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ABSTRACT

We demonstrate dispersive readout of individual charge states in a gate-defined few-electron quantum dot in bilayer graphene. We employ a
radio frequency reflectometry circuit, where an LC resonator with a resonance frequency close to 280 MHz is directly coupled to an Ohmic
contact of the quantum dot device. The detection scheme based on changes in the quantum capacitance operates over a wide gate-voltage
range and allows us to probe excited states down to the single-electron regime. Crucially, the presented sensing technique avoids the use of
an additional, capacitively coupled quantum device such as a quantum point contact or single electron transistor, making dispersive sensing

particularly interesting for gate-defined graphene quantum dots.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0040234

The detection of charge transitions in quantum dots (QDs) is a
key ingredient in solid state quantum computation. A wide-spread
method is the use of capacitively coupled quantum point contacts
(QPCs) or single-electron transistors (SET's) acting as charge sensors.
In semiconductor devices, commonly the conductance of the sensor is
either measured directly by transport'” or indirectly via the reflectance
of an impedance matched LC resonant circuit connected to the charge
sensor.”* This technique has enabled single-shot detection of charge
and spin states” * and has been used in state-of-the-art spin qubit
devices.”

An alternative charge detection scheme is dispersive readout, a
technique based on a resonant circuit, ie., tank circuit, which is
directly connected either to one of the reservoirs of the QD device or
to one of the gates controlling the dot. This method detects the change
in quantum capacitance occurring when a QD is in resonance with the
reservoirs and, hence, an electron can tunnel in or out. Dispersive
readout schemes avoid the need for a close-by charge sensor and have
been applied to QD systems in GaAs,' " silicon,'” and carbon nano-
tubes.'® Over the past few years, the bandwidth of dispersive readout

schemes has been improved and single-shot spin readout has been
demonstrated recently.'” "

Bilayer graphene (BLG) is an attractive host material for spin
qubits due to its small spin—orbit and hyperfine interaction, promising
long spin coherence times.”’ The development of clean van der Waals
heterostructures, where a BLG sheet is encapsulated into hexagonal
boron nitride (hBN)*' and a graphite crystal is used as a back gate,””’
has led to a boost in device quality and has enabled the implementa-
tion of QDs** *® and double QDs.””** While a DC charge detector in
gate-defined BLG QDs has been recently demonstrated,” these experi-
ments required the measurement of a current through a capacitively
coupled single electron transistor or QPC. In contrast, radio frequency
(RF) reflectometry-based detection schemes have not yet been realized
in graphene and BLG.

In this Letter, we demonstrate dispersive charge sensing on a
few-electron bilayer graphene quantum dot. We measure the reflec-
tance of an LC resonator directly connected to an Ohmic contact of
the gate-defined BLG QD device. Our detection scheme based on the
change of the quantum capacitance allows us to resolve the excited
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state spectrum of a QD with an electron occupation between zero and
ten. Furthermore, we characterize the signal-to-noise ratio as a func-
tion of RF frequency, RF power, and the measurement bandwidth.
Dispersive readout techniques are particularly interesting for BLG QD
devices, as the small, voltage controlled bandgap renders the imple-
mentation of an additional mesoscopic electrometer particularly chal-
lenging in this material.

Figure 1(a) shows an atomic force micrograph of a fabricated
device together with the RF reflectometry setup. The device consists of
a BLG flake, which has been encapsulated between two crystals of
hBN of approximately 25 nm thickness using conventional dry van-
der-Waals stacking techniques.”"”’ The heterostructure is placed on a
graphite flake, acting as a back gate.”” On top of this stack, Cr/Au split
gates with a lateral separation of 130 nm are deposited. Separated from
the split gates (SGs) by a 25-nm-thick layer of atomic layer deposited

b) ; ; ; ; ;
(a) v (b) 100

out

300

260 280
Frequency (MHz)

55 5.6 5.7 5.8 5.9 6.0
Vis (V)

