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We have used Ramsey tomography to characterize charge noise in a weakly charge-sensitive su-
perconducting qubit. We find a charge noise that scales with frequency as 1/f* over 5 decades with
a = 1.93 and a magnitude Sy(1Hz) = 2.9 x 107* €?>/Hz. The noise exponent and magnitude of
the low-frequency noise are much larger than those seen in prior work on single electron transistors,
yet are consistent with reports of frequency noise in other superconducting qubits. Moreover, we
observe frequent large-amplitude jumps in offset charge exceeding 0.1le; these large discrete charge
jumps are incompatible with a picture of localized dipole-like two-level fluctuators. The data reveal
an unexpected dependence of charge noise on device scale and suggest models involving either charge

drift or fluctuating patch potentials.

Superconducting quantum circuits are a leading physi-
cal platform for scalable quantum computing, with small-
scale qubit arrays nearing the threshold of quantum
supremacy [1, 2]. The progress of recent years has been
enabled by designs that isolate the qubit mode from
sources of noise and dissipation inherent in the mate-
rials used to realize the device. However, these ap-
proaches entail design compromises that could impede
continued scaling. For example, the highly successful
transmon design [3] achieves exponential insensitivity
against charge noise at the expense of reduced anhar-
monicity. As a result, leakage out of the computational
subspace represents a significant problem for large-scale
transmon arrays, as it cannot be mitigated with stan-
dard error correction codes [4]. At the same time, there
are proposals for new qubit designs that provide pro-
tection against noise at the hardware level, including
charge-parity qubits [5, 6], fluxon pair qubits [7], and
0-7 qubits [8]. However, in many of these implementa-
tions one needs accurate control over the offset charge
environment. These considerations motivate a detailed
study of charge noise in modern superconducting qubit
circuits.

Excess low-frequency charge noise (or equivalently
electric field noise) impacts a wide range of physical
systems, including nitrogen-vacancy centers [9], trapped
ions [10], semiconducting quantum dots [11], and sin-
gle electron transistors (SETs) [12-20], and there has
been extensive prior work to understand the origin and
scaling of the noise. Previous measurements in SET de-
vices and first-generation charge qubits [21] showed a 1/ f
power spectral density Sy(f) o< 1/f* with a between
1.0 and 1.25 [11-21] and noise magnitude S,(1Hz) ~
107° - 1077 e?/Hz. The standard microscopic picture of
this noise is a distribution of two-level fluctuators (TLF)
[19, 22, 23] that can activate or tunnel between local min-

ima in a potential energy landscape, leading to switch-
ing behavior in the time domain and a Lorentzian power
spectral density. A bath of TLF with a broad distribu-
tion of characteristic rates gives rise to the ubiquitous
1/f noise.

Here we describe measurements of charge noise in a
charge-tunable qubit that departs slightly from the trans-
mon regime. We find a charge noise power spectral den-
sity that is up to 4 orders of magnitude larger at 1 Hz
than that seen in SETSs, suggesting an unexpected de-
pendence of the noise on device scale. Moreover, we ob-
serve a large number of discrete charge jumps in excess of
0.le. The measured distribution of charge jumps is not
compatible with charge motion over microscopic length
scales, as described by the standard picture of dipole-
like TLF. Finally, the measured noise exponent o = 1.9

FIG. 1. Micrograph of the charge-sensitive qubit (a; Ec/h =
390 MHz, E;/h = 10.8 GHz) and the reference transmon (b;
Ec/h =230 MHz, E;/h = 16 GHz). The qubit structures are
shown in blue; the readout resonator and feedline are red; and
the charge and flux bias lines are colored orange and purple,
respectively. (c¢) Diagram of the qubit circuit.



22 b FAHWHEHAA]  ©

T 5.3806 R

e Z‘()) 0.7

> c

e o

O 5380 80.45

g 3

i % i o

'S 5.3794 .

