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Detection of the Quantum Capacitance of a Point Contact via Dispersive Gate
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The readout technique of dispersive gate sensing (DGS) uses an electrode embedded in a microwave
resonator to detect the quantum capacitance of a mesoscopic device arising from single-electron tunneling.
Here, we extend DGS from the detection of discrete tunnel events to the open regime, observing jumps in
the capacitance of a quantum point contact (QPC) that arise when the one-dimensional sub-bands popu-
late. We compare the signal from DGS to transport measurements for various QPC geometries, including
measurements at finite bias. Unlike traditional charge sensing, which is limited by screening at high den-
sity, our results suggest that DGS can also probe the charge configuration of open quantum devices, where
electrons are delocalized and multiple sub-bands are occupied.
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I. INTRODUCTION

A cornerstone of mesoscopic physics is the quantiza-
tion of conductance in units of e?/h, a well-understood
phenomenon that arises from the transmission of charge
carriers via a discrete number of one-dimensional (1D)
sub-bands [1,2]. The quantum capacitance of a 1D system
[3,4], although not quantized like its conductance, should
similarly exhibit discontinuous jumps with gate voltage as
the chemical potential crosses the Van Hove singularity in
the density of states (DOS) of each sub-band. The detec-
tion of such jumps has proven challenging however, since
such measurements typically require attofarad sensitivity
in the presence of picofarad-scale (parasitic) capacitance.

A recently explored approach to overcoming this chal-
lenge uses the dispersive shift of an LC resonator to detect
single-electron tunneling and probe the quantum capaci-
tance of a mesoscale device [5—12]. When applied to a
gate electrode [13], dispersive sensing also provides a scal-
able means of performing single-shot readout of qubits
[14,15]. Specifically, the technique works by using a small
oscillating gate voltage §v to induce charge 8¢, which
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appears as an additional differential capacitive contribu-
tion to the resonator §c = §¢q/8v, altering its resonance
frequency by an amount §fy ~ —dc¢fy/2C, where C is the
total capacitance.

In this paper, we extend the dispersive-gate-sensing
(DGS) technique [13] beyond the detection of single-
electron tunneling, showing that it is also well suited to
probing the quantum capacitance of an open system, where
many electrons are transported via partially or fully trans-
mitting quantum modes. Similar to compressibility mea-
surements [16], quantum capacitance is a thermodynamic
quantity that can reveal fundamental information about
the charge configuration of a quantum system [17,18].
For instance, using quantum point contacts (QPCs) that
are formed in a two-dimensional electron gas (2DEQG) as
model devices, we show that DGS can detect jumps in
the capacitance associated with a 1D system, essentially
probing the DOS in the QPC without the use of a trans-
port current or proximal charge sensor [19]. The same
DGS approach also reveals the presence of unwanted local-
ized charge states [20] that often form as the QPC is fully
depleted. We compare our DGS measurements with con-
ventional transport, including finite-bias spectroscopy, and
relate our experiment to a simple model for the quantum
capacitance of an ideal 1D system.
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Looking to previous measurements of 1D capacitance
in micron-scale devices [17], it is perhaps not obvious
that the nanoscale constriction of a QPC can be probed
using gate sensing. Surprisingly, we show that the tech-
nique remains sensitive to the local DOS in a QPC, even
in the open regime where the channel is populated by sev-
eral sub-bands and screening diminishes the sensitivity of
conventional charge detectors. Such a regime has recently
become of interest for reading out the parity state of a
topological qubit by detecting changes in the hybridization
of an electron wave function to a quantum dot or reser-
voir [21,22]. Beyond just the detection of state-dependent
single-electron tunneling, our work also highlights the
potential for DGS to be used in the tune-up of qubit
devices, remaining sensitive to charge states over a range
that spans the few-electron tunneling regime to essentially
an open quantum system. Since the dynamic range of DGS
can cover this full span of operating conditions, the tech-
nique may alleviate altogether the need for conventional
charge sensors in scaled-up qubit arrays.

II. DETECTING THE QUANTUM CAPACITANCE
OF A QPC

Our setup for detecting the quantum capacitance of a
QPC is shown in Fig. 1. We examine devices with two
distinct gate patterns, as shown in Figs. 1(a) and 1(b).
For either device, the application of negative voltages to
two Ti-Au gates on the surface of a GaAs/Aly3Gaj;As
heterostructure forms a QPC in the 2DEG, 91 nm below
the surface. All of the devices examined have comparable
2D density and mobility (approximately 1.3 x 10'! cm~2
and 3.50 x 10® cm?/Vs, respectively). Annealed ohmic
contacts, either side of the QPCs, provide source and
drain reservoirs for conventional transport measurements,
as well as capacitively coupled rf grounds.