FIG. 1. (a) Atomic force micrograph of a representative device. The scale bar mea-
sures 500 nm. The Ohmic contacts to the BLG sheet are labeled source (S) and
drain (D). The split gates (SGs) define the conducting channel, which can be modu-
lated by voltages applied to the finger gates (FG). A tank circuit formed by the
inductor L (820 nH) on the PCB and the parasitic capacitances C, of the PCB and
the bond wire is connected to the source contact while the drain is kept at ground
potential. The RF carrier is coupled in via attenuators and a circulator. The DC bias
voltage V, is applied via a bias tee. The RF signal reflected by the resonant circuit
is amplified at 4 K. (b) Magnitude S (orange trace) and phase ¢ (blue trace) of the
RF signal reflected off the tank circuit as a function of the frequency f. (c)
Schematic of the band edge profile along the channel between the source and the
drain region. (d) Conductance through a QD formed under the finger gate in the
few electron regime as a function of the gate voltage Ve at Vp = 200 uV.
Numbers indicate the electron occupation in the regions of Coulomb blockade. (e)
Simultaneously measured phase shift A¢ of the reflected RF signal as a function
of Veg (f=280 MHz).
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Al, O3, we fabricated 90-nm-wide finger gates (FGs) with a pitch of
150 nm.

In order to perform experiments in the radio frequency domain,
the sample is mounted on a printed circuit board (PCB), which is
equipped with low pass filtered DC lines (1 nF capacitors to ground)
as well as unfiltered 50 Q impedance matched AC lines. The source
contact of the device is bonded to a tank circuit formed by a surface-
mount inductor (L =820 nH) on the PCB and the parasitic capacitan-
ces C, of the PCB. The RF signal is coupled to the tank circuit via
attenuators (-36 dB) inside the cryostat, a circulator (Quinstar QCY-
002003VMO00), and a bias-tee allowing also for the application of a DC
bias voltage V. The signal reflected off the tank circuit is amplified by
a cryogenic amplifier (Quinstar QCA-U-230-30HZ1) and demodu-
lated to DC at room temperature using a Ziirich instruments UHFLI
lock-in amplifier. The drain contact is bonded to an RF ground. All
gates are bonded to low-pass filtered DC lines to reduce charge noise.
All measurements are performed in a *He/*He dilution refrigerator at
a base temperature of around 10 mK and an electron temperature of
around 60 mK.

Figure 1(b) shows the magnitude S and the phase ¢ of the
reflected RF response as a function of the frequency f. A resonance fre-
quency of fo = 279 MHz can be determined, which corresponds to a
total capacitance of Cyy /= 0.4 pF in a simplified LC tank circuit with
the resonance frequency fo = 1/ (Zn\/LCmt) neglecting resistive con-
tributions. The total capacitance is given by Ciot = C; + C,,, where the
sample capacitance C; is much smaller than the stray capacitance of
the PCB. C; is determined by the geometric source and drain capaci-
tance of the QD, as well as their quantum capacitance, which depends
on whether or not an unoccupied QD state resides within the bias win-
dow. A phase shift of 180° is observed at the resonance. From the
width of the resonance curve, we determine a quality factor of Q ~ 30,
which is in agreement with the estimate Q ~ 1/Zy\/L/Ciot =~ 29
(line impedance Zy = 50€Q) and with earlier work using surface
mount inductors.'”

In order to form a single-electron QD in the BLG sheet, we first
define a narrow conductive channel by opening a displacement field-
induced bandgap underneath the split gates. We achieve this by apply-
ing a constant back gate voltage of Vpg = —3.3 V and a split gate volt-
age of Vs = 2.52'V, resulting in a bandgap of around 55meV in the
regions below the SGs and an overall p-doped channel.”' Second, we
apply a positive voltage to one of the finger gates to locally tune the
band edges of the gapped BLG with respect to the Fermi level. At suffi-
ciently large Vg, the conduction band edge is pushed below the Fermi
level, leading to the formation of an electron QD as illustrated in
Fig. 1(c). The formation of a QD is verified by a measurement of
the source-drain current through the device as a function of Vpg.
Figure 1(d) shows Coulomb peaks of the QD in the single to few elec-
tron regime. The peaks are grouped in quadruplets in agreement with
the spin and valley degeneracy in BLG QDs.” **

Figure 1(e) shows the phase shift of the reflected RF signal at res-
onant excitation as a function of Vgg. The peak positions correspond
to the Coulomb peaks measured in DC transport. We observe a phase
shift of A¢ ~ 0.4° at the first charge transition compared to the
Coulomb blocked regime. The phase shift is caused by a shift of the
resonance frequency, as the quantum capacitance changes if electrons
can tunnel in and out of the QD. Hence, this method is sensitive to
charge transitions in contrast to techniques relying on capacitively
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FIG. 2. (a) Finite bias spectroscopy measurements showing the differential conduc-
tance through the QD in the few electron regime. The derivative with respect to the
bias axis has been performed numerically. (b) Simultaneously recorded dispersive
measurement showing the phase shift A¢ of the reflected RF carrier. A spectrum
of excited state transitions can be identified in both measurements, and two promi-
nent states are highlighted by the arrows.