=] ‘ ‘ ‘ 0.2 i ‘ i

o -1 -0.5 0 0.5 1 1 -0.8  -0.4 0 0.4 0.8
Applied Offset Charge (e) 1) Applied Offset Charge (e)

o

10 €,
i )
(0] (O]
o 2
e 0 &0
(@) (@)
(@] o

_10 L L L _2

0 6 12 18 0 2000 4000 6000
Time (hr) Time (s)

FIG. 2. Ramsey-based extraction of offset charge. (a) Qubit spectroscopy versus charge bias at the flux-insensitive point. As
QP tunneling rates far exceed the experimental repetition rate, we observe both QP parity bands (red and blue traces). (b)
Pulse sequence used to estimate the offset charge, along with diagram of the trajectory of the qubit state vector on the Bloch
sphere for the two values of QP parity. (c) Representative Ramsey-based charge tomography for two values of dng. The pulse
sequence of (b) is repeated for a range of applied offset charge. From a fit to Eq. (1) we extract the change to the island offset
charge dny due to intrinsic noise processes. (d) Time series of fluctuating offset charge. (e) Expanded view of measured dng.

Frequent large-magnitude (> 0.1e) jumps are clearly visible.

is incompatible with the exponents reported for SETS,
pointing to a new noise mechanism. While our measured
noise is strikingly different from that seen in SETS, it is
consistent with reports of frequency noise in other super-
conducting qubits [24, 25].

The device geometry is shown in Fig. 1. Each die con-
sists of a charge-sensitive qubit and a charge-insensitive
reference transmon coupled to a common A/2 readout
resonator. The devices were fabricated on high-resistivity
silicon; the circuit groundplane, qubit islands, and all
control and readout elements were made from sputtered
niobium and defined using optical lithography and reac-
tive ion etching. The Al-AlO,-Al compound Josephson
junctions of the qubits were fabricated using electron-
beam lithography and double-angle evaporation [26, 27].

The qubit parameters are F;/h = 10.8 GHz at the
flux-insensitive point and E¢/h = 390 MHz, correspond-
ing to a qubit transition frequency wig/2m = 5.38 GHz.
The readout mode resonates at 6.744 GHz. The qubit
is coupled to the resonator with a coupling strength of
g/2m = 100 MHz and the state is read out dispersively
with a qubit state-dependent shift of x/m = 3.7 MHz.
The resonator is strongly coupled to the output port with
a decay time 1/k = 75 ns to allow for rapid repeated
measurements. The offset charge is controlled through

an on-chip capacitance to the qubit island of 100 aF,
with a 20:1 voltage division at the millikelvin stage. The
device is measured in a dilution refrigerator with a base
temperature of 35 mK.

While typical transmon devices involve a ratio F;/E¢x
in the range 50-100 [3, 28], leading to a charge dispersion
ranging from 10 kHz to 1 Hz, the ratio E;/Ec = 28
yields a charge dispersion Awqg /27 = 600 kHz. The qubit
energy spectrum is given by wig+ Awig cos(2mn,), where
wio is the charge-averaged qubit frequency and ng is the
offset charge on the qubit island expressed in units of
2e (Fig. 2a). The dependence of the qubit transition
frequency on offset charge renders the device sensitive
to quasiparticle (QP) poisoning [29]. Here, single QPs
tunnel across the Josephson junctions on sub-millisecond
timescales [24, 25], changing n, by 0.5 and giving rise to
distinct parity bands in the qubit spectrum.

To measure fluctuations in the offset charge on the
qubit island, we perform a series of Ramsey experiments
at varying charge bias points using a pulse sequence that
maps offset charge onto population of the qubit excited
state (Fig. 2b). With QP tunneling rates far exceeding
the repetition rate of the Ramsey experiments, we require
the experiment to be independent of parity of the qubit
island. The sequence begins with a broadband (40 ns
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FIG. 3. (a) Pulse sequences for Ramsey-based single-shot