For each device, one or more of the gates forming the
QPC is also used for dispersive sensing by wire bonding
it to an off-chip LC resonator [23], comprising a super-
conducting Nb-Ti planar spiral inductor L = 150 nH for
device 1 L = 400 nH for device 2 and in resonance with
the intrinsic parasitic capacitance of the device [see Fig.
1(c) for a photograph of the off-chip resonator].

The off-chip LC resonator is, in fact, part of a network
of resonators, constructed to enable frequency multiplex-
ing of signals from many gates [23]. An Au-Pd resistor
and multilayer parallel-plate capacitor form an on-chip
bias tee, allowing dc voltages to also be applied to the
sensing gate Vsg [see Fig. 1(c)]. The other gate of the
QPC is connected only to a voltage source, Vcg. The
device and resonator chip are packaged and mounted
in a dilution refrigerator with base temperature 7 ~ 20
mK. The reflected rf response I' = |I"|e® from the sens-
ing gate is amplified at the 4-K stage of the refrigerator
and again at room temperature, where it is demodulated
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FIG. 1. (a) A micrograph of two distinct device gate patterns,
showing QPCs formed in between two metallic gate electrodes.
Device 1 has the pattern shown in (a), whereas device 2 (blue
gates) and device 3 (red gates) are configured with the gate pat-
tern shown in (b). For each device, one gate is bonded to a
resonator comprising an inductor L, in resonance with the par-
asitic capacitance of the device, C,. (c) A photograph of the
off-chip resonator, in which a bias tee also allows a negative
voltage to be applied to the gate. (d) The measurement setup,
showing a cryogenic amplification and a demodulation circuit.
The demodulated magnitude |I"| and phase ¢ responses are read
out by a network analyzer. For device 1, (e) |I'| and (f) ¢ as
a function of Vg and the frequency f near resonance. (g) |I'|
and ¢ at Vsg = —380 mV (blue) and —400 mV (red), with vary-
ing Q factors of approximately 1100 and 4200, respectively. (h)
The conventional zero-bias conductance measurement for the
two values of Vsg. (i) The change in the demodulated phase
response A¢ for the same swept Vg range as (h), taken at
fveas = 703.0 MHz (red) and 703.3 MHz (blue) to maximize the
dynamic range.

to yield amplitude I" and phase ¢ components using a
vector-network analyzer (VNA).

Focusing first on the classic split-gate QPC geometry
of device 1 [Fig. 1(a)], we bias Vsg negatively to deplete
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the 2DEG underneath the gate and reduce the 2D
geometric capacitive contribution of the resonator.
Lowering the capacitance increases the resonance frequency
fo, [as shown in |I'| in Figs. 1(e) and ¢ in 1(f)] and
also changes the quality factor of the resonator by alter-
ing its impedance match with respect to the characteristic
impedance of the transmission line (Zy = 50 €2). Ideally,
we wish to independently adjust f; and the match to
the feed line to ensure maximum sensitivity. Similar to
approaches that exploit varactors to tune the response of
a resonator [24,25], we make use of an additional parallel
resonator that is part of our frequency multiplexing chip
[23] to partially tune the matching between the resonator
and the feed line. Here, the additional resonator is also
bonded to a gate elsewhere on the chip such that it acts as
a voltage-controlled capacitor. This approach works since
(depending on its capacitance) the parallel resonator can be
configured to slightly overlap in frequency with the DGS
resonator. With device 1 set up in this way, the DGS res-
onator is measured for two different values of Vsg in Fig.
1(g), reaching a maximum Q factor of approximately 4200.

