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We report fabrication of graphene devices in a Corbino geometry consisting of concentric circular
electrodes with no physical edge connecting the inner and outer electrodes. High device mobility
is realized using boron nitride encapsulation together with a dual-graphite gate structure. Bulk
conductance measurement in the quantum Hall effect (QHE) regime outperforms previously reported
Hall bar measurements, with improved resolution observed for both the integer and fractional QHE
states. We identify apparent phase transitions in the fractional sequence in both the lowest and first
excited Landau levels (LLs) and observed features consistent with electron solid phases in higher

LLs.

The quantum Hall effect (QHE), characterized by van-
ishing longitudinal resistance simultaneous with quan-
tized transverse Hall resistance [1, 2], represents one of
the most robust examples of 2D topological phenomenon
in which an insulating bulk state with non-trivial topo-
logical order is separated from the surrounding vacuum
by conducting edge modes [3]. The edge modes asso-
ciated with the QHE are chiral and therefore dissipa-
tionless at all length scales. Moreover, the transverse
Hall resistance, quantized in units of h/e?, provides a
direct measure of the topological order and is insensi-
tive to details of the sample geometry. In samples with
very low disorder, new correlated phases, resulting from
strong electron interactions, can be observed outside of
the integer quantum Hall effect (IQHE) sequence. These
include the fractional quantum Hall effect (FQHE) lig-
uid states [2, 4], appearing at fractional Landau fill-
ing, and with fractionally valued Hall resistance plateaus,
and interaction-driven electron solid phases, appearing at
fractional filling but with re-entrant integer valued Hall
quantization [5-7].

Monolayer graphene has emerged as a versatile plat-
form to study the QHE, showing many of the same phe-
nomena that for a long time were limited to very high
mobility GaAs heterostructures, while also introducing
new opportunities for manipulating these phases owing
to the unique combination of a non-trivial w Berry phase,
four-fold degeneracy arising from the spin and valley iso-
spin degrees of freedom, and the ability to fabricate de-
vices in a wide variety of architectures [8-16]. Recent
improvements in device fabrication designed to eliminate
impurity scattering in sample bulk, such as use of boron-
nitride as an improved substrate dielectric [17] and fully
encapsulated geometries [14, 16, 18] have enabled obser-
vation of some of the most fragile ground states in the
QHE regime [1, 2, 10, 19] including the even denominator
fractional quantum Hall effect (FQHE) state [14, 16, 20]
as well as various electron solid phases [21, 22]. Despite
these advancements, the resolution in transport measure-
ment in conventional Hall bar geometries is often over-

shadowed by measurements that probe the bulk com-
pressibility [12, 14, 15]. This result is puzzling as it
suggests that, contrary to conventional expectation, a
well developed bulk gap alone is not a sufficient condi-
tion to guarantee well resolved transport measurement of
the corresponding edge modes.

In this work we investigate a less explored aspect of
QHE by studying the bulk property of graphene het-
erostructure using a Corbino geometry [23-28]. We
demonstrate a novel fabrication method that allows us
to realize concentric contacts in a dual graphite and
hBN encapsulated geometry. The successful fabrication
of high quality graphene Corbino discs allows us to re-
solve FQHE states over larger filling fractions and to
lower magnetic fields than previously demonstrated in
transport measurement of conventional hall bar geome-
tries. Using this technique we identify apparent phase
transitions in the FQHE sequence providing new insight
about their ground state order in both the lowest and
first excited Landau levels (LLs), and demonstrate fea-
tures consistent with electron solid phases in higher LLs.
Our capability to detect QHE signatures with higher res-
olution using the Corbino geometry, where bulk response
dominates, compared to Hall bar geometries, where edge
transport dominates, suggests that details of the sample
edge play a significant role in the Hall bar response. This
result has implications for all transport measurements of
2D topological systems, and suggests our understanding
of how to probe edge modes in 2D materials may need to
be revisited.

