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Effects of temperature fluctuations on charge noise in quantum dot qubits
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Silicon quantum dot qubits show great promise but suffer from charge noise with a 1/f“ spectrum, where
f is frequency and o < 1. It has recently been proposed that 1/f% noise spectra can emerge from a few
thermally activated two-level fluctuators in the presence of sub-bath temperature fluctuations associated with
a two-dimensional electron gas (2DEG). We investigate this proposal by performing Monte Carlo simulations of
a single Ising spin in a bath with a fluctuating temperature. We find that to obtain noise with a 1/f“ spectrum
with @ < 1 down to low frequencies, the duration of temperature fluctuations must be comparable to the inverse
of the lowest frequency at which the noise is measured. This result is consistent with an analytic calculation in
which the fluctuator is a two-state system with dynamics governed by time-dependent switching rates. In this
case we find that the noise spectrum follows a Lorentzian at frequencies lower than the inverse of the average
duration of the lowest switching rate. We then estimate relaxation times of thermal fluctuations by considering
thermal diffusion in an electron gas in a confined geometry. We conclude that temperature fluctuations in a
2DEG sub-bath would require unphysically long durations to be consistent with experimental measurements of

1/ f-like charge noise in quantum dots at frequencies extending well below 1 Hz.

DOLI: 10.1103/PhysRevB.108.075303

I. INTRODUCTION

Decoherence arising from charge noise presents a chal-
lenge to the use of silicon quantum dots (QDs) as quantum
bits. The charge noise spectrum in Si/SiGe quantum dots goes
as 1/f* with « < 1 over many decades in frequency [1,2],
where f is the frequency and « is the noise exponent.

Charge noise in quantum dots arises due to coupling
to two-level fluctuators. Experiments have shown that each
quantum dot is coupled to a small number of fluctuators [3,4].
While initial experiments indicated that the noise in neighbor-
ing quantum dots is not correlated [5], more direct subsequent
experiments did find correlations [6]. With only a few two-
level fluctuators, a Lorentzian power spectra is expected, but
instead, noise with a 1/f* power spectrum is observed with
a < 1. Typically, 1/ f-like noise is produced by an ensemble
of two-level fluctuators with a broad distribution of relaxation
rates [7,8].

Recently, Ahn et al. [4] have suggested that the quantum
dots are coupled to a small number of two-level fluctuators
that are each in turn coupled to a microscopic subsection of
the larger thermal bath that they take to be the 2D electron
gas (2DEG) in which the quantum dots are embedded. They
propose that temperature fluctuations in the sub-bath cause
the noise to have a 1/f“ spectrum over several decades of
frequency with & ~ 1. They calculate the noise power spectral
density by performing a quenched average over a distribution
of temperatures and show that this average yields a 1/ f“ noise
spectrum even for small numbers of fluctuators. However,
they did not specify the conditions under which the quenched
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average is justified. (By “quenched average”, we mean an
average over a distribution of temperatures where each tem-
perature is infinitely long lived.)

In this paper we show that the noise spectrum arising from
a two-level fluctuator (TLF) in the presence of a time-varying
temperature is described by a quenched average only if the
time scale of the temperature variations is longer than the
lowest frequency measured. We also estimate the time scale
of temperature variations in typical silicon qubit devices and
find that it is likely to be substantially faster than the lowest
frequencies at which a 1/f“ noise spectrum has been mea-
sured in qubit devices [5].

To illustrate these points, we represent the fluctuator by a
single Ising spin with thermally activated flips subjected to
temperature fluctuations. Using Monte Carlo simulations of
this spin, we find that a 1/ f magnetic noise spectrum requires
very slow temperature fluctuations, with each temperature
being extremely long-lived. To confirm this result, we perform
an analytical calculation where the fluctuator is a two-state
system that has a time dependent switching rate. We consider
the case where the switching rate is a sequence of constant,
but random, rates. Each rate has an average duration ¢,y and
corresponds to a certain temperature. Changing the rate cor-
responds to changing the temperatures. We find that 7,, must
be very long in order to achieve 1/ f noise at low frequencies.
We use our results to reproduce the results of Ahn er al. [4]
where t,, is infinite and show what happens when the temper-
ature fluctuations have a finite lifetime. We then estimate the
longest possible time scale of temperature fluctuations based
on thermal diffusion in the confined geometry of the device
and conclude that the temperature fluctuations in a sub-bath of
the 2DEG cannot live long enough to account for the observed
1/f noise.
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II. MONTE CARLO SIMULATION
OF A SINGLE ISING SPIN