Continuing with device 1, for each of these two values
of Vsg, a four-terminal measurement of the conductance
G through the QPC is performed, as a function of Vg.
Familiar conductance plateaus, quantized in units of 2e? /A,
are seen in Fig. 1(h). After electrically disconnecting the
ohmic contacts from all current and voltage sources, the
equivalent sweep is performed for a measurement of A¢,
shown in Fig. 1(i). Inflections are observed in the phase
response of the resonator at gate voltages corresponding
to risers in the conductance. We attribute these inflections
to the changing DOS in QPC with the gate voltage. We
note that the sensitivity of the technique decreases over an
extended gate voltage, since the changing quantum capac-
itance leads to a detuning in the resonator away from
the frequency tone of our oscillator. A feedback circuit
between the oscillator frequency and resonator response
can extend the range and sensitivity of the measurement,
adjusting the tone frequency to compensate for changes in
capacitance.

Having demonstrated that a jump in the phase response
¢ of the resonator somewhat lines up with correspond-
ing features in conductance, we switch to examine the
QPC on device 2, which, despite its more complex geom-
etry, produces a slightly larger signal (perhaps because
of the reduced parasitic capacitance that arises from its
thinner gates). For these measurements, we hold the dc
voltage on Vsg at —1.25 V and sweep Vcg. The phase
response of the resonator can be converted to a change in
capacitance of the circuit for a fixed inductance (L = 400
nH), as shown by the red dots in Fig. 2(a). It is immedi-
ately striking that there is a correspondence between the
detected change in capacitance and the familiar steps in
conductance [shown in the inset of Fig. 2(a)]. This corre-
spondence suggests that we are indeed detecting jumps in
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FIG. 2. (a) The dispersive response of device 2, converted to
units of capacitance assuming a fixed inductance of L = 400 nH
(red data points). The blue line is Cqpc, calculated using a simple
model for the capacitance of a 1D system. The model includes
contributions from the quantum Cy as well as geometric Cyeo
capacitances, as shown by the simplified equivalent circuit in (b).
Here, C, is the parasitic capacitance to ground that also includes
the geometric capacitance of the gate electrode in the region far
from the QPC. See the main text for further details.

the quantum capacitance of the 1D region as each sub-band
populates.

To gain further insight into these jumps, we estimate
the capacitance, Copc using a simple model for a 1D
system, noting that it comprises the series summation of
two terms, the geometric capacitance Cge, between the
gate and the QPC and the quantum capacitance Cgp, which
accounts for the arrangement of charge in the QPC [26]
[for an equivalent circuit, see Fig. 2(b)]. This capacitance
can be estimated as Cp ~ I x e?dN /d, where [ is the
length of the 1D region, p is the chemical potential set
by the gate voltage, and the density NV is the integral over
the 1D DOS multiplied by the transmission probability
of occupying a state: N = f p()T(w)du, where T(u) ~
1/(1 +e ™) depends on the ratio of w,/w,. Using the
standard form of the DOS for a 1D system at zero temper-
ature [17], p(n) = g Y —g /m*/2W272 (n — E;), (where
Jjth indexes the sub-band, E; is the jth sub-band edge, g
is the spin degeneracy, and m* is the effective mass), we
calculate the probability that a state is occupied using the
energy spectrum of the saddle-point potential of the QPC,
as described for conductance in Ref. [27]. Allowing for
channels that are neither completely open nor closed, the
transmission coefficient T(u) (see Ref. [27]) leads to tun-
nel broadening of the capacitive response Cp in a similar
way to the transitions between conductance plateaus. As in
Ref. [27], we estimate the ratio of the saddle-point energies
(w, /. ~ 3) from the widths of the conductance plateaus
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and transitions, and using the lever arm extracted from
bias spectroscopy (AVeg = 100 mV/AVsp = 0.75 mV),
we convert the gate voltage to energy and calculate Copc,
shown as the blue line in Fig. 2(a). The model also includes
a linear term (approximately 0.75 fF/V) to account for the
dependence of Cqpc with the gate voltage that arises from
the depletion of the electron gas under the gate (but away
from the 1D region).

Comparing this simple model to the data in Fig. 2(a),
we now conclude that the jumps in the measured quan-
tum capacitance relate to the sudden increase in available
states each time the chemical potential crosses into the next
1D sub-band. The sharp Van Hove singularities in the 1D
DOS, however, are broadened in the capacitive response
on account of tunneling into the QPC (the finite tempera-
ture and rf power also contribute to additional broadening).
It is also worth noting that the gate sensor likely aver-
ages the response of the 1D DOS with some contributions
from the 2D source and drain reservoirs, i.e., averaging
the Van Hove singularity with the constant DOS from the
2D regions. Nevertheless, even accounting for broadening,
we can state that the DGS technique is able to probe the
local DOS of the 1D region, which contributes a quan-
tum capacitance of roughly 200 aF per 1D sub-band for
an approximately 200 nm long QPC. We also note that
the capacitance data also indicate a feature below the first
sub-band that is usually associated with the so-called 0.7
anomaly [28].