measurement of QP parity and charge noise. In the first se-
quence, the qubit is biased to a parity-sensitive point; the
X/2 —idle — Y/2 sequence is designed to map QP parity to
the north and south poles of the Bloch sphere. The sequence
is immediately followed by a second experiment that maps
fluctuating offset charge to qubit population. Here the device
is biased to the point of maximal charge sensitivity; following
an initial X/2 pulse, states that reside on the two QP parity
bands accumulate phase with opposite sign; a final Y/2 pulse
maps the qubit state to the same polar angle on the Bloch
sphere irrespective of QP parity. (b) Power spectral density
of QP parity fluctuations. The spectrum is Lorentzian with
a characteristic frequency at I'/2m = 255 Hz. (c) Power spec-
tral density of offset charge noise. The low-frequency portion
of the spectrum is obtained from the time series presented in
Fig. 2d, while the high-frequency portion of the spectrum is
derived from the single-shot protocol of (a). Residual QP tun-
neling dominates the spectrum above 10 Hz. The orange trace
is a fit to the sum of a power law spectrum Sq(f) = A/f“
and a single Lorentzian. We find S, (1 Hz) = 2.9 x 10™* */Hz
and a = 1.93.

long) X/2 gate that addresses both parity bands. The
qubit then undergoes free evolution for an interval t;,
accumulating the phase £Aw1gt; cos 2mny, where the two
signs correspond to the two possible parity states. While
the two parity states evolve in different directions around
the equator of the Bloch sphere, they maintain the same
projection onto the y-axis. We set the idle time t; =
7/Awyp and use a final X/2 gate to map this projection
onto the z-axis of the Bloch sphere. Measurement of the
qubit finds an excited state probability

1
P = 5 [d+ v - cos(m cos 2mng)], (1)
where ny, = eXt + dng is the sum of an applied gate
charge ne"t and a fluctuating intrinsic offset charge dn,,

and the parameters d and v account for qubit decay dur-
ing measurement and finite measurement visibility, re-
spectively. Critically, P; is periodic in offset charge with
period ngy = 0.5, and is thus insensitive to QP parity. We
sweep the externally applied gate charge nz"t and deter-
mine dn, by fitting the measured Ramsey data to Eq. (1).
Using this technique, we can determine the offset charge
to a precision of 0.02e over 20 s. Once 6ny is measured,
we can then deterministically bias to any point in charge
space.

Repeated Ramsey scans of this type generate a time
series of fluctuating offset charge (Fig. 2d). Interestingly,
the charge trace shows occasional (once per ~250 s) ex-
tremely large discrete jumps > 0.1le. The observed distri-
bution of offset charge jumps is difficult to reconcile with
a model of dipole-like microscopic TLF. Note that, as
Ramsey tomography is periodic in an offset charge of le,
we can only determine changes in offset charge within
the range [—0.5e,0.5¢); any larger jump is aliased to a
reduced value of offset charge (e.g., a 0.6e change looks
identical to a -0.4e change).

In order to characterize the fluctuating offset charge
at higher frequency, we adopt a fast single-shot Ram-
sey protocol that simultaneously probes island parity and
fluctuating offset charge (Fig. 3a). An initial Ramsey se-
quence maps the two parity states to the north and south
poles of the Bloch sphere. Single-shot measurement of
the qubit state provides access to QP parity of the qubit
island. Following a short delay of 1 us ~ 13/x to allow
the cavity to return to its ground state, we perform a
second single-shot Ramsey experiment that maps offset
charge to qubit population irrespective of island parity.
We bias the qubit to the point of maximal charge sensitiv-
ity and perform an X/2 gate that rotates the qubit parity
states to opposite sides of the equator of the Bloch sphere.
Noise in the charge bias causes the two states to accumu-
late phase in opposite directions; however, a subsequent
Y/2 gate maps the accumulated phase to the same polar
angle on the Bloch sphere. Due to the presence of large
jumps in offset charge on a few-minute timescale, we in-
terleave with this sequence a separate Ramsey-based scan
of offset charge every 15 s in order to compensate large
jumps in offset charge. By repeating the two-step proto-
col with a duty cycle of 10 kHz, we generate two time se-
ries of single-shot measurement results, the first of which
provides access to island parity and the second of which
provides access to fluctuating offset charge. For each sep-
arate time series (QP parity or charge), we partition the
time trace into two interleaved traces, compute the cross
spectrum, and average over many measurement cycles to
suppress quantum projection noise, after [30, 31].