In the model of Ahn et al. [4], a thermally activated two-
level fluctuator is coupled to a quantum dot, with fluctuations
in the TLF leading to charge noise in the quantum dot. The
thermally activated time for the fluctuator to switch is given
by texp(U/T) where U is barrier height and t~! is the
attempt frequency. While a single TLF with a characteristic
temperature-dependent relaxation rate produces a Lorentzian
noise power spectrum, if the TLF is coupled to a microscopic
subsection of the larger thermal bath, as Ahn et al. proposed
[4], then fluctuations in the sub-bath temperature have the
potential to give rise to multiple relaxation rates associated
with a single TLF, resulting in a 1/f noise power spectrum.
Here, we wish to elucidate how the noise spectrum depends on
the nature of the time variation of the temperature fluctuations
of the bath.

To incorporate the time dependence of the bath, our sim-
ulations represent the thermally activated TLF by a single
Ising spin, which flips between S; = —1 and S; = +1 with a
probability P, = e~Y/T where U = 1 and T; is the temperature
during the ith time interval, and time is measured in units of
7. Since the temperature depends on time, there is a sequence
of different temperatures that are drawn from a Gaussian
distribution that is truncated to exclude negative temperatures
(4],

o~ (Ti—Tug /203,

V2mog, ’

where Ty, is the average sub-bath temperature, afb the vari-
ance, and £ is a normalization factor that accounts for the
truncation of the Gaussian. This distribution is the one used
by Ahn et al. [4]. Following Ahn et al., we set T,,, = 1 and
osp = 0.3. In this case & ~ 1.

The spin is reoriented according to standard Monte Carlo
dynamics. A random number between zero and 1 is generated
from a uniform distribution and if it is less than or equal to P;,
the spin flips. The duration A; of the ith temperature is drawn
from an exponential distribution,

ST, Tavg: ow) =& (D

Pi(A) = —e ™, @)
tav

where t,, is the characteristic duration of a given temperature.

The length of each run is 6 x 10% time steps. Noise power

spectra are calculated during the runs at 30 frequencies evenly

spaced on a logarithmic scale.

The low-frequency noise spectrum is dominated by low
temperatures that are in the tail of the distribution and are,
therefore, not often sampled by random draws. Therefore, we
divide the temperature range from 7' = 0.03 to 7 = 2.0 into
300 equal increments and start one run from each of these
300 temperatures. After the initial temperature of a run is
finished, i.e., after A steps, the subsequent temperatures in
that run are chosen randomly from the Gaussian distribution.
The noise spectrum from the resulting time series is given a
Gaussian weight corresponding to the initial temperature and
Eq. (1). This is how we average over the 300 noise spectra.
13 sets of 300 runs were performed. The results are shown in
Fig. 1 fort,, = 10°, 10%, 10'2. All the spectra are normalized
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FIG. 1. Plot of the spectral power densities of the noise S(w) vs
wt, where w is the angular frequency and 1/7 is the attempt fre-
quency, for an Ising spin in the presence of temperature fluctuations
with average duration t,, = 10° (red), 10° (green), and 10'? (blue) [as
defined in Eq. (2)]. All values of ¢,, are measured in units of t. The
noise spectra are averaged over 13 sets of 300 runs. Each run consists
of 6 x 10® Monte Carlo steps (MCS). These results demonstrate that
the noise spectral power density saturates at low frequencies, with the
saturation frequency decreasing as 7,, increases. The straight black
dashed line is proportional to 1/w.

so that the total noise power is unity. One can see that as
t.y increases, the knee moves to lower frequencies indicating
that slow, long-lived temperature fluctuations are needed to
observe 1/f noise at low frequencies.