II1. DISPERSIVE GATE SENSING AND
TRANSPORT COMPARISON

Returning to the split-gate QPC (device 1), we now
examine the regime of finite bias, where a source-drain
voltage can be used to perform spectroscopy of the QPC
sub-bands [29], noting differences between transport mea-
surements and the DGS technique. It is worth stating that
the two techniques are somewhat distinct, since with trans-
port the QPC potential is only weakly perturbed as the
chemical potential either side is varied and probed by a
small oscillating voltage. Alternatively, in the case of DGS,
the gate-defined QPC potential is made to oscillate up
and down in energy at the resonance frequency as the dc
bias is held constant. In any case, both the derivative of
the ac conductance, dG/dV g, and the derivative of the
phase response of the DGS, d¢ /dV g, exhibit familiar fea-
tures associated with the 1D sub-bands, even though the
capacitance is not quantized. Similarity between the mea-
surements can be seen in the structures near zero bias
and bias values that correspond to the source and drain
potentials differing by a sub-band (the so-called finite-bias
half-plateaus [29]).

A notable difference between transport and DGS is the
asymmetry in the features that occur near pinch-off about
zero bias, shown as cut along the red dashed line at Vg =
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FIG. 3. Bias spectroscopy of device 1’s QPC. (a) Transcon-
ductance and (b) differentiated reflected phase response. (c) A
slice through d¢/dycg at Veg = —285 mV (red dashed line),
showing a peak at negative bias and trough at positive bias,
indicating that the phase response is sensitive to asymmetric
application of bias. (d) A sketch of the source-drain reservoirs
relative to one another as the bias is changed. The potential of
g Temains constant, while the potential of ©; moves above and
below it, changing the capacitive coupling between it and the
confining gate.

—285mV in Fig. 3(b). Peaks (black) occur at negative bias
and troughs (white) occur at positive bias in d¢/dVcg, as
shown in Fig. 3(c). We attribute this apparent change in
the sign of d¢/dVcg to the asymmetric configuration of
the source-drain bias relative to the potential of the gate,
when a tunnel barrier disconnects the reservoirs either side
of the QPC (see the Appendix). While the drain potential
Wq 1s held at ground, the source potential 1, is raised and
lowered, changing the capacitive coupling to the sensing
gate, as shown schematically in Fig. 3(d).

IV. DGS IN THE STRONGLY PINCHED-OFF
REGIME

Finally, we apply the DGS technique to a third device
(device 3) that has a gate pattern nominally identical to
that of device 2 but contains additional features in its
capacitive response. Here, we form a QPC with the gates
shaded red in Fig. 1(b), a configuration that is commonly
used to define a spin qubit based on a double-dot poten-
tial. Such a gate geometry has been used extensively for
charge-sensing double dots when the QPC is biased near
pinch-off [30]. The saddle-point potential of the QPC in
this gate configuration is likely not as clean as the classic
“split-gate” arrangement examined earlier, since the QPC
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FIG. 4. Device 3 with an asymmetric QPC geometry, as com-
monly used for spin qubit experiments [Red gates in Fig. 1(b)].
Vsg and Vg perform identical functions as before, resonator fre-
quency is 545.5 MHz. (a) The conductance and (b) the DGS
response over the same swept range of V. A large peak occurs
past pinch-off, at approximately Ve = —1150 mV, visible only
in the DGS response. The bias spectroscopy of the asymmetric
QPC (device 3), (c¢) the transconductance and (d) the differenti-
ated DGS response, showing the evolution of the peak with bias.
There is a stray offset bias of approximately —0.5 mV across the
device. (e) A sketch depicting a cross section of the QPC saddle-
point potential, controlled with the gate voltage, relative to the
source and drain energy. The data in (d) are consistent with an
unintentional quantum dot forming in the QPC past pinch-off,
with different tunnel rates y; to the reservoirs as indicated by
the symbols.

conductance does not exhibit a clear quantized staircase
[31].