The device structure is illustrated in Fig. 1a. The het-
erostructure is assembled using the previously described
dry transfer technique [18] and includes both top and
bottom graphite gates to screen remote impurities and
maximize channel mobility [14, 16]. The challenge of
making electrical contact to the inner and outer edges
of the Corbino geometry is addressed by using a pro-
cess we refer to as a flip-stack technique (see SI for more
details) [29]. In the final device structure the aligned
graphite gates define the carrier density in the active re-
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FIG. 1. Device geometry and low field characteriza-
tion. (a) Schemtics of device geometry. (b) Bulk resistance
as a function of carrier density at T=2 K and B=0 T. (¢)
2-terminal bulk conductance G, as a function of B-field mea-
sured at different charge carrier densities n, at T = 300 mK
showing SdH oscillations. Left inset, the disorder broadening
I, extracted from quantum life time 74 (red circles) and the
onset of SAH oscillations (black squares) are plotted against
carrier density, n. Right inset, low field bulk conductance,
G .o plotted versus n and B-field at T'= 300 mK.

gion of the Corbino geometry whereas the densities in
the contact regions are tuned by biasing the Si gate.

Fig. 1b shows resistance versus channel density ac-
quired at T'~ 2 K, and B =0 T. The width of the CNP
resistance peak provides an estimate of the charge inho-
mogeneity [18], and is found to be 6 x 10° ecm~2 (Fig.
1b). This is an order of magnitude lower than previously
reported in graphene devices without graphite gates [18]
but similar to what we measure in Hall bar devices that
include both top and bottom graphite gates (see SI).

Fig. 1c shows the low magnetic field Shubnikov de
Haas (SdH) oscillations for three representative densi-
ties. Extraction of the quantum scattering time 7, and
LL disorder broadening I' from the corresponding din-
gle plots (see SI) shows a relatively density independent

value of 7, ~ 0.3 ps and I' ~ 13 K, except at very
low densities (Fig. SI7c) where I' increases (red circles
in Fig. lc left inset). An independent estimate of T’
could be made from the onset of SAH oscillation, as min-
imum in bulk conductance starts to develop when the
field-dependent cyclotron gap, A., exceeds the LL disor-
der broadening, I', where I' = h/27, and, for graphene,
A. ~ 400/B(T)(y/IN] — v/IN —1]) K . T estimated
from the onset of SAH oscillation is plotted as black
squares in Fig. 1c left inset, showing excellent agreement
with the value calculated from 7,. In both measure-
ments, I' approaches a constant value of ~ 13 K away
from the disorder regime, which is among the smallest
values reported for graphene, further confirming the low
bulk disorder in our sample. We note that near the dis-
order regime at n ~ 10'° em~2, insulating feature corre-
sponding to the v = 2 QHE emerges at fields less than
B ~ 15 mT (right inset of Fig. 1c), which corresponds to
I' ~ 50 K and is consistent with the expected behavior
near the disorder regime.

Fig. 2a shows a Landau fan diagram measured over
a larger density and field range. Several distinguishing
features are evident: the plot shows excellent ambipolar
response with both electron and hole features equally re-
solved; the symmetry broken IQHE emerge at less than
B =1 T; and the FQHE is resolvable by B =5 T (Fig.
2b). This quality of QHE transport has been difficult
to achieve in Hall bar geometries, even when the sam-
ple disorder is similar as measured by zero field trans-
port and SAH characteristics (see SI). Although bulk
conductance measurement contains no information re-
garding the quantized plateau in Hall resistance, FQHE
ground states could be identified by their filling fraction
extracted from the trajectory in a Landau fan diagram,
where both density and B-field are varied.

The origin of the improved resolution obtained in our
Corbino geometry may be two-fold. First, the Hall bar
measurement requires good electrical contact [30], since
the leads should be well equilibrated to the edge modes
in order to measure zero longitudinal resistance and ac-
curate Hall plateau. This is a less stringent requirement
in the Corbino geometry where QHE ground state ap-
pears as an insulating feature in bulk conductance, even
for highly resistive contacts. Second, transport measure-
ment of the edge state may be complicated by details of
the potential profile near the graphene boundary [27, 31],
edge disorder [32] and edge mode reconstruction [33].