We can compare these power spectra to the one of Ahn
et al. [4]. Ahn et al. had infinitely long-lived temperature fluc-
tuations and so their results should be compared to our case
of t,, = 10'2. For shorter #,,, one can see that there is a low-
frequency knee where the power spectra crosses over from
white noise at low frequency to 1/f noise at higher frequen-
cies. The frequency at which this knee occurs is proportional
to 1/t,y. Our contention that the temperature fluctuations must
be slow in order for the noise to have a 1/f spectrum at
low frequencies is supported by our power spectra, where
increasing f,, lowers the frequency of the knee. This knee
is not present in the power spectrum of Ahn et al. because
their calculation was a quenched average over an ensemble of
TLFs, each remaining at a different temperature forever.

III. SEQUENCE OF RANDOM FLUCTUATION RATES

To confirm our finding that a fluctuating temperature re-
sults in a 1/f-like noise spectrum only when the time scale
of the thermal fluctuations are longer than the inverse of the
lowest frequency at which 1/f noise is observed, we did an
analytic calculation where we consider a two state fluctuator
with a time-dependent transition rate (¢) between two de-
generate minima at x = 0 and x = 1. The correlation function
W(t) = (x(0)x(¢)) (where the angular brackets denote an aver-
age over realizations selected from the specified distribution)
is just half of p;(z), the probability of the system being in state
1 at time ¢, given that it was in state 1 at = 0. (The factor of
1/2 is the probability that the system is in state 1 at r = 0.)
The equation governing the evolution of p;(¢) is

dp(t)

7 = YOO+ 7@pet) = y@O( =2pi(1), 3)
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where po(t) = 1 — p;(¢) is the probability that the system is
in state O at time ¢ and the initial condition is p;(0) = 1. The
solution of this equation is

pi(t) = %(1 + e 2 7tgy) )

Since 7(t) > 0, the probability approaches 1/2 ast — oo, as
it should in equilibrium when the states are degenerate. In the
following, we rescale 7(¢) such that y(t) = 29 (t). Since we
are interested in fluctuations about the mean, we define the
autocorrelation function accordingly,

W(t) = ((x(0) — (x))(x(r) — (x)))
= (x(0)x(2)) — 1/4
— ie— Jo v(an , (3)

where we used (x) = 1/2.
The Fourier transform W(w) of the correlation function
p1(t)/2 is given by

L[
\Ij(w)z5 f e oy cog(wt)dt, (6)
0

where we have used the symmetry W(r) = W(—¢). We can
replace y(¢) by a discrete sequence of constant rates such
that the nth transition rate y, occurs during the time interval
A, =t, — t,—y. Writing 1, = )| A, the integral Eq. (6) is
broken into these time intervals,

L[
U(w) = - e ho v os(wot)dt
2 Jo

1 h
=3 (/ e " cos(wt)dt
0
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i=1
This can be further simplified by expressing the cosine in
terms of exponentials,

00 . ) Apt1 .
W) = Rel 3oty [M tnaciong, | g)
k=0 0

The time integral can then be performed,

1 — e~ Wer1=i@) Ay

1 > o
Y(w) = ERe{Ze(Zfl(%‘lw)Aﬂ .9

—iw
=0 Vi+1

This expression for the frequency dependence of the
noise must then be averaged over all possible realiza-

tions of A; and y;, which we assume to be indepen-
dent, ie., P(A1..Apy1.¥n) = Pi(Ay) - .- Pa(A)Pe(y1) - .. -
P,(y,), where P;(A;) and P,(y;) are the respective distribu-
tions of individual A; and y;. We model P;(A;) as the arrival
time in a queue, i.e., an exponential distribution,

1
FPy(A) = t—efA/t““, (10)
av

where #,, is the mean duration of a given value of the relax-
ation rate, i.e., it is the mean time between changes in the
relaxation rate. With this distribution, the average over the A’s
in Eq. (9) can be done. The average over the distribution of y;
is left as a formal average (..), for now. We can rewrite W(w)
in Eq. (9) as