The power spectrum of QP parity (Fig. 3b) is
Lorentzian with a characteristic frequency of 255 Hz set
by the rate of QP tunneling onto or off of the qubit island;
this QP poisoning rate is consistent with other reported
values in the superconducting qubit literature [24, 25].
For the charge noise results (Fig. 3c), we combine the fast
single-shot Ramsey results with the low-frequency charge



noise power spectral density obtained from the time se-
ries presented in Fig. 2d. The power spectral density
of offset charge fluctuations displays a 1/f% spectrum,
with S;(1Hz) = 2.9 x 107* €?/Hz and o = 1.93. The
measured charge noise is inconsistent with a large body
of literature on charge noise in SETSs, both in the noise
magnitude at 1 Hz and in the noise exponent.

While charge noise has not previously been reported
on weakly charge-sensitive qubits of the transmon type,
there are reports of frequency noise [24, 25]. To com-
pare our data to these prior experiments, we convert
our measured offset charge to difference frequency us-
ing the relation §f = |Awqg cos(2mn,)|. In this case, we
find Ss;(1Hz) = 5.9 x 107 Hz?/Hz with noise exponent
« = 1.76, which closely matches the other measured val-
ues (after proper normalization to the same charge dis-
persion) of Ssf(1Hz) = 8.1 x 10" Hz?/Hz and a = 1.7
[24], and Ssr(1Hz) = 3.7 x 10" Hz?/Hz and a = 1.70
[25]. More details on this comparison can be found in the
Supplemental Materials [26]. While a conversion from
frequency noise to charge noise is not possible due to non-
trivial aliasing effects, the similar levels of frequency noise
seen in these three independent qubit measurements sug-
gest a common noise mechanism, despite the fact that
these measurements span a range of substrate materials
(Si — this work; AloOg — [24, 25]), base metal (Nb — this
work; Al — [24, 25]), and cavity architecture (2D —this
work; 3D — [24, 25]).

As this noise is substantially larger than what is seen in
SET devices, it is instructive to consider the differences
between the two systems. First, SETs are operated in the
voltage state, whereas transmons are operated in the su-
perconducting state. Naively one might expect to observe
higher levels of noise in devices operated in the dissipa-
tive regime; SET measurements confirm this intuition,
where higher voltage bias results in larger noise [16, 18].
The other notable distinction is the large qubit capacitor
pad. For our charge-sensitive device, with qubit charg-
ing energy Ec/h = 390 MHz, the island dimensions are
40 x 180 pm?. For typical SETs, the island dimensions
are submicron and charging energy is of order 40 GHz
[32, 33]. It is thus reasonable to consider whether the
enhanced noise seen in our devices is related to the dif-
ference in device scale. In the most widely accepted pic-
ture of low-frequency charge noise, the fluctuating off-
set charge is due to dipole-like TLF involving motion
of a single electron charge over microscopic scales, with
dipole moments of order 1 Debye [34]. Such dipolar fluc-
tuators can only produce large changes in offset charge
when they are located within a dipole length from the
junction, which represents the boundary between the is-
land and ground electrodes. For TLF with characteristic
dipole moment of several Debye, this length is on the or-
der of 1 A. However, we observe a broad distribution of
discrete jumps in offset charge, with many large jumps in
excess of 0.1e. In Fig. 4 we plot the histogram of discrete
charge jumps obtained from the time series in Fig. 2. In
addition to a Gaussian central peak with width 0.02e set
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FIG. 4. (a) Histogram of discrete jumps in offset charge taken
from 60 hours of data. The histogram displays a large cen-
tral peak and a long tail of large-magnitude jumps in offset
charge. The purple trace is a Gaussian with width 0.02e, cor-
responding to the fit uncertainty in our Ramsey-based charge
measurements, while the orange trace is obtained from the
numerical simulation in (b), which shows the offset charge
associated with impingement of discrete le charges in the di-
electric space between the qubit island and ground. Here the
qubit island is shown in black and field of view extends out
to the circuit groundplane. The orange trace in (a) is gener-
ated by interpolating the simulation results and aliasing large
offset charges to the interval [-0.5e, 0.5e), as occurs in the
measured data.

