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Disorder at etched edges of graphene quantum dots (GQD) enables random all-to-all interactions
between localized charges in partially filled Landau levels, providing a potential platform to realize the
Sachdev-Ye-Kitaev (SYK) model. We use quantum Hall edge states in the graphene electrodes to measure
electrical conductance and thermoelectric power across the GQD. In specific temperature ranges, we
observe a suppression of electric conductance fluctuations and slowly decreasing thermoelectric power
across the GQD with increasing temperature, consistent with recent theory for the SYK regime.
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Strong electronic correlations can generate an emergent
system that hosts collective excitations without quasipar-
ticles, deviating from the conventional Fermi liquid picture.
One proposed description is the Sachdev-Ye-Kitaev (SYK)
model, characterized by random, all-to-all four-body inter-
actions. Originally a model for strange metals and complex
quantum phases [1], this model also has been shown to be
holographically dual to theories of quantum gravity [2–4],
prompting searches for an experimental, solid-state reali-
zation of the SYK model [5].
Generating an SYK state requires many electrons at the

same energy with random all-to-all interactions. A theo-
retical proposal suggests creating these conditions by
applying an external magnetic field to a graphene quantum
dot (GQD) with an irregular boundary [6,7]. The disper-
sionless nature of Landau levels (LLs) on the lattice allows
the electrons inside the GQD to remain nearly degenerate,
despite the presence of edge disorder. The irregular shape
of the GQD edge causes the electronic wave functions to
acquire a random spatial structure, creating random all-to-
all interactions between the degenerate fermions in the dot,
precisely as needed for the SYK model.
Experimentally, it has been shown that the charge

transport across etch-defined GQDs often exhibits the
emergence of chaotic dynamics, as a result of the combi-
nation of confinement and disorder [8,9]. Detailed theo-
retical modeling [7] suggests that an etch-defined,
nanoscale GQD subjected to quantizing out-of-plane mag-
netic fields of 10–20 T may host strongly correlated

dynamics reminiscent of the SYK model. Owing to the
non-Fermi liquid (NFL) nature of the SYK system, trans-
port through SYK GQDs can produce distinctive character-
istic behavior compared to a Fermi liquid (FL) description.
For example, nonvanishing extensive entropy in the low-
temperature in a SYK quantum dot produces temperature-
independent, nonvanishing thermoelectric power (TEP),
strongly deviating from the conventional Mott prediction in
the FL regime [10]. Electrical conductance fluctuations,
which in the FL regime are large and governed by single-
particle random matrix theory, are suppressed in the SYK
regime, a result of the absence of quasiparticle excitations
[11]. Since FL-to-NFL transition in the GQD can be tuned
by magnetic field and temperature [12], temperature- and
field-dependent transport through the dot can be utilized to
investigate the emergence of SYK physics in this system.
In this Letter, we study the interplay of disorder, spatial

confinement, and strong electronic interactions in disor-
dered GQD subjected to quantizing magnetic fields of up to
10 T. We measure electrical conductance and TEP across
the GQD as a function of temperature, identifying a low-
temperature FL phase and high-temperature NFL phase
separated by a transition regime. We observe strong
suppression of electrical conductance fluctuations and
nearly temperature-independent TEP in the NFL regime,
consistent with theoretical expectations for the SYKmodel.
The inset of Fig. 1(a) shows a schematic diagram and

electron microscope picture of a GQD used in this Letter.
The device consists of h-BN-encapsulated monolayer
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graphene with top and bottom graphite gates, fabricated
using standard polymer stacking techniques [13,14]. We
shape the heterostructure into a Hall bar geometry using
reactive ion etching, then etch a constriction with a
∼100 nm diameter island in the center, dividing the active
region of the device into two large reservoirs that act as
external contacts coupled to the central graphene dot. The
top graphite gate above the constriction has been removed
to enable independent tuning of the charge carrier densities
in the GQD and graphene reservoirs. We note that the
bottom graphite is separated from GQD with a thin
(5.1 nm) h-BN layer in order to reduce the Coulomb
charging energy. More details about the device fabrication
are provided in the Supplemental Material, Sec. I [15].
The resistance measured across the dot (Rdot) is mea-