1 o0
V(o) = ERG{Zuﬁ(w)Ml(w)}, (1)
k=0

where 1 is independent of i since P, is the same for all i as
can be seen in the following expression:

1 o0
wo(w) = _/ e_(yi_ia))Ai_Ai/tavdAi
tav Jo y

1
= <— (12)
1 + ytav -

iwt,y >y'
Note also that |o(w)| < 1. The average in w(w) is given by

1 1
wm)=({———-|1-—
Yi4+1 — lw lav

o0
% / o~ k1 —i0) Bjr1 = Ay /tavdAk+1>>
0 Y

_ 1 ) 1
- y —iw 1 4 ptay — ity Y

_ < fay >
S\ L+ ytey — ity [,
= lay o (@), 13)

which is independent of k. The geometric sum can now be
carried out,

W) = ‘;Re{z ué(w)uo(w)}
k=0
_ fay e{ Ho(w) }
2 I — po(w)
ot Relpo(@)] — Re[po(@)])* — (Imlpo(@)])?

T 21— 2Re[po(@)] + (Rel[o(@)])’ + (mlo(@)])*”
(14)

where we have used the definition uo(w) = Re[uo(w)] +
ilm[po(w)]. Explicit formulas for @y from Eq. (12) for a
discrete distribution of relaxation rates specified by m values
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FIG. 2. Comparison of noise spectra on the time scale on which
the transition rates vary, obtained using the analytic theory. The plot
shows the noise power vs angular frequency on a log-log plot with
a rate change on average every t,, = 20 (blue solid line) and every
t,y = 10* (black solid line). Straight dashed lines are guides to the
eye. The red dashed line corresponds to 1/w and the cyan dashed line
corresponds to 1/w?. The discrete distribution of y is discussed in the
text. The 1/f-like behavior of the spectrum is cut off at frequencies
below 1/t,,.

¥1--Ym» equally weighted for simplicity, are

_ 1 1+ Vilay
RC[MO(G))] B n_/l Xl: (] + Vltav)z + (CUtav)2 ' (15)
1 1
Im[10(w)] = wloy— Y (16)

m I (1 + yltav)2 + (a)tav)2 '
where the sum over [ runs from 1 to m. Equation (14) together
with Egs. (15) and (16) is the main result of this section. It is a
bit difficult to see the overall behavior in this expression since
it depends on the values chosen for the y; in the formulas for
the averages entering the power spectra. However, the limit
t,y — 00 is easy to obtain and gives

1 Vi
4 = — _, 17
@) = Z p— (17)

which is the quenched limit. With appropriate values for y;,
this easily produces a 1/w noise spectrum spanning decades
in frequency.

More insight requires the specification of values for y;.
Choosing y; to be y; = 2! where I = —10,-9, ..., 7, 8, gives
a fairly good approximation to a 1/w noise power spectrum
over several decades in frequency when averaging over the
Lorentzian noise spectra for each y;; this is the quenched
limit. Figure 2 shows the resulting spectra for a large f,, = 10*
(black line), which is indistinguishable from the quenched
average and can be seen to follow a 1/w power law (red line).
At a much shorter switching time of #,, = 20 (blue line), the
power spectra turns flat at low frequencies sooner, when going
from high to low frequencies, than in the quenched limit.
One can see a short range of frequencies where the power
spectra goes roughly as 1/w before going over to 1/w? when
w exceeds the largest rate.

A continuous distribution for y can also be considered.
For instance, Pi(y) = A"!/y with A =10g2(Viax/Vmin) and
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FIG. 3. Noise power spectra vs angular frequency on a log-log
plot for a continuous distribution of rates with a rate change on
average every f,, = 10% (black), t,, = 1000 (magenta), and 7,, = 1
(blue) respectively. ¥min is 107® and ypa, is 10°. Straight dashed
lines are guides to the eye. The red dashed line goes as 1/w and
the cyan dashed line goes as 1/w”. The spectrum is 1/f-like at
intermediate frequencies when the characteristic time f,, describing
the rate variations is long, so that max[ ¥, 1/fav] <K ® < Vimax-

