation temperature. We performed
a statistical analysis to consider the energetic and random
spatial TLF distributions. The simulation results indicate
that TLFs with an exponential activation energy distribu-
tion, short transition times, and steep temperature transitions
can effectively reproduce the experimental findings of pre-
vious studies. Furthermore, quantum-gate-level simulations
demonstrated that fidelity improvement with an increase in
the operating temperature occurs when TLF dynamics cause
transition times much shorter than the gate times and exhibit
a steep transition against temperature. Based on these results,
we concluded that electronic processes, such as the transitions
between the conduction band and trap states, are plausible
origins of TLFs.

APPENDIX A
TEMPERATURE VARIATION MODEL
In this appendix, we present a detailed description of the
fitting procedures employed to reproduce the fq shift as a
function of the pulse duration used in this study.

First, we assume the time dependency of each component
in Eq. (1). The total Joule heating energy over time interval t
is given as follows [47]:

EJoule =

∫
t
dt ′
∫
V
dr

σ (r) + ωϵ (r)
2

∣∣Eac(t ′)∣∣2, (12)

68810 VOLUME 14, 2026



Y. Sato et al.: On the Improvement of Gate Fidelity in Spin Qubits With TLFs at Higher Temperatures

where V denotes the volume in which the microwave
field penetrates, ω denotes the angular frequency of the
microwave, and σ (r) and ϵ(r) denote the position-dependent
conductive and dielectric losses, respectively. Due to the
uncertainty in volume, V , we simplified Eq. (12) as follows:

WJoule (t) =
(
σ ′

+ ωϵ′
)
|Eac (t)|2 , (13)

where σ ’ and ϵ’ denote the fitting parameters.
Although the detailed temperature dependence of the cool-

ing power of the refrigerator was not fully characterized,
it was predicted to improve with an increase in tempera-
ture [14], [48], [49]. To model this behavior, we expressed
the cooling power,Wcool, as follows:

Wcool =

{
αcT κ

0 (T − T0)γ , T > T0
0, T ≤ T0

(14)

where T denotes the electron temperature of the device, T0
denotes the base temperature of dilution refrigerator, and αc,
κ , and γ denote the fitting parameters.
The heat capacity C(T ) was modeled using the Debye

model, which predicts the cubic dependence on temperature
as follows:

C (T ) = kCT 3, (15)

where kC denotes a fitting parameter.
Combining Eqs. (1), (13), (14), and (15), we established a

temperature variation model with six fitting parameters.

FIGURE 10. Experimental fq shifts (circle markers) [14] and the
corresponding fitting curve (dashed line) as a function of dilution
refrigerator temperatures.

For this fitting, we require the static temperature depen-
dence of the fq, that does not consider the pulses. This is
the case of equilibrium state (T = T0). We then modeled
the fq shift as follows (the same expression as presented in
Section II-A):

1fq (T ) = ⟨s+⟩ (T ) f+ + ⟨s−⟩ (T ) f−, (16)

⟨s±⟩ (T ) = ±
1

e−µ±/T + 1
∓

1
e(1E±−µ±)/T + 1

, (17)

where f±, µ±, and 1 E± denote the fitting parameters.
Subsequently, the fitting process is explained. First, the

static temperature dependence of fq was fitted using Eqs. (14)

TABLE 1. Fitting parameters obtained from experimental data describing
the relationship between input energy and qubit frequency shift [14].

and (15). We used the experimental data for the Q1 qubit
denoted by Undseth et al. [14], and fitting was performed
using the least-squares method. Fig. 10 depicts the fitting
result, which captures the overall trend of the fq shift as a
function of the temperature.

Subsequently, we constructed the fq shift model as a func-
tion of the pulse duration at 50 mK, as shown in Fig. 3.
We numerically solved Eq. (1) as a differential equation by
combining Eqs. (13)–(15) using the Euler method with a time
increment of 0.1 ns. In this process, the parameters were
iteratively fitted using the least-squares method. We then
obtained a fitting curve for the experimental data at 50 mK
as indicated by the blue dashed line in Fig. 3. Subsequently,
we generated other curves for different base temperatures
using the obtained fitting parameters, as indicated by the
dash-dotted lines in Fig. 3.

We manually set parameters γ and κ because it is diffi-
cult to simultaneously converge all the parameters. Among
several combinations of (γ , κ), we selected the parameters
that can provide the best reproduction regarding all the curves
depicted in Fig. 3. Table 1 summarizes the final fitting param-
eters.

APPENDIX B
TLF-INDUCED FREQUENCY SHIFT MODEL
In this appendix, we describe the procedure used to obtain
the fq shift from the state of the TLF δq. In the presence
of a magnetic gradient due to a micromagnet, the displace-
ment of the confined electrons induced by electric field
fluctuations causes an fq shift. When the in-plane magnetic
field gradients are ∂B/∂x and ∂B/∂y, the fq shift is given
as: [27]

δf =
gµB

h
e

mω2
c

(
∂B
∂x

δEx +
∂B
∂z

δEy

)
, (18)

where µB denotes the Bohr magneton, h̄ denotes the reduced
Planck’s constant, h̄ωc denotes the confinement energy of the
electron, B denotes the z-component of the magnetic field at
the quantum dot’s position, g denotes the g-factor, and δEx
and δEy denote the in-plane components of the TLF-induced
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TABLE 2. Parameters used in the charge noise simulations. Here, m0
denotes the free electron mass, and the confinement potential is
assumed to be parabolic.

electric field. The z-component is neglected due to strong
confinement along the z-direction, which keeps the displace-
ment along this direction small.

In this study, we modeled each TLF as a dipole comprising
two oppositely charged entities separated by a short distance.
Although the exact physical structure of a TLF remains uncer-
tain, the simulations performed in previous studies reported
that dipole configurations are plausible sources of the exper-
imentally observed noise [29], [50].

The electric field δ E at the quantum dot fluctuated by each
TLF possessing δq is given by:

δE =
1

4πϵrϵ0

(
r

|r|3
δq−

r′
i∣∣r′
i

∣∣3 δq

)
, (19)

where r and r’ denote the positions of the two charges form-
ing the dipole from the quantum dot, and δq ∈{−e, e} denotes
the dipole state. The distance between the two charges on the
dipole was fixed at 1 nm. All the TLFs were placed with
the dipole axis parallel to the z-axis. The dielectric constant,
ϵr, is set to 13 of Si0.7Ge0.3, and ϵ0 denotes the vacuum
permittivity. Table 2 summarizes the other parameters used
in this work.

APPENDIX C
GATE SIMULATION MODEL
In this appendix, we present a method for quantum gate
simulations under the fq shift.
In the rotating frame defined by the axis, (fq + 1finit)σz/2,

using the Hamiltonian given in Eq. (8), the unitary evolution
during the gate time tg is approximated as follows:

U (t+1t)

≈ exp
[
−
i
ℏ

{
1
2
fRabi (t) σx +

1
2

(
1fq−1finit

)
σz

}
1t
]
U (t),

(20)

where 1t = tg/N and 1finit denotes the initial frequency
shift determined by calibration process. In this study, 1finit
is evaluated for each TLF realization, for which the initial δq
must be estimated. Subsequently, we employed the δq at tm =

10 ms, which was obtained from Eq. (7) as the initial value,
in which δq(0) was randomly obtained.

The relationship between the microwave amplitude, Eac(t),
and the Rabi frequency, frabi(t), was determined using

experimental data as follows [14]:

fRabi (t) =
1.3 MHz
0.2 V

Eac (t)V. (21)

Here, we assumed that frabi value increases linearly with Eac
[51], [52].
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