sured by biasing the GQD using the graphene reservoir
electrodes. Figure 1(a) shows Rdot as a function of the
bottom and top graphite gate voltages, VBG and VTG. The
main diagonal feature in this plot corresponds to the charge
neutrality point (CNP) of the graphene reservoirs. Near this
reservoir CNP line, an array of steeper vertical features
strongly controlled by VBG arise from conductance fluc-
tuations in the dot. Owing to our device structure, it is
expected that the GQD is more strongly coupled to the
bottom gate than the top gates, although the GQD is weakly
influenced by the top gates due to fringing electric fields.
Line cuts of the dot conductance in Fig. 1(b) highlight these
features, which resemble previous studies of etched GQDs
[8,36]. We also observe that the Rdot is maximized
(∼100 kΩ) when both the reservoirs and the GQD are at
their respective CNPs. We can identify four different
segmented regions bounded by the CNP lines of the
reservoirs and GQD in the VBG-VTG plane. Generally
we find Rdot is larger in the n-p-n (reservoirs n-doped
and GQD p-doped) or p-n-p regimes compared to n-n-n
and p-p-p regimes due to the reduced coupling of GQD to
the reservoirs when their charge carrier polarities are
opposite.
A histogram of conductance minima spacing in the

n-p-n regime [Fig. 1(c)] shows better resemblance to
Gaussian than Poissonian statistics, suggesting chaotic
dynamics [8,37]. Figure 1(d) shows a bias voltage (Vdc)
and gate voltage dependent conductance map in a sup-
pressed conductance region of Fig. 1(b), where the GQD is
near its CNP while the reservoirs are n-doped. We find the
conductance in this stability diagram remains finite and
lacks sharp Coulomb blockade features, suggesting the
charging energy of the GQD is much smaller than the
experimental base temperature of 350 mK. This is con-
sistent with our design parameters for the device.
Upon applying a strong perpendicular magnetic field, B,

the wide graphene reservoir regions show a robust onset of
the quantum Hall (QH) effect (see the Supplemental
Material, Sec. II for reservoir measurements and additional
data at lower magnetic field) [15]. We use the QH edge

states in the reservoir regions to deliver charge current I to
the GQD. As shown in the insets of Fig. 2(a), we measure
the longitudinal (transverse) voltage Vxx (Vxy). The upper
and lower panels of Fig. 2(a) show the corresponding
longitudinal (transverse) conductance Gxx ¼ I=Vxx
(Gxy ¼ I=Vxy) as a function of VBG. Here, we keep the
graphene reservoirs at constant filling fraction ν ¼ 2 by
adjusting the top and bottom gate voltages simultaneously.

(a)

(b)

(d)

(c)

FIG. 1. (a) Rdot as a function of VBG and VTG at zero applied
magnetic field, Tbath ¼ 350 mK, and VSi ¼ 28 V. Inset, above:
schematic of dot device with continuous bottom graphite gate
(purple), GQD (blue) connected to larger reservoirs (gray), and
separate top graphite gates above each reservoir. Below: scanning
electron microscope image of dot device and atomic force
microscope image of the GQD region. (b) Gdot as a function
of VBG at VTG ¼ 1 V (dark blue), 0.5 V (light blue), and 0 V
(green). (c) histogram of spacing between Gdot minima, with fits
of Poisson distribution (dashed line) and Gaussian distribution
(dashed line). (d) Gdot as a function of VBG and dc bias Vdc at
B ¼ 0 T and VTG ¼ 0.5 V.
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In these measurements, we observe three principal zones of
behavior: (1) suppressed conductance when the dot and
reservoirs have opposite carrier types (i.e., n-p-n or p-n-p
regimes); (2) full transmission of integer QH edge states
[i.e., the GQD is in νdot ¼ 2 QH regime, resulting in Gxy ¼
2e2=h in Fig. 2(a)]; and (3) reentrance of finite conductance
fluctuations where νdot > 2. Combining this gate-depen-
dent transport data with the TEP measured across the GQD
[see Fig. 4(a), which will be discussed later], we can
identify the gate voltage regions corresponding to the LL
specified by n�, where n is the LL index and subscript
þð−Þ corresponds to the electron (hole) side of the LL.
Since the LL filling fraction of the graphene reservoir