Ymin < ¥ < Vmax Will give a 1/w spectrum in the quenched
limit. Using this distribution instead of the sums in Egs. (15)
and (16) yields

Re[uo(@)] = D(w) — wtyE(w),

Im[po(@)] = wtyD(w) + E(w), (18)
with
21 — B(w)
D(w) = ———,
20C(w)
A(w)
E = —, 19
@) = 5 ) (19)
‘minav 1 ‘maxfav 1
Alw) = Q(arctan <u> — arctan <M>>
Wy Wlyy
(20)
2,2 2 2 4oy 1
B(w) = log (wzazv i Yo a oo ) 1)
w tav + Vmintav + 2Vmintav +1
and

Clw) = w12 + 1. (22)

A plot of the power spectra is shown in Fig. 3 for yp, =
107% and ymax = 10°. The black curve corresponds to a mean
time of #,, = 10% between rate changes. At frequencies below
the lowest rate in the system, 107°, the noise becomes flat.
At frequencies higher than the largest rate, the response goes
over to 1/w?. The magenta curve shows the effect of a faster
mean switching time of 1000, flattening at frequencies below
w - 1000 ~ 1, instead of at the slowest rate of 107°. At the
still lower mean switching time of 1, shown by the blue curve,
the crossover occurs at higher frequencies, again dictated by
Wty ~ 1.

The overall behavior of the system is best seen with
the limit Ymaxlfay > 1 and  Ymintfay < 1. This eliminates
the 1/w? behavior at high frequencies as well as the
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FIG. 4. Approximate noise spectra for a continuous distribution
of rates, obtained from Eq. (23). The quenched limit (z,, — 00) is
shown in black, the magenta line corresponds to a rate change on
average every t,, = 1000 and the blue line corresponds to f,, = 1.
A = 108(Vimax/ Vmin) = log(10'2). The straight red dashed line is pro-
portional to 1/w.

low-frequency flattening of the noise. In that limit, A(w) re-
duces to —2 arctan(f,yw). B(w) has a logarithmic dependence
on w and is small so it can be neglected entirely. This removes
minor details of the frequency dependence of the noise. The
expression for the power spectra is then greatly simplified,

tay arctan(wtyy )/ A

Y(w) !
a) [ S—
2 wty, — arctan(wt,y ) /A

arctan(wt,y)

20w @3)

Now in the limit wt,y > 1, V(w) — 7 /(4 Aw). In this regime,
the power spectra goes as 1/w. In the limit wt,, < 1, the noise
becomes independent of frequency, i.e., V(w) — ta/(21).
The crossover between these two behaviors occurs around
wtyy ~ 1 as expected. W(w), as approximated by Eq. (23), is
shown in Fig. 4 for a few values of #,,.

Thus we see that in order to observe 1/f noise in a given
frequency range, the average duration t,, of a fluctuation rate
must exceed the inverse frequency of the lower limit of that
range.

As a point of reference, we can put the rates used by Ahn
et al. [4] into our formulation Eq. (14). Ahn et al. assumed
thermally activated rates,

1 _ &
y = ;e kpTgp 24)

with a sub-bath temperature distribution 7y, given by a Gaus-
sian that was truncated to remove negative temperatures,

o~ (To—Tawe)? /203,
v 2moy,

where Ty, is the average sub-bath temperature, o2 the vari-
ance, and £ is a normalization factor that accounts for the
truncation of the Gaussian. With the parameters used in this
section, £ ~ 1. Here we adopt Ahn’s notation (except that we
use Ty, rather than T'). Equation (3) of Ahn et al. [4], written

(T, Tavg, 0p) = § (25)

in terms of rates, is

S(w) * 2y
ey s /o dTg f(Tso, Tavg, Usb)m, (26)
where 7 = exp(—E /kgTy,). A is the total variance of the
signal produced by the switching events. Since our fluctuator
jumps betweenx = 0 and x = 1, A? = 1/4. Note that A is not
the time interval that the system is at a given temperature; this
use of A differs from that used earlier. Our Eq. (26) differs
from Ahn’s Eq. (3) by a factor of 2, which is likely due to
Ahn’s folding of the power spectra, i.e., Ahn assumes that the
frequency is positive and includes the negative frequencies by
multiplying the power spectrum by 2. We can write Eq. (26)
using the explicit definitions of ¥ and f (T, Tyve, o) from
Eq. (25),