Again, we compare transport measurements to the
response of the DGS, as shown in Figs. 4(a) and 4(b).
At the point at which the QPC begins to open, the DGS
response mirrors the step change seen in conductance but,
in contrast to transport, it shows the appearance of a large
additional peak, far beyond the gate voltage needed to
pinch off the QPC.

To investigate this anomaly further, we perform bias-
spectroscopy measurements, plotting the conductance and
the DGS response side by side in Figs. 4(c) and 4(d).
Although the features in conductance are not clean, it is
possible to make out the first plateau and the first sub-
band edge before pinch-off. In contrast, DGS clearly shows
two diagonal features, one stronger than the other, that
cross (or potentially anticross) near zero bias. We attribute

these features to the presence of an unintentional quan-
tum dot or charge pocket [20], formed in (or very close
to) the QPC saddle potential [see the sketch in Fig. 4(e)].
In this sense, the diagonal lines correspond to the typi-
cal bias diamonds of Coulomb blockade. Note that in this
regime of deep pinch-off, the tunnel barrier is raised well
above the potential of the source or drain, making it impos-
sible to perform transport measurements. It is unknown
if this charge pocket is a genuine trap or, rather, a local
minimum in the potential stemming from the complicated
nonadiabatic constriction imposed by this T-shaped gate
pattern. Again, we recognize that the DGS technique is
sensitive to changes in the local DOS and holds promise
as a means of investingating disorder in the surrounding
potential landscape.
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064021-5



M. C. JARRATT et al.

PHYS. REV. APPLIED 14, 064021 (2020)

J. M. Hornibrook for the development of the frequency
multiplexing chip, and J. I. Colless for the fabrication of
the asymmetric QPC device.

APPENDIX: COMPARING ASYMMETRIC AND
SYMMETRIC APPLICATION OF BIAS

Here, we explore the effect of bias application on the
phase response. Rather than using bias spectroscopy, we
measure how the response changes as a function of fre-
quency, dependent on the relative potential of the source
and drain reservoirs. Asymmetric application, where one
reservoir is grounded (as in the text), is shown in Fig. 5(a),
where the phase response is normalized to that at zero bias.
As in the text, peaks and troughs occur about zero bias.
In contrast, symmetric application, where the bias is split
across the two ohmics, is shown in (b). This time, there is
no discernible difference in the response about zero bias. If
we take a cut at 408 MHz in (c), we can see a global slope
in the phase response as a function of asymmetric bias,
due to the constant change in the capacitive coupling to
the reservoirs. This does not occur for symmetric bias, the
equivalent schematic for which is shown in (d), analogous
to that presented in Fig. 3(d).

[1] B. J. van Wees, H. van Houten, C. W. J. Beenakker, J. G.
Williamson, L. P. Kouwenhoven, D. van der Marel, and C.
T. Foxon, Quantized Conductance of Point Contacts in a
Two-Dimensional Electron Gas, Phys. Rev. Lett. 60, 848
(1988).

[2] D. A. Wharam, T. J. Thornton, R. Newbury, M. Pepper, H.
Ahmed, J. E. F. Frost, D. G. Hasko, D. C. Peacock, D. A.
Ritchie, and G. A. C. Jones, One-dimensional transport and
the quantisation of the ballistic resistance, J. Phys. C: Solid
State Phys. 21, L209 (1988).

[3] M. Biittiker, A. Prétre, and H. Thomas, Dynamic Conduc-
tance and the Scattering Matrix of Small Conductors, Phys.
Rev. Lett. 70,4114 (1993).

[4] R. C. Ashoori, H. L. Stormer, J. S. Weiner, L. N. Pfeiffer,
S. J. Pearton, K. W. Baldwin, and K. W. West, Single-
Electron Capacitance Spectroscopy of Discrete Quantum
Levels, Phys. Rev. Lett. 68, 3088 (1992).

[5] K. D. Petersson, C. G. Smith, D. Anderson, P. Atkinson,
G. A. C. Jones, and D. A. Ritchie, Charge and spin state
readout of a double quantum dot coupled to a resonator,
Nano Lett. 10, 2789 (2010).

[6] M. D. Schroer, M. Jung, K. D. Petersson, and J. R. Petta,
Radio Frequency Charge Parity Meter, Phys. Rev. Lett. 109,
166804 (2012).

[7] S.J. Chorley, J. Wabnig, Z. V. Penfold-Fitch, K. D. Peters-
son, J. Frake, C. G. Smith, and M. R. Buitelaar, Measuring
the Complex Admittance of a Carbon Nanotube Double
Quantum Dot, Phys. Rev. Lett. 108, 036802 (2012).