regions is kept at νres ¼ 2, the GQD is weakly coupled to
graphene electrodes for νdot < νres. This condition prevents
the highly conductive QH edge states from shorting the

graphene reservoirs, allowing us to study charge transport
through the GQD. The QH edge states in the reservoir serve
as few-mode FL electrodes, tunnel coupled to the GQD.
Employing a small number of FL modes to probe the GQD
is important for preserving signatures of SYK physics, as
coupling an SYK dot to a large number of FL modes is
predicted to disrupt the SYK phase [12,38]. In this transport
regime, where the GQD filling changes from −1þ to 0−, we
find Gxx exhibits large fluctuations as VBG is changed. As
the temperature increases, these fluctuations diminish
toward a smoothly and slowly varying background value,
as shown in the upper panel of Fig. 2(a). To highlight the
temperature-dependent electrical conductance changes in
the SYK transport regime, Fig. 2(b) shows the temperature
dependence of local extrema of GxxðVBGÞ in the GQD 0−
regime, with specific minima (maxima) marked by open
(closed) symbols in Fig. 2(a). We find that the temperature
dependence of the local minima of Gxx is nearly flat for
temperature T < 3 K, then linearly increasing at higher
temperatures. Local conductance maxima in the same
transport regime similarly show nearly constant magnitudes
up to ∼3 K, drop toward the values of the minima as
temperature increases to ∼10 K, and increase approxi-
mately linearly as the temperature increases further.
To quantify the temperature dependence of the GQD

conductance fluctuations, we study the variance of the
conductance δG2

xx within transport regime 0− after sub-
tracting the broadly modulated baseline value. Figure 2(c)
shows δG2

xx in the temperature range between 1.4 K and
30 K. This analysis highlights two relevant transition
temperatures identified in the behavior of GxxðTÞ discussed
above: while in the low temperature limit T < T1 ≈ 3 K,
δG2

xxðTÞ is nearly constant, for T1 < T < T2 ≈ 10 K, δG2
xx

decreases rapidly, and then less steeply for T > T2.
Recent theoretical work [7,11] has predicted strong

suppression of δG2
xxðTÞ in SYK QDs coupled to FL

reservoirs. In the presence of single-particle hopping
energy t between the localized states, SYK physics can
be realized when the temperature is smaller than the
coherence energy Ecoh ¼ t2=J, where J is the strength of
all-to-all interactions in the SYK dot. Here, the theory for
reservoirs coupled to all internal GQD states predicts
δG2

xx ∼ T−1 for kBT ≪ Ecoh, crossing over to δG2
xx ∼ T−2

for kBT ≫ Ecoh [11]. As shown in Fig. 2(c), the exper-
imentally observed variance exhibits δG2

xx ≲ T−2 at higher
temperatures (black dashed line in inset shows T−2 scaling)
before saturating in the low-temperature limit. The rapid
decrease of the conductance fluctuations that we observe is
a potential hallmark of SYK dynamics in the GQD,
although the exact predicted temperature dependence is
contingent on the coupling between the GQD and the
reservoirs [11,12].
The strong suppression of conductance fluctuations in

the GQD described above spurs us to investigate its
thermoelectric response in similar transport regimes, in

(a)

(b) (c)