The improved performance of the Corbino geometry
allows us to resolve the FQHE states in graphene to an
unprecedented degree, particularly in the high field /low
density limit. In Fig. 2c the bulk conductance, G, is
plotted versus density at B = 36 T. In both the N =0
LL and N = 1 LLs, standard composite fermion (CF)
sequences are observed [34], including both even and
odd numerator FQHE states, indicating that all sym-
metries have been lifted [17, 35]. Fig. 2d shows an
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FIG. 2. Fractional quantum Hall effect. (a) Bulk conductance G, as a function of filling fraction, v, and B field. (b)
Gaa, versus v and B at T = 0.3 K for 0 < v < 1. (¢) Guz as a function of filling fraction for the N = 0 and N = 1 LL,
—6 < v < 6. (d) High resolution view of one integer branch of the N =0 LL at B =36 T and T = 0.3 K. Red lines and blue
lines identify FQHE states belong to the 2-flux and 4-flux composite fermion sequences, respectively.

expanded view in the N = 0 LL between v = 0 and
v = 1. Two-flux CF states (centered around v = 1/2)
and four-flux CF states (centered around v = 1/4) up
to denominator 15 are observed. We note that based on
the depth of the conductance minima, the overall hierar-
chy appears remarkably electron-hole symmetric, further
indicating that all symmetries are lifted within the CF
levels (this is confirmed by activation gap measurements,
which show a similar hierarchy, see SI). A different sym-
metry is observed in the N = 1 LL, suggesting that the
spin and valley degeneracy is only partially lifted, and an
approximate SU(2) or SU(4) symmetry is preserved for
the composite fermion ground states [10, 15, 35].

The persistence of the strongest FQHE states to low
magnetic fields allows us to measure how their gaps
evolve over a wide range of B. Fig. 3a shows a plot of
the activation energy gap, A, versus B, for the v = 1/3
state. A clear kink in the trend is observed at B ~ 8 T
below which the gap is best fit by a linear B dependence
(blue dashed line) and above which the gap transitions
to a /B dependence (blue solid curve). Notably, both
the linear and square-root fits extrapolate to A ~ —10
K at B = 0, similar to the value of disorder broadening
estimated from the SdH behavior (Fig. 1c), providing a
self consistency validation of the fits.

The transition in the B dependence of the gap resem-
bles similar behavior of the 1/3 FQHE state in GaAs
quantum wells, which was interpreted in the context of
CF Landau levels with spin degrees of freedom [36, 37].