S(w) /00 T e_(st/Tcwg_1)2/2(‘75b/Tavg)2
= sb

A2t V2mog,

__E Tag
e FBTavg Ty

27

Tave

' E
a)z'[z —+ (g7 kpTavg Ty )
A change of integration variable from Ty, toy = T,/ Tayg gives

—aly

S)
A2t

/O dyf(y. 1,6%) (28)

@272 + (e=alv)*’

where &y, = o, /Tavg and a = E /kpT,y,. Ahn et al. assumed
that each temperature lasts for an infinite amount of time,
i.e., t,y = o0o. This corresponds to the Lorentzians in Eq. (17).
We can generalize Eq. (28) to include a finite duration for
temperature fluctuations by using Eq. (14) multiplied by 4 to
account for the factor A% = 1/4,

S@) _, . Relpo(@)] = Relo(@)])’ — (m{po(@)))’
At Y1 = 2Re[po(@)] + (Re[po(@)])* + (Im[po(w)])?
(29)
with
Reljto )1—/°°d O 1, ) e
SRR Jy B O T e P (0t P
(30)

1

(1 4ty + (it )’
31

Im[o(@)] = wtyy / dyf(y, 1,6w)
0

with z,, and 1 /w measured in units of t. Using the above equa-
tions with the values of Ahn et al., namely, a = E /kpTyyg = 1
and &g = 0.3, the effect of finite-temperature fluctuations
lifetimes is shown in Fig. 5. The noise for t,, = 10'? is in-
distinguishable from the quenched limit z,, — oo shown in
Fig. 1 of Ahn et al. [4] in the frequency range displayed. We
see that shorter average durations of the temperature cause the
curves to flatten off at higher frequencies where wt,, ~ 1. This
reiterates our finding that low-frequency 1/f noise requires
very slow fluctuations. In the next section, we make estimates
to see if this is physically reasonable in a 2DEG.
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FIG. 5. Noise power spectra vs wt on a log-log plot for three
different average switching times: #,, = 10'? (blue), f,, = 10° (red),
and t,, = 10° (green). These plots show the effect of finite temper-
ature fluctuations lifetimes on the noise spectra of Ahn et al. The
straight black dashed line is proportional to 1/w.

IV. ESTIMATE OF THERMAL RELAXATION
TIME DUE TO DIFFUSION

Experimentally measured charge noise exhibits 1/ f behav-
ior down to 1 Hz and even lower frequencies [5], implying that
if thermal fluctuations play an important role, the relaxation
time of these thermal fluctuations must be significantly longer
than the relaxation time of the fluctuators coupled to the
quantum dots, i.e., the thermal fluctuations must last at least a
few seconds or longer. To see whether this is reasonable, we
can estimate the duration of temperature fluctuations in the
2DEG. Temperature fluctuations in a sub-bath imply spatial
inhomogeneities in the temperature of 2DEG. Thermal dif-
fusion would smooth out these inhomogeneities. Long-lived
fluctuations are difficult to achieve in typical electronic sys-
tems without some kind of activated behavior. An exception
exists when a quantity satisfies a conservation law. Then long
relaxation times can exist for large scale fluctuations. This
possibility was investigated by Voss and Clark [9] for energy
fluctuations (equivalently temperature fluctuations via AE =
C, AT where C, is the heat capacity in metal films). Since the
slowest relaxation occurs for the largest spatial fluctuations,
the dimensions of the system introduce key frequencies in
the problem: f; = D/(4ml?) where D is the thermal diffusion
constant and [;, with i = x,y, z, are the dimensions of the
system. There are no fluctuations that will last longer than 1/ f;
and therefore all that is needed is to evaluate f; for the largest
dimension, which is about 1 um for the 2DEG in the work
of Connors et al. [5]. (In [9], the dimensions of the conductor
were quite large, of the order of millimeters, and together with
a diffusion constant equal to D ~ 2 x 10> m?/s, produced
minimal frequencies of the order of 1 Hz or less.) To estimate
the lowest frequency in the present system, the diffusion con-
stant D must be evaluated at low temperatures for the 2DEG.
In what follows, the diffusion constant is expressed in terms
of quantities measured in the Si/SiGe 2DEG of Ref. [10].