FIG. 2. (a) Upper panel: Gxx at B ¼ 10 T with VBG and VTG
simultaneously varied to maintain νres ¼ 2, at a range of temper-
atures between 1.4 K and 32 K as indicated by the color scale.
Shaded regions show the doping regions for various Landau levels
in the dot. Inset schematics illustrate the general behavior of the
edge states in different doping regions, as well as the voltages
measured to determine Gxy andGxx without changing the polarity
of the magnetic field. Open symbols mark minima plotted in (b).
Lower panel:Gxy measured along the sameVBG andVTG values as
Gxx at T ¼ 1.41 K. (b) The three lowest minima (open symbols)
and nearby peaks (filled symbols) ofGxx in the n ¼ 0Landau level
at B ¼ 10 T as a function of temperature. Blue dashed line
marks transition out of low-temperature saturation regime at
T1. (c) Variance of Gxx in n− Landau level at B ¼ 10 T. Blue
dashed line marks T1, while orange dashed line marks T2. Inset:
variance ofGxx versus 1=T2. Black dashed line and orange dotted
line show 1=T2 and 1=T fits, respectively, for T > 3 K.
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search of a more distinctive signature of the emergence of
SYK physics [10,11,39]. Here, we apply an ac bias VhðωÞ
at frequency ω to a substrate heater at the edge of one of the
graphene reservoirs [inset of Fig. 3(b)]. The heating current
generates a temperature gradient across the device modu-
lated at frequency 2ω. By measuring the voltage response
across the GQD at frequency 2ω, we obtain the thermo-
electric voltage V th ¼

ffiffiffi

2
p

Vxxð2ωÞ in response to the
temperature difference ΔT across the GQD. Figures 3(a)
and 3(b) provide a comparison of the magnetic field
dependence of Gxy (measured in the center of the νres ¼
2 plateau at each field) with the thermally induced voltage
V th. In the magnetic field-dependent Gxy measurement
[Fig. 3(a)], both reservoir edge states are transmitted
through the GQD in a wide range of densities down to

jBj ∼ 3 T. The n-p-n and n-n-n regimes show shifting
patterns of oscillations as a function of B and the carrier
density in the GQD, reminiscent of previous studies of
larger quantum Hall p-n and n-p-n junctions [34,35,40–
42]. At lower magnetic fields, the region of maximal
conductance through the dot shrinks, and the transport
becomes completely dominated by fluctuations. The ther-
mally induced voltage V th measured under the same
conditions [Fig. 3(b)] exhibits many similar features,
suggesting a strong correlation between the conductance
and TEP in the GQD.
To obtain the TEP of the dot, Sm ¼ −V th=ΔT, we need to

estimate ΔT across the GQD for a given heater bias Vh. We
employ temperature-dependent Rxx minima in the QH
regime, measured at a pair of contacts in the graphene
reservoirs. The minima of Rxx are lifted as a function of the
thermal bath temperature Tbath and Vh, which allow us to
estimate the temperature difference ΔT across the GQD,
after considering the device geometry (see the Supplemental
Material, Sec. III for details [15]).
As a benchmark, we compare the measured TEP with a

generalized version of the conventional Mott formula [20],

SMott
ij ¼ −

π2

3

k2B
e
TG−1

il

�

∂Glj

∂μ

�

; ð1Þ

where Gij is the electrical conductance tensor and μ is the
chemical potential. AtB ¼ 10 T [Fig. 3(c)], these quantities
are broadly similar, but their magnitudes differ significantly.
There is greater qualitative resemblance at lower magnetic
fieldB ¼ 4 T [Fig. 3(d)], but themagnitudes ofSm are larger
than SMott

xx .
An important contributing factor to the magnitude

discrepancy is likely that ΔT is calculated based on
measurements of the nearest pair of voltage leads in the
two reservoirs, which is necessarily larger than the temper-
ature gradient across the dot itself. In contrast, V th arises
almost entirely in the dot, since the reservoirs are kept at
νres ¼ 2, which does not contribute to the TEP in this
experimental configuration [19,20,23,43]. As such, it is to
be expected that Sm overestimates the true TEP of the
GQD. For these reasons, our observation jSmj > jSMott

xx j is
consistent with expectations. In the following analysis, we
discuss trends in the TEP that are not impacted by questions
of geometric rescaling.
Examining the temperature-dependent TEP reveals

many of the similar relevant energy scales and regimes
of behavior as we observe in the electrical conductance.
Figure 4(a) shows SmðTÞ as a function of VBG at B ¼ 10 T,
at temperatures between 1.4 and 32 K. In the low temper-
ature limit, Sm follows the same gate dependence trend as
SMott
xx , as discussed above. Particularly, Sm ≈ 0 in the region