In the CF picture, the effective cyclotron gap that sepa-

rates spin-degenerate CF LLs results from Coulomb in-
heB*

teraction and is given by [37], Ag’gowon = where

m
B* = B — B,y is the effective magnetic field for CF's

and m* = am.vB is the CF mass, m. is the free elec-
tron mass and « depends on details of the quantum well.
Allowing for spin degree of freedom, the CF LLs can
split into spin branches, separated by the Zeeman en-
ergy EZgeman = %,uBgB, where pp is the Bohr magne-
ton and ¢ is the Lande g-factor. The transition results
from a CF LL crossing when the CF Zeeman energy (lin-
ear in B), exceeds the CF cyclotron energy (square root
in B), as illustrated in Fig. 3b. This model well fits
our data in the Lowest LL. If we assume that the linear
trend correlates to a real spin gap, the slope gives an
estimate for the g-factor of 8.5. This is approximately
4 times larger than the bare electron g-factor (g = 2),
and is indicative of strong exchange interaction and the
potential existence of skyrmion spin textures [38]. In
this picture we imagine that the valley degree of free-
dom is frozen out [35] such that the square root re-
gion corresponds to the CF cyclotron gap. Fitting the
above expression to this region gives a CF mass term
of @ = 0.054 + 0.004. Including the projected disorder
broadening of ~ 10 K, this gives a measure of the intrin-
sic gap to be Ay /3 = (8.3 +0.6)vB K, or (0.084 4 0.004)
e? /elg in Coulomb energy units, where we use € = 6.6 for
BN-encapsulated graphene [15]. We note that this result
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FIG. 3. Activation energy gap of FQHE states versus
B-field. (a) Activation energy gap of the v = 1/3 FQHE
state. The blue solid curve is a VB fit to data for B > 8 T.
The blue dashed line is a linear fit to B < 8 T. (b) Energy
level diagram. The levels are labeled for CF cyclotron orbits
with different spin polarization and g—factor as a function of
B field. The two lowest CF cyclotron levels are labeled by
their CF orbital index, N = 0 and 1, and spin polarizations,
T and | . (¢) Activation energy gap of the v = 2/5 FQHE
state. The red dash-dotted line is a v/B fit to the data.

is remarkably close to the theoretical value of 0.1 €2 /elg
calculated by exact diagonalization [39] without includ-
ing any additional corrections [40] (see SI for detailed
comparison).

Fig. 3c shows the B dependence of the v = 2/5 gap.
In this case the gap follows a v/B-dependence over the
entire accessible field range, projecting to a ~ —10 K at
B = 0. The disorder broadening is consistent with mea-
surement of the 1/3 gap and SdH analysis. The square
root dependence is qualitatively consistent with same CF
picture as above in which the v = 2/5 represents a cy-
clotron gap of CF LLs However, the lack of a transition
is surprising (we would expect the CF cyclotron gap to
show evidence of the same CF LL crossing that gives rise
to the kink in the 1/3 gap, see SI), and may suggest that

a FQHE RIQHE RIQHE FQHE
04
N=2LL A T(K)
\S —1.24
03F 36T 0.3K \/ —
= —o030
@02} 1
© ol ,/ﬂ 1.24 K 2

/ ‘
. :

6 6.2 6.4 66 6.8 7

b RIQHE RIQHE
N=3LL = =12
02 23T —
E — 0.6
© 12K T
(D§ 0.1
06K
0 L . . .
10 10.2 104 10.6 10.8 1

FIG. 4. RIQHE in N = 2 and 3 LL. Bulk conductance as a
function of filling fraction measured at different temperature
in (a) N =2 LL and (b) N = 3 LL respectively.

the exchange interaction for CFs is highly sensitive to
composite fermion filling fraction[15].

Fig. 4 plots bulk conductance measured at higher Lan-
dau levels. In the N = 2 LL, we observed features cor-
responding to 4-flux CF ground states at v = 6 + % and
6—1—% and electron solid states at v = 6—1—% and 6+ % The
electron solid state is characterized by the non-monotonic
temperature dependence in the bulk conductance, with a
peak at the melting transition T, which diminishes to zero
at low temperature [5, 7, 21]. In the N = 3 LL, bulk con-
ductance displays a broad minimum around v = 10 + i
and 10 + % as shown in Fig. 4b, where the temperature
evolution resembles the bubble phase of N = 3 LL ob-
served in GaAs Corbino samples [23]. The deep conduc-
tance minima observed in the Corbino geometry and the
temperature dependence reminiscent of a melting transi-
tion are both indicative of a robust electron solid state,
which is qualitatively similar to recent measurement in
MLG samples with a Hall bar geometry [21, 22]. Inter-
estingly, the bulk conductance reveals no obvious feature
at half filling down to T'= 0.3 K at B = 25 T (see SI),
which is in contrast to the even-denominator state re-
cently reported in MLG samples with Hall bar geometry
[22]. Given the high resolution and large energy gap of
correlated states observed in Corbino geometry, a poten-
tial electron liquid phase such as the Pfaffian is expected
to show up as a sharp minimum in bulk conductance.

In summary we have established a process of realizing
very high quality Corbino