coupled detectors sensing absolute charge. We can estimate the shift in

quantum capacitance according to AC =~ A¢ - Cyo/2Q = 45 aF.'*'°
Next, we perform finite bias spectroscopy measurements in the

few electron regime. Figures 2(a) and 2(b) compare datasets obtained

scitation.org/journal/apl

from DC transport and from dispersive readout. The fourfold shell fill-
ing pattern can be identified from the Coulomb diamond measure-
ments. We determine a charging energy of the first electron transition
of Ec = 6 meV, which corresponds to a diameter of the QD of ~150
nm according to a simplified plate capacitor model. This is in reason-
able agreement with the lithographic dimensions of the device.
Outside the regions of Coulomb blockade, a rich spectrum of excited
states can be observed. A comparison of the two datasets in Fig. 2
shows that dispersive readout is sufficiently sensitive to resolve indi-
vidual excited state transitions as observed in transport. The readout
technique remains sensitive over the entire gate voltage span, which is
in contrast to capacitively coupled QPC and SET charge sensors typi-
cally requiring additional compensation voltages to keep them at max-
imum sensitivity.

In the following, we characterize the signal quality more quantita-
tively. Figure 3(a) shows the signal-to-noise ratio (SNR) of the phase
response at the first Coulomb peak as a function of the RF frequency,
f- We define the SNR as the ratio of the phase shift A¢ and the root
mean square of the phase noise (¢) py;s in the Coulomb blocked regime.
A maximum SNR of /7 is observed at resonance (f = 279 MHz and a
RF power of —-95dBm). The SNR as a function of excitation frequency
exhibits a full width at half maximum of approximately 4 MHz.
Figure 3(b) shows the phase shift as a function of Vg for different RF
powers at resonant excitation. At an RF power at the sample below
-100dBm, the low signal amplitude causes a significantly increased
noise floor making the Coulomb peaks hardly detectable. At high RF
power, dissipation in the device results in a thermal broadening of the
Coulomb peaks, which can be observed above -84 dBm and leads to
almost fully vanishing peaks at 78 dBm. For a quantitative analysis, the
SNR obtained from the first Coulomb peak as a function of excitation
power is plotted in Fig. 3(c). The SNR is maximized at around -85 dBm
and is reduced by the aforementioned effects.

In order to study the temporal resolution of the implemented dis-
persive charge sensing technique, we plot the SNR as a function of the
bandwidth of the demodulation circuit (see Fig. 4). While a SNR of
~17 is observed for a frequency of f= 3 Hz, we determine the maxi-
mum bandwidth of the sensor to be on the order of 1 kHZ, where
the SNR reaches unity. Following the definition of the sensitivity
in Ref. 19, we obtain ey/foin ~ 3.1 X 1072 ¢/+/Hz, where ty, is the

Vip (HV)
2 6.3 20 63
(a) T T T ™ (b) T T T T T (c) T T T T
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FIG. 3. (a) Signal-to-noise ratio (SNR) of the phase shift A¢ of the single electron Coulomb peak as a function of f. An RF power of -95 dBm was applied to the resonant cir-
cuit. The measurement bandwidth was set to 20 Hz. (b) Phase shift of the reflected signal as a function of Vi for different RF powers at the sample (=36 dB cryogenic attenu-
ators taken into account; f=279 MHz). Curves are offset for clarity. (c) SNR of the phase response as a function of the RF power at f= 279 MHz.
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FIG. 4. Signal-to-noise ratio (SNR) of the phase response as a function of the mea-
surement bandwidth at f= 280 MHz and —90 dBm.

integration time where the SNR reaches unity. This sensitivity is com-
parable to similar results for dispersive charge sensing on ITI-V semi-
conductor quantum dots.>"*