0.1 < VBG < 0.4 V. This gate range is where we observe
Gxy ¼ 2e2=h, indicating both the GQD and graphene
reservoirs are in the ν ¼ 2 QH state. Vanishing TEP in

( )

ℎ( )

(a)

(b)

(c)

(d)

FIG. 3. (a) Evolution ofGxy at Tbath ¼ 3 K as a function of VBG
and B, with VTG simultaneously varied to keep the reservoirs at
constant filling νres ¼ 2. (b) Evolution of thermally induced
voltage V th with the same experimental parameters as (a), using
constant heater voltage Vh ¼ 0.3 V. Inset: schematic of TEP
measurement circuit overlaid on optical image of device. (c) Com-
parison line scans of Sm (black, left y axis) and Mott formula
calculation (blue, right y axis) along νres ¼ 2 line at B ¼ 10 T,
T ¼ 3 K. (d) Same comparison as (c), but at B ¼ 4 T, with
corresponding shift of the gate voltage values to maintain νres ¼ 2.
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the regime of the QH plateau is in agreement with previous
studies [19,20,23,24,44]. Outside of this QH plateau
region, however, Sm and SMott

xx exhibit rapid oscillations.
The fact that the pattern of fluctuations can be explained by
Eq. (1) suggests that the resonance transport across the
GQD is responsible for these rapid changes of Sm as a
function of VBG.
As T increases, similar to the higher-temperature behav-

ior of Gij, the fluctuations of Sm as a function of gate
voltage are suppressed. In the high-temperature regime
(T ≳ 10 K), Sm ≈ 0 at half-filling of the LLs (i.e., gate
voltage corresponding to the transitions between 0− and 0þ
for n ¼ 0 LL and between 1− and 1þ for n ¼ 1 LL), due to
the particle-hole symmetry across the LL in the GQD. We
also observe Sm ≈ 0 at the transition between 0þ and 1− for
T < 30 K, which corresponds to the center of the well-
developed QH plateau at ν ¼ 2 across the entire device.
Away from these vanishing points of TEP, Sm varies
smoothly. We found, however, unlike the low-temperature
regime (T ≲ 3 K), SmðVBGÞ does not follow the trend of
SMott
xx ðVBGÞ at high temperatures (T ≳ 10 K), suggesting

the breakdown of the single-particle picture described by
the Mott formula (see the Supplemental Material, Sec. IV
for additional data and discussion [15]).
Figure 4(b) shows Savgm ðTÞ, the temperature-dependent

averaged Sm within the gate voltage regions corresponding
to n�. In all gate regimes, we find that jSavgm ðTÞj exhibits
distinctively different characteristic temperature-dependent

behaviors. For T < T1, jSavgm ðTÞj changes relatively slowly
as large gate-dependent fluctuations dominate, similar to
the low-temperature regime of GxxðTÞ discussed previ-
ously. For T1 < T < T2, jSavgm ðTÞj monotonically increases
as T increases until it reaches the maximum value near T2,
and then decreases slowly as temperature increases further.
We further compute the variance of the TEP, δS2, in each
sector [Fig. 4(c)]. We find that δS2 decreases as T increases,
generally consistent with 1=T2 scaling across the entire
measured range.
The complete breakdown of the Mott formalism in the