[8] J. Verduijn, M. Vinet, and S. Rogge, Radio-frequency dis-
persive detection of donor atoms in a field-effect transistor,
Appl. Phys. Lett. 104, 102107 (2014).

[9] F. Pei, Doctoral thesis, Delft University of Technology
(2015).

[10] P. Scarlino, D. J. van Woerkom, A. Stockklauser, J. V.
Koski, M. C. Collodo, S. Gasparinetti, C. Reichl, W.
Wegscheider, T. Thn, K. Ensslin, and A. Wallraff, All-
Microwave Control and Dispersive Readout of Gate-
Defined Quantum Dot Qubits in Circuit Quantum Electro-
dynamics, Phys. Rev. Lett. 122, 206802 (2019).

[11] X. Mi, M. Benito, S. Putz, D. M. Zajac, J. M. Taylor, G.
Burkard, and J. R. Petta, A coherent spin-photon interface
in silicon, Nature 555, 599 (2018).

[12] D.deJong,J. van Veen, L. Binci, A. Singh, P. Krogstrup, L.
P. Kouwenhoven, W. Pfaff, and J. D. Watson, Rapid Detec-
tion of Coherent Tunneling in an InAs Nanowire Quantum
Dot through Dispersive Gate Sensing, Phys. Rev. Appl. 11,
044061 (2019).

[13] J. I. Colless, A. C. Mahoney, J. M. Hornibrook, A. C.
Doherty, H. Lu, A. C. Gossard, and D. J. Reilly, Dis-
persive Readout of a Few-Electron Double Quantum Dot
with Fast rf Gate Sensors, Phys. Rev. Lett. 110, 046805
(2013).

[14] A. West, B. Hensen, A. Jouan, T. Tanttu, C.-H. Yang, A.
Rossi, M. F. Gonzalez-Zalba, F. Hudson, A. Morello, D. J.
Reilly, and A. S. Dzurak, Gate-based single-shot readout of
spins in silicon, Nat. Nanotechnol. 14, 437 (2019).

[15] A. Rossi, R. Zhao, A. S. Dzurak, and M. F. Gonzalez-
Zalba, Dispersive readout of a silicon quantum dot with
an accumulation-mode gate sensor, Appl. Phys. Lett. 110,
212101 (2017).

[16] J. Martin, B. E. Feldman, R. T. Weitz, M. T. Allen, and
A. Yacoby, Local Compressibility Measurements of Cor-
related States in Suspended Bilayer Graphene, Phys. Rev.
Lett. 105, 256806 (2010).

[17] S. Mani, L. A. K. Donev, M. Kindermann, and P. L.
McEuen, Measurement of the quantum capacitance of inter-
acting electrons in carbon nanotubes, Nat. Phys. 2, 687
(2000).

[18] G. D. Mahan, Many-Particle Physics (Springer-US, New
York, 2000).

[19] S. Liischer, L. S. Moore, T. Rejec, Y. Meir, H. Shtrik-
man, and D. Goldhaber-Gordon, Charge Rearrangement
and Screening in a Quantum Point Contact, Phys. Rev. Lett.
98, 196805 (2007).

[20] X. Croot, S. Pauka, M. Jarratt, H. Lu, A. Gossard, J. Wat-
son, G. Gardner, S. Fallahi, M. Manfra, and D. Reilly,
Gate-Sensing Charge Pockets in the Semiconductor-Qubit
Environment, Phys. Rev. Appl. 11, 064027 (2019).

[21] T. Karzig, C. Knapp, R. M. Lutchyn, P. Bonderson, M. B.
Hastings, C. Nayak, J. Alicea, K. Flensberg, S. Plugge, Y.
Oreg, C. M. Marcus, and M. H. Freedman, Scalable designs
for quasiparticle-poisoning-protected topological quantum
computation with Majorana zero modes, Phys. Rev. B 95,
235305 (2017).

[22] D. Pikulin, K. Flensberg, L. I. Glazman, M. Houzet,
and R. M. Lutchyn, Coulomb Blockade of a Nearly
Open Majorana Island, Phys. Rev. Lett. 122, 016801
(2019).