In a diffusive regime (which is assumed to be the case
here), the diffusion constant D is related to the thermal con-
ductivity k via

D=—, (32)

K
C

where « is the thermal conductivity in W/K (in two dimen-
sions) and C is the specific heat in J/(K m?). For the 2DEG,
the specific heat is given by [4]
C— wmkzT (33)
3w

where the carrier’s mass is m = 0.19m,, and m, is the mass of
the electron.

The thermal conductivity is rarely available experimen-
tally. Using the Wiedemann—Franz law, it is possible to relate
the thermal conductivity to the electric conductivity o,

72 (kg \?
L _T (ks i (34)
oT 3 \e
where e is the electric charge. The final piece is to compute
the electrical conductivity, which is given by

oc=e-n-u, (35)

where n is the carrier number density and p is the carrier mo-
bility, which is usually available. Combining Eqgs. (32)—(35)
gives the diffusion constant in terms of measured quantities,
hZ
p=""" (36)

em

Using the values n=22x10%/m?> and pu = 16m?/
(Volts) reported in Ref. [10], Eq. (36) gives D = 4.4 x
1072 m?/s.

Using this value for D, we estimate the lowest frequency in
the problem to be

D 4.4 x 1072

Juin = 20 = G (107672

It is therefore highly unlikely that a 2DEG bath can satisfy the
assumption underlying the calculations of Ahn et al. [4].

We can obtain a slightly different estimate in a different
2DEG (AIN/GaN) system where the Wiedemann-Franz law
was verified [11]. This paper measured the specific heat as
well as thermal and electrical conductivity of the 2DEG. The
thermal conductivity has the form « =907 /275 W/(K m)
(where T is temperature) while the specific heat is C = 0.05T
in J/(kg K). (Note that the units are appropriate for 3D
quantities; Ref. [11] measured the thickness of the electron
gas for the conversion.) The diffusion constant is then D =
k/pC where p is the density of the material (GaN) and is
equal to 6150kg/m>. The temperature dependencies cancel
out and the diffusion constant is found to be approximately
1072 m?/s. This value is somewhat smaller than what has
been estimated for the Si/SiGe case but does not change the
conclusion.

Finally, the diffusion constants obtained above are signifi-
cantly larger than those used by Voss and Clarke in the context
of metal thin films (D ~ 2 x 107> m? /s). However, even with
such a diffusion constant, the conclusion remains unchanged
(the lowest frequency drops to 6 MHz).

Hz=3.5GHz. (37)

V. CONCLUSIONS

We have considered a quantum dot whose charge noise is
determined by a fluctuator coupled to a thermal bath with a
fluctuating temperature. We have used Monte Carlo simula-
tions of an Ising spin in a fluctuating temperature bath as

075303-6



EFFECTS OF TEMPERATURE FLUCTUATIONS ...

PHYSICAL REVIEW B 108, 075303 (2023)

well as analytic calculations of a two-state fluctuator with
random switching rates to determine the noise spectrum of
this two-level fluctuator. We find that a 1/f noise spectrum
at a given frequency fy requires that the frequencies of the
thermal fluctuations must be comparable to fy. However, our
estimate of the lowest temperature fluctuation frequency is a
few GHz in a 2DEG, which is inconsistent with 1/f noise
observed at frequencies below 1 Hz. In short, obtaining 1/f
noise that extends over several decades in frequency from a
model based on temperature fluctuations requires fluctuations
with unphysically long durations.