high-temperature regime, particularly the slowly decreas-
ing jSavgm ðTÞj we observe for T > T2, is inconsistent with
conventional FL physics in the GQD. Indeed, recent
numerical modeling of the GQD thermoelectric properties
[11] predicts that the TEP in the low-temperature FL
regime transitions into the SYK regime at higher temper-
atures, where slowly decreasing TEP is expected. Our
experimental observations bear a resemblance to these
theoretical predictions, suggesting an identification of
kBT1 as related to the energy scale of coupling to
the reservoirs and kBT2 ∼ Ecoh. However, we note that
the temperature dependence of δS2 is inconsistent with the
predictions of 1=T scaling in this theoretical study. Some of
these discrepancies from the theory, particularly in the SYK
regime, may be related to the relatively small population of
SYK modes in the GQD [10]. The approximate number of
localized states at B ¼ 10 T is N ¼ BAdot=Φ0 ≈ 33, where
Adot is the area of the GQD. WhileN ≫ 1, it is still far from
the conformal limit (N → ∞), necessitating the inclusion of
higher-order terms to fully account for the temperature
scaling behavior, and the consideration of J=N as another
relevant energy scale. It is also possible that the strength of
J, which we cannot directly measure, is significantly
smaller than recent theoretical assumptions [7,10,12]. In
this case, the system may never access the conformal limit
of the SYK model, instead inhabiting a crossover regime
between Fermi liquid and SYK dynamics [45].
In conclusion, we have fabricated GQDs with sup-

pressed single-electron charging energy. Under strong
magnetic fields, edge disorder alters charge transport in
the strongly correlated electronic system at elevated tem-
peratures. We observe temperature-dependent conductance
fluctuation and thermoelectric power that exhibit transi-
tioning behaviors from the FL to the putative SYK regime.
Further experimental and theoretical studies, particularly
considering the effects of varied coupling between the FL
leads and the GQD, may distinguish between the emer-
gence of an SYK phase and alternative scenarios, such as
disordered p-n junction network formation [40,42] in the
disordered GQD under magnetic fields. For more compre-
hensive statistics on disorder averaging, it will be beneficial
to undertake a series of similar experiments with different
GQDs, complemented by extensive characterization of
the temperature- and magnetic field-dependent transport

(a)

(b) (c)

FIG. 4. (a) TEP Sm at B ¼ 10 T with νres ¼ 2 at a range of
temperatures between 1.4 K and 32 K. Shading indicates doping
regions for various Landau levels in the GQD as defined in Fig. 2.
(b) Average value of TEP Savgm as a function of bath temperature T
in the regions highlighted by colors in (a). (c) TEP variance of
δS2m as a function of bath temperature for the regions highlighted
in (a). Dashed line shows 1=T2 scaling.
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behavior. Furthermore, shot noise measurements might
yield valuable insights into SYK dynamics [46]. Our
Letter demonstrates the possibility of disordered GQDs
as an SYK platform and provides a first step toward
experimental exploration of this novel quantum phase in
solid-state systems.
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Sacépé, Tunable transmission of quantum Hall edge chan-
nels with full degeneracy lifting in split-gated graphene
devices, Nat. Commun. 8, 14983 (2017).

[19] F. Ghahari Kermani, Interaction Effects on Electric and
Thermoelectric Transport in Graphene, Ph.D. thesis,
Columbia University, 2014.

[20] Y. M. Zuev, W. Chang, and P. Kim, Thermoelectric and
magnetothermoelectric transport measurements of gra-
phene, Phys. Rev. Lett. 102, 096807 (2009).

[21] A. J. M. Giesbers, U. Zeitler, M. I. Katsnelson, L. A.
Ponomarenko, T. M. Mohiuddin, and J. C. Maan, Quan-
tum-hall activation gaps in graphene, Phys. Rev. Lett. 99,
206803 (2007).

[22] A. T. Pierce, Y. Xie, S. H. Lee, P. R. Forrester, D. S. Wei, K.
Watanabe, T. Taniguchi, B. I. Halperin, and A. Yacoby,
Thermodynamics of free and bound magnons in graphene,
Nat. Phys. 18, 37 (2022).

[23] J. G. Checkelsky and N. P. Ong, Thermopower and Nernst
effect in graphene in a magnetic field, Phys. Rev. B 80,
081413(R) (2009).

[24] F. Ghahari, H. Y. Xie, T. Taniguchi, K. Watanabe, M. S.
Foster, and P. Kim, Enhanced thermoelectric power in
graphene: Violation of the Mott relation by inelastic
scattering, Phys. Rev. Lett. 116, 136802 (2016).