[23] J. M. Hornibrook, J. I. Colless, A. C. Mahoney, X. G. Croot,
S. Blanvillain, H. Lu, A. C. Gossard, and D. J. Reilly,
Frequency multiplexing for readout of spin qubits, Appl.
Phys. Lett. 104, 103108 (2014).

064021-6


https://doi.org/10.1103/PhysRevLett.60.848
https://doi.org/10.1088/0022-3719/21/8/002
https://doi.org/10.1103/PhysRevLett.70.4114
https://doi.org/10.1103/PhysRevLett.68.3088
https://doi.org/10.1021/nl100663w
https://doi.org/10.1103/PhysRevLett.109.166804
https://doi.org/10.1103/PhysRevLett.108.036802
https://doi.org/10.1063/1.4868423
https://doi.org/10.1103/PhysRevLett.122.206802
https://doi.org/10.1038/nature25769
https://doi.org/10.1103/PhysRevApplied.11.044061
https://doi.org/10.1103/PhysRevLett.110.046805
https://doi.org/10.1038/s41565-019-0400-7
https://doi.org/10.1063/1.4984224
https://doi.org/10.1103/PhysRevLett.105.256806
https://doi.org/10.1038/nphys412
https://doi.org/10.1103/PhysRevLett.98.196805
https://doi.org/10.1103/PhysRevApplied.11.064027
https://doi.org/10.1103/PhysRevB.95.235305
https://doi.org/10.1103/PhysRevLett.122.016801
https://doi.org/10.1063/1.4868107

DETECTION OF THE QUANTUM CAPACITANCE...

PHYS. REV. APPLIED 14, 064021 (2020)

[24] N. Ares, F. J. Schupp, A. Mavalankar, G. Rogers, J. Grif-
fiths, G. A. C. Jones, I. Farrer, D. A. Ritchie, C. G. Smith, A.
Cottet, G. A. D. Briggs, and E. A. Laird, Sensitive Radio-
Frequency Measurements of a Quantum Dot by Tuning to
Perfect Impedance Matching, Phys. Rev. Appl. 5, 034011
(2016).

[25] D. J. Ibberson, L. A. Ibberson, G. Smithson, J. A. Haigh,
S. Barraud, and M. F. Gonzalez-Zalba, Low-temperature
tunable radio-frequency resonator for sensitive dispersive
readout of nanoelectronic devices, Appl. Phys. Lett. 114,
123501 (2019).

[26] J. Gabelli, G. Féve, J.-M. Berroir, B. Plagais, A. Cavanna,
B. Etienne, Y. Jin, and D. C. Glattli, Violation of Kirch-
hoff’s laws for a coherent RC circuit, Science 313, 499
(2006).

[27] M. Biittiker, Quantized transmission of a saddle-point con-
striction, Phys. Rev. B 41, 7906 (1990).

[28] D. J. Reilly, Phenomenological model for the 0.7 conduc-
tance feature in quantum wires, Phys. Rev. B 72, 033309
(2005).

[29] N. K. Patel, J. T. Nicholls, L. Martn-Moreno, M. Pepper,
J. E. F. Frost, D. A. Ritchie, and G. A. C. Jones, Evo-
lution of half plateaus as a function of electric field in a
ballistic quasi-one-dimensional constriction, Phys. Rev. B
44, 13549 (1991).

[30] D.J. Reilly, C. M. Marcus, M. P. Hanson, and A. C. Gos-
sard, Fast single-charge sensing with a rf quantum point
contact, Appl. Phys. Lett. 91, 162101 (2007).

[31] This is true not just for the device examined here but for
many devices that we have measured with this gate pattern.

064021-7


https://doi.org/10.1103/PhysRevApplied.5.034011
https://doi.org/10.1063/1.5082894
https://doi.org/10.1126/science.1126940
https://doi.org/10.1103/PhysRevB.41.7906
https://doi.org/10.1103/PhysRevB.72.033309
https://doi.org/10.1103/PhysRevB.44.13549
https://doi.org/10.1063/1.2794995

	I. INTRODUCTION
	II. DETECTING THE QUANTUM CAPACITANCE OF A QPC
	III. DISPERSIVE GATE SENSING AND TRANSPORT COMPARISON
	IV. DGS IN THE STRONGLY PINCHED-OFF REGIME
	ACKNOWLEDGMENTS
	A. APPENDIX: COMPARING ASYMMETRIC AND SYMMETRIC APPLICATION OF BIAS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