In conclusion, we demonstrated dispersive charge sensing on
a single-electron BLG QD. We use an RF reflectometry readout
scheme to detect the shift in quantum capacitance caused by the
QD being on and off resonance. We are able to resolve the excited
state spectrum of a QD in the few electron regime. Omitting capac-
itively coupled mesoscopic charge detectors brings significant
advantages as it simplifies constraints in device design, reduces the
risk of leakage currents, and prevents back action caused by shot
noise”” generated in the detector. Furthermore, the dispersive read-
out technique remains sensitive over a wide gate voltage range
without the need for compensation voltages to retain sensitivity.
However, our measurements show limitations in the measurement
bandwidth and point toward further improvements of the RF cir-
cuitry: The Q-factor of the resonant circuit can be increased by the
use of superconducting on-chip inductors minimizing resistive
losses.'*’® Parasitic capacitances can be reduced by design optimi-
zation of the PCB, further enhancing the sensitivity on the changes
in quantum capacitance, ultimately allowing for single shot detec-
tion.'® Nevertheless, our measurements show the high potential of
dispersive charge sensing for the readout of charge and spin states
in bilayer graphene QDs.

The authors thank S. Trellenkamp and F. Lentz for their
support in device fabrication. This project has received funding
from the European Union’s Horizon 2020 research and innovation
programme under Grant Agreement No. 881603 (Graphene
Flagship); the European Research Council (ERC) under Grant
Agreement No. 820254; the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) under Germany’s Excellence
Strategy—Cluster of Excellence Matter and Light for Quantum
Computing (ML4Q) EXC 2004/1—390534769, through DFG (No.
STA 1146/11-1); and the Helmholtz Nano Facility.”” Growth of
hexagonal boron nitride crystals was supported by the Elemental
Strategy Initiative conducted by the MEXT, Japan, Grant No.
JPMXP0112101001, JSPS KAKENHI Grant Nos. JP20H00354 and
the CREST(JPMJCR15E3), JST.

ARTICLE scitation.org/journal/apl

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

1J. M. Elzerman, R. Hanson, J. S. Greidanus, L. H. Willems van Beveren, S. De
Franceschi, L. M. K. Vandersypen, S. Tarucha, and L. P. Kouwenhoven, Phys.
Rev. B 67, 161308 (2003).

2T. Thn, S. Gustavsson, U. Gasser, B. Kiing, T. Miiller, R. Schleser, M. Sigrist, 1.
Shorubalko, R. Leturcq, and K. Ensslin, Solid State Commun. 149, 1419
(2009).

3R. J. Schoelkopf, P. Wahlgren, A. A. Kozhevnikov, P. Delsing, and D. E.
Prober, Science 280, 1238 (1998).

“D. J. Reilly, C. M. Marcus, M. P. Hanson, and A. C. Gossard, Appl. Phys. Lett.
91, 162101 (2007).

5. M. Elzerman, R. Hanson, L. H. Willems van Beveren, B. Witkamp, L. M. K.
Vandersypen, and L. P. Kouwenhoven, Nature 430, 431 (2004).

8C. Barthel, M. Kjaergaard, J. Medford, M. Stopa, C. M. Marcus, M. P. Hanson,
and A. C. Gossard, Phys. Rev. B 81, 161308 (2010).

7J. R. Prance, Z. Shi, C. B. Simmons, D. E. Savage, M. G. Lagally, L. R. Schreiber,
L. M. K. Vandersypen, M. Friesen, R. Joynt, S. N. Coppersmith, and M. A.
Eriksson, Phys. Rev. Lett. 108, 046808 (2012).

8C. Volk, A. Chatterjee, F. Ansaloni, C. M. Marcus, and F. Kuemmeth, Nano
Lett. 19, 5628 (2019).

9. Yoneda, K. Takeda, T. Otsuka, T. Nakajima, M. R. Delbecq, G. Allison, T.
Honda, T. Kodera, S. Oda, Y. Hoshi, N. Usami, K. M. Itoh, and S. Tarucha,
Nat. Nanotechnol. 13, 102 (2018).

10T, F. Watson, S. G. J. Philips, E. Kawakami, D. R. Ward, P. Scarlino, M.
Veldhorst, D. E. Savage, M. G. Lagally, M. Friesen, S. N. Coppersmith, M. A.
Eriksson, and L. M. K. Vandersypen, Nature 555, 633 (2018).

"D. M. Zajac, A. J. Sigillito, M. Russ, F. Borjans, J. M. Taylor, G. Burkard, and J.
R. Petta, Science 359, 439 (2018).

'2C.-H. Huang, C.-H. Yang, C.-C. Chen, A. S. Dzurak, and H.-S. Goan, Phys.
Rev. A 99, 042310 (2019).