[25] N.W. Ashcroft and M. N. David, Solid State Physics,
college ed. (Harcourt College Publishers, New York, 1976),
pp. 256–259.

[26] M. Jonson and S. M. Girvin, Thermoelectric effect in a
weakly disordered inversion layer subject to a quantizing
magnetic field, Phys. Rev. B 29, 1939 (1984).

PHYSICAL REVIEW LETTERS 132, 246502 (2024)

246502-6

https://doi.org/10.1103/PhysRevLett.70.3339
https://doi.org/10.1103/PhysRevLett.70.3339
https://doi.org/10.1103/PhysRevLett.105.151602
https://doi.org/10.1103/RevModPhys.94.035004
https://doi.org/10.1038/s41578-018-0058-z
https://doi.org/10.1038/s41578-018-0058-z
https://doi.org/10.1103/PhysRevLett.121.036403
https://doi.org/10.1103/PhysRevLett.131.036503
https://doi.org/10.1126/science.1154663
https://doi.org/10.1063/1.4818627
https://doi.org/10.1103/PhysRevB.101.205148
https://doi.org/10.1103/PhysRevB.109.235109
https://doi.org/10.1103/PhysRevB.99.045419
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1126/science.1244358
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.246502
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.246502
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.246502
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.246502
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.246502
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.246502
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.246502
https://doi.org/10.1103/PhysRevLett.123.216804
https://doi.org/10.1038/ncomms14983
https://doi.org/10.1103/PhysRevLett.102.096807
https://doi.org/10.1103/PhysRevLett.99.206803
https://doi.org/10.1103/PhysRevLett.99.206803
https://doi.org/10.1038/s41567-021-01421-x
https://doi.org/10.1103/PhysRevB.80.081413
https://doi.org/10.1103/PhysRevB.80.081413
https://doi.org/10.1103/PhysRevLett.116.136802
https://doi.org/10.1103/PhysRevB.29.1939


[27] H. Obloh, K. V. Klitzing, and K. Ploog, Thermopower
measurements on the two-dimensional electron gas of
GaAs − AlxGa1−xAs heterostructures, Surface Sci. 142,
236 (1984).

[28] R. Fletcher, J. C. Maan, and G. Weimann, Experimental
results on the high-field thermopower of a two-dimensional
electron gas in a GaAs − Ga1−xAlxAs heterojunction, Phys.
Rev. B 32, 8477(R) (1985).

[29] C. Ruf, H. Obloh, B. Junge, E. Gmelin, K. Ploog, and G.
Weimann, Phonon-drag effect in GaAs − AlxGa1−xAs het-
erostructures at very low temperatures, Phys. Rev. B 37,
6377 (1988).

[30] K. I. Bolotin, F. Ghahari, M. D. Shulman, H. L. Stormer, and
P. Kim, Observation of the fractional quantum Hall effect in
graphene, Nature (London) 462, 196 (2009).

[31] D. K. Efetov and P. Kim, Controlling electron-phonon
interactions in graphene at ultrahigh carrier densities, Phys.
Rev. Lett. 105, 256805 (2010).

[32] Y. M. Zuev, Nanoscale Thermoelectric Energy Conversion,
Ph.D. thesis, Columbia University, 2011.

[33] C. W. J. Beenakker and A. A. M. Staring, Theory of the
thermopower of a quantum dot, Phys. Rev. B 46, 9667
(1992).

[34] D. A. Abanin and L. S. Levitov, Quantized transport in
graphene p-n junctions in a magnetic field, Science 317, 641
(2007).

[35] B. Özyilmaz, P. Jarillo-Herrero, D. Efetov, D. A. Abanin,
L. S. Levitov, and P. Kim, Electronic transport and quantum
hall effect in bipolar graphene p-n-p junctions, Phys. Rev.
Lett. 99, 166804 (2007).

[36] J. Güttinger, C. Stampfer, F. Libisch, T. Frey, J. Burgdörfer,
T. Ihn, and K. Ensslin, Electron-hole crossover in graphene
quantum dots, Phys. Rev. Lett. 103, 046810 (2009).