Note added. Recently, we became aware of the work of
Throckmorton and Das Sarma [12] where they improved upon
the calculations of Ahn et al. [4] by incorporating in the tem-

perature distribution a specific heat appropriate for an electron
bath, i.e., a specific heat linear in temperature. However, the
requirement for extremely slow, long duration fluctuations in
temperature still applies if this mechanism is to account for
1/f noise at low frequencies.

ACKNOWLEDGMENTS

This work was supported in part by the National Sci-
ence Foundation (NSF) through the University of Wisconsin
Materials Research Science and Engineering Center (Grant
No. DMR-1720415) and by the Australian Research Council
(Project No. DP210101608).

[1] E. J. Connors, J. Nelson, and J. M. Nichol, Charge-noise spec-
troscopy of Si/SiGe quantum dots via dynamically-decoupled
exchange oscillations, Nat. Commun. 13, 940 (2022).

[2] R. M. Jock, N. T. Jacobson, M. Rudolph, D. R. Ward, M. S.
Carroll, and D. R. Luhman, A silicon singlet-triplet qubit driven
by spin-valley coupling, Nat. Commun. 13, 641 (2022).

[3] L. Petit, H. G. J. Eenink, M. Russ, W. 1. L. Lawrie, N. W.
Hendrickx, S. G. J. Philips, J. S. Clarke, L. M. K. Vandersypen,
and M. Veldhorst, Universal quantum logic in hot silicon qubits,
Nature (London) 580, 355 (2020).

[4] S. Ahn, S. Das Sarma, and J. P. Kestner, Microscopic bath
effects on noise spectra in semiconductor quantum dot qubits,
Phys. Rev. B 103, L041304 (2021).

[5] E.J. Connors, JJ Nelson, H. Qiao, L. F. Edge, and J. M. Nichol,
Low-frequency charge noise in Si/SiGe quantum dots, Phys.
Rev. B 100, 165305 (2019).

[6] J. Yoneda, J. S. Rojas-Arias, P. Stano, K. Takeda, A. Noiri, T.
Nakajima, D. Loss, and S. Tarucha, Noise-correlation spectrum
for a pair of spin qubits in silicon, arXiv:2208.14150.

[7] P. Dutta, P. Dimon, and P. M. Horn, Energy Scales
for Noise Processes in Metals, Phys. Rev. Lett. 43, 646
(1979).

[8] P. Dutta and P. M. Horn, Low-frequency fluctuations in solids:
1/f noise, Rev. Mod. Phys. 53, 497 (1981).

[9]1 R. E Voss and J. Clarke, Flicker (1/f) noise: Equilibrium
temperature and resistance fluctuations, Phys. Rev. B 13, 556
(1976).

[10] D. M. Zajac, T. M. Hazard, X. Mi, K. Wang, and J. R. Petta,
A reconfigurable gate architecture for Si/SiGe quantum dots,
Appl. Phys. Lett. 106, 223507 (2015).

[11] L. Abou-Hamdan, S. Hamyeh, A. Iskandar, R. Tauk, J. Brault,
M. Tabbal, P.-M. Adam, and M. Kazan, Tuning electrical and
thermal conductivities of the two-dimensional electron gas in
AIN/GaN heterostructures by piezoelectricity, Nanotechnology
32, 115703 (2020).

[12] R. E. Throckmorton and S. Das Sarma, A generalized model of
the noise spectrum of a two-level fluctuator in the presence of
an electron subbath, arXiv:2305.14348.

075303-7


https://doi.org/10.1038/s41467-022-28519-x
https://doi.org/10.1038/s41467-022-28302-y
https://doi.org/10.1038/s41586-020-2170-7
https://doi.org/10.1103/PhysRevB.103.L041304
https://doi.org/10.1103/PhysRevB.100.165305
http://arxiv.org/abs/arXiv:2208.14150
https://doi.org/10.1103/PhysRevLett.43.646
https://doi.org/10.1103/RevModPhys.53.497
https://doi.org/10.1103/PhysRevB.13.556
https://doi.org/10.1063/1.4922249
https://doi.org/10.1088/1361-6528/abce79
http://arxiv.org/abs/arXiv:2305.14348