by the fit uncertainty in our Ramsey-based charge mea-
surements, the histogram displays long tails correspond-
ing to a large number of discrete charge jumps extend-
ing out to £0.5e (as described above, any larger charge
jumps are aliased into this interval). The frequency of
large-magnitude charge jumps suggests a model involv-
ing motion or drift of charge as opposed to fluctuations
of individual localized TLF.

Indeed, the measured histogram is well modeled by
random impingement of charge in the dielectric space
between the qubit island and the ground electrode (see
Fig. 4). Here, we perform a COMSOL simulation to cal-
culate the induced charge on the qubit island associated
with nucleation of a discrete le charge in the dielectric
space between the qubit island and the circuit ground-
plane (Fig. 4b). We then permit both charge polarities,
which would correspond either to the nucleation of both
positive and negative charged particles, or to the adsorp-
tion/desorption of a single charged species. We sample
the entire groundplane cavity with uniform density, ap-



propriately alias the data to account for the finite dy-
namic range of our charge measurement (so that, e.g.,
0.6e is mapped to —0.4¢), and histogram the results. This
naive simulation yields surprising agreement with the
measured distribution of discrete charge jumps. Within
a picture of impingement of discrete charges in the dielec-
tric cavity of the qubit groundplane, the measured rate of
charge jumps corresponds to a flux of charged particles of
17/cm? - s, which could be due, e.g., to a partial pressure
of charged species of order 10722 Torr. This pressure cor-
responds to roughly 0.4 ions in the Al box housing the
sample, so the drift of charge might be better viewed as
due to some element within the sample box that releases
charge at a rate of ~ 500 particles per second. For ex-
ample, the charge could be generated from the relaxation
of strain in the PCB material used to couple signals into
and out of the sample box or from the relaxation of strain
in the dielectric substrate itself. Alternatively, it could
be that free charge is generated by cosmic rays that are
absorbed in the qubit substrate or in the material of the
sample enclosure. However, the flux of cosmic rays is
only 0.025/cm? - s at sea level [35-37], likely too low to
account for observed rate of discrete charge jumps.

Moreover, the large noise exponent is consistent with
charge drift, as white current noise yields a charge spec-
trum that scales with frequency as 1/f2. For example,
it could be that the apparent scale dependence of charge
noise is due to a device-dependent sensing area to a fixed
background drift of charge in the substrate or in the vac-
uum environment of the qubit, e.g., due to the motion of
ions in the native oxide of the silicon substrate [38, 39]
or to the trapping and release of charged particles in the
substrate or surrounding dielectrics due to the relaxation
of thermal strain. However, other models are possible,
including fluctuating patch potentials on the island elec-
trode [40, 41], for which one would expect the charge
noise to scale linearly with the area of the qubit island.
We anticipate that systematic study of the dependence
of charge noise on device geometry will elucidate the un-
derlying noise mechanism.

In conclusion, we have used a charge-sensitive variant
of the transmon qubit to characterize anomalous low-
frequency charge noise. The large noise magnitude, the

noise exponent approaching 2, and the high density of
large discrete charge jumps > 0.1le are incompatible with
the vast body of literature on charge noise in SETs yet
consistent with prior reports of frequency noise in super-
conducting qubits, indicating a surprising dependence of
charge noise on device scale. A deeper understanding of
charge noise could guide the development of noise miti-
gation strategies that will open the design space for su-
perconducting qubits, leading to devices with stronger
anharmonicity that are less prone to leakage errors and
thus more amenable to scaling.
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