13K, D. Petersson, C. G. Smith, D. Anderson, P. Atkinson, G. A. C. Jones, and D.
A. Ritchie, Nano Lett. 10, 2789 (2010).

u’]. L. Colless, A. C. Mahoney, J. M. Hornibrook, A. C. Doherty, H. Lu, A. C.
Gossard, and D. J. Reilly, Phys. Rev. Lett. 110, 046805 (2013).

M. F. Gonzalez-Zalba, S. Barraud, A. J. Ferguson, and A. C. Betz, Nat.
Commun. 6, 6084 (2015).

16g, J. Chorley, J. Wabnig, Z. V. Penfold-Fitch, K. D. Petersson, J. Frake, C. G.
Smith, and M. R. Buitelaar, Phys. Rev. Lett. 108, 036802 (2012).

7M. Urdampilleta, D. J. Niegemann, E. Chanrion, B. Jadot, C. Spence, P.-A.
Mortemousque, C. Bauerle, L. Hutin, B. Bertrand, S. Barraud, R. Maurand, M.
Sanquer, X. Jehl, S. De Franceschi, M. Vinet, and T. Meunier, Nat.
Nanotechnol. 14, 737 (2019).

18y 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, Nat. Nanotechnol.
14, 437 (2019).

G. Zheng, N. Samkharadze, M. L. Noordam, N. Kalhor, D. Brousse, A.
Sammak, G. Scappucci, and L. M. K. Vandersypen, Nat. Nanotechnol. 14, 742
(2019).

20p, Trauzettel, D. V. Bulaev, D. Loss, and G. Burkard, Nat. Phys. 3, 192 (2007).

1L, Wang, 1. Meric, P. Y. Huang, Q. Gao, Y. Gao, H. Tran, T. Taniguchi, K.
Watanabe, L. M. Campos, D. A. Muller, J. Guo, P. Kim, J. Hone, K. L. Shepard,
and C. R. Dean, Science 342, 614 (2013).

22H. Overweg, H. Eggimann, X. Chen, S. Slizovskiy, M. Eich, R. Pisoni, Y. Lee, P.
Rickhaus, K. Watanabe, T. Taniguchi, V. Fal'ko, T. Ihn, and K. Ensslin, Nano
Lett. 18, 553 (2018).

23L. Banszerus, B. Frohn, T. Fabian, S. Somanchi, A. Epping, M. Miiller, D.
Neumaier, K. Watanabe, T. Taniguchi, F. Libisch, B. Beschoten, F. Hassler, and
C. Stampfer, Phys. Rev. Lett. 124, 177701 (2020).

2%M. Eich, R. Pisoni, H. Overweg, A. Kurzmann, Y. Lee, P. Rickhaus, T. Ihn, K.
Ensslin, F. Herman, M. Sigrist, K. Watanabe, and T. Taniguchi, Phys. Rev. X 8,
031023 (2018).

Appl. Phys. Lett. 118, 093104 (2021); doi: 10.1063/5.0040234
Published under license by AIP Publishing

118, 093104-4


https://doi.org/10.1103/PhysRevB.67.161308
https://doi.org/10.1103/PhysRevB.67.161308
https://doi.org/10.1016/j.ssc.2009.04.040
https://doi.org/10.1126/science.280.5367.1238
https://doi.org/10.1063/1.2794995
https://doi.org/10.1038/nature02693
https://doi.org/10.1103/PhysRevB.81.161308
https://doi.org/10.1103/PhysRevLett.108.046808
https://doi.org/10.1021/acs.nanolett.9b02149
https://doi.org/10.1021/acs.nanolett.9b02149
https://doi.org/10.1038/s41565-017-0014-x
https://doi.org/10.1038/nature25766
https://doi.org/10.1126/science.aao5965
https://doi.org/10.1103/PhysRevA.99.042310
https://doi.org/10.1103/PhysRevA.99.042310
https://doi.org/10.1021/nl100663w
https://doi.org/10.1103/PhysRevLett.110.046805
https://doi.org/10.1038/ncomms7084
https://doi.org/10.1038/ncomms7084
https://doi.org/10.1103/PhysRevLett.108.036802
https://doi.org/10.1038/s41565-019-0443-9
https://doi.org/10.1038/s41565-019-0443-9
https://doi.org/10.1038/s41565-019-0400-7
https://doi.org/10.1038/s41565-019-0488-9
https://doi.org/10.1038/nphys544
https://doi.org/10.1126/science.1244358
https://doi.org/10.1021/acs.nanolett.7b04666
https://doi.org/10.1021/acs.nanolett.7b04666
https://doi.org/10.1103/PhysRevLett.124.177701
https://doi.org/10.1103/PhysRevX.8.031023
https://scitation.org/journal/apl