[37] L. Huang, Y. C. Lai, and C. Grebogi, Characteristics of
level-spacing statistics in chaotic graphene billiards, Chaos
21, 013102 (2011).

[38] S. Banerjee and E. Altman, Solvable model for a dynamical
quantum phase transition from fast to slow scrambling,
Phys. Rev. B 95, 134302 (2017).

[39] R. A. Davison, W. Fu, A. Georges, Y. Gu, K. Jensen, and S.
Sachdev, Thermoelectric transport in disordered metals
without quasiparticles: The Sachdev-Ye-Kitaev models
and holography, Phys. Rev. B 95, 155131 (2017).

[40] D. S. Wei, T. van der Sar, S. H. Lee, K. Watanabe, T.
Taniguchi, B. I. Halperin, and A. Yacoby, Electrical gen-
eration and detection of spin waves in a quantum Hall
ferromagnet, Science 362, 229 (2018).

[41] J. R. Williams, L. DiCarlo, and C. M. Marcus, Electrical
generation and detection of spin waves in a quantum Hall
ferromagnet, Science 317, 638 (2007).

[42] K. Wang, A. Harzheim, T. Taniguchi, K. Watanabei, J. U.
Lee, and P. Kim, Tunneling spectroscopy of quantum hall
states in bilayer graphene p-n junctions, Phys. Rev. Lett.
122, 146801 (2019).

[43] W. Duan, J. F. Liu, C. Zhang, and Z. Ma, Thermoelectric
and thermal transport properties of graphene under strong
magnetic field, Physica E (Amsterdam) 104, 173 (2018).

[44] P. Wei, W. Bao, Y. Pu, C. N. Lau, and J. Shi, Anomalous
thermoelectric transport of dirac particles in graphene, Phys.
Rev. Lett. 102, 166808 (2009).

[45] A. Altland, D. Bagrets, and A. Kamenev, Sachdev-Ye-
Kitaev non-fermi-liquid correlations in nanoscopic quantum
transport, Phys. Rev. Lett. 123, 226801 (2019).

[46] A. Nikolaenko, S. Sachdev, and A. A. Patel, Theory of
shot noise in strange metals, Phys. Rev. Res. 5, 043143
(2023).

PHYSICAL REVIEW LETTERS 132, 246502 (2024)

246502-7

https://doi.org/10.1016/0039-6028(84)90313-3
https://doi.org/10.1016/0039-6028(84)90313-3
https://doi.org/10.1103/PhysRevB.32.8477
https://doi.org/10.1103/PhysRevB.32.8477
https://doi.org/10.1103/PhysRevB.37.6377
https://doi.org/10.1103/PhysRevB.37.6377
https://doi.org/10.1038/nature08582
https://doi.org/10.1103/PhysRevLett.105.256805
https://doi.org/10.1103/PhysRevLett.105.256805
https://doi.org/10.1103/PhysRevB.46.9667
https://doi.org/10.1103/PhysRevB.46.9667
https://doi.org/10.1126/science.1144672
https://doi.org/10.1126/science.1144672
https://doi.org/10.1103/PhysRevLett.99.166804
https://doi.org/10.1103/PhysRevLett.99.166804
https://doi.org/10.1103/PhysRevLett.103.046810
https://doi.org/10.1063/1.3537814
https://doi.org/10.1063/1.3537814
https://doi.org/10.1103/PhysRevB.95.134302
https://doi.org/10.1103/PhysRevB.95.155131
https://doi.org/10.1126/science.aar4061
https://doi.org/10.1126/science.1144657
https://doi.org/10.1103/PhysRevLett.122.146801
https://doi.org/10.1103/PhysRevLett.122.146801
https://doi.org/10.1016/j.physe.2018.07.026
https://doi.org/10.1103/PhysRevLett.102.166808
https://doi.org/10.1103/PhysRevLett.102.166808
https://doi.org/10.1103/PhysRevLett.123.226801
https://doi.org/10.1103/PhysRevResearch.5.043143
https://doi.org/10.1103/PhysRevResearch.5.043143