Applied Physics Letters

25A. Kurzmann, M. Eich, H. Overweg, M. Mangold, F. Herman, P. Rickhaus, R.
Pisoni, Y. Lee, R. Garreis, C. Tong, K. Watanabe, T. Taniguchi, K. Ensslin, and
T. Thn, Phys. Rev. Lett. 123, 026803 (2019).

261, Banszerus, A. Rothstein, T. Fabian, S. Méller, E. Icking, S. Trellenkamp, F.
Lentz, D. Neumaier, K. Watanabe, T. Taniguchi, F. Libisch, C. Volk, and C.
Stampfer, Nano Lett. 20, 7709 (2020).

271, Banszerus, B. Frohn, A. Epping, D. Neumaier, K. Watanabe, T. Taniguchi,
and C. Stampfer, Nano Lett. 18, 4785 (2018).

28], Banszerus, S. Moller, E. Icking, K. Watanabe, T. Taniguchi, C. Volk, and C.
Stampfer, Nano Lett. 20, 2005 (2020).

294, Kurzmann, H. Overweg, M. Eich, A. Pally, P. Rickhaus, R. Pisoni, Y. Lee, K.
Watanabe, T. Taniguchi, T. Thn, and K. Ensslin, Nano Lett. 19, 5216 (2019).
305, Engels, B. Terrés, A. Epping, T. Khodkov, K. Watanabe, T. Taniguchi, B.

Beschoten, and C. Stampfer, Phys. Rev. Lett. 113, 126801 (2014).

ARTICLE scitation.org/journal/apl

51E. McCann, Phys. Rev. B 74, 161403 (2006).

32M. Eich, R. Pisoni, A. Pally, H. Overweg, A. Kurzmann, Y. Lee, P. Rickhaus, K.
Watanabe, T. Taniguchi, K. Ensslin, and T. Ihn, Nano Lett. 18, 5042 (2018).

331, Banszerus, T. Fabian, S. Mdller, E. Icking, H. Heiming, S. Trellenkamp, F.
Lentz, D. Neumaier, M. Otto, K. Watanabe, T. Taniguchi, F. Libisch, C. Volk,
and C. Stampfer, Phys. Status Solidi B 257, 2000333 (2020).

34R. Garreis, A. Knothe, C. Tong, M. Eich, C. Gold, K. Watanabe, T. Taniguchi,
V. Fal’ko, T. Ihn, K. Ensslin, and A. Kurzmann, arXiv:2011.07951 (2020).

355. Gustavsson, M. Studer, R. Leturcq, T. Thn, K. Ensslin, D. C. Driscoll, and A.
C. Gossard, Phys. Rev. Lett. 99, 206804 (2007).

36]. M. Hornibrook, J. I. Colless, A. C. Mahoney, X. G. Croot, S. Blanvillain, H.
Lu, A. C. Gossard, and D. J. Reilly, Appl. Phys. Lett. 104, 103108 (2014).

37W. Albrecht, J. Moers, and B. Hermanns, J. Large-Scale Res. Facilities 3, 112
(2017).

Appl. Phys. Lett. 118, 093104 (2021); doi: 10.1063/5.0040234
Published under license by AIP Publishing

118, 093104-5


https://doi.org/10.1103/PhysRevLett.123.026803
https://doi.org/10.1021/acs.nanolett.0c03227
https://doi.org/10.1021/acs.nanolett.8b01303
https://doi.org/10.1021/acs.nanolett.9b05295
https://doi.org/10.1021/acs.nanolett.9b01617
https://doi.org/10.1103/PhysRevLett.113.126801
https://doi.org/10.1103/PhysRevB.74.161403
https://doi.org/10.1021/acs.nanolett.8b01859
http://arxiv.org/abs/2011.07951
https://doi.org/10.1103/PhysRevLett.99.206804
https://doi.org/10.1063/1.4868107
https://doi.org/10.17815/jlsrf-3-158
https://scitation.org/journal/apl

	f1
	f2
	f3
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	f4
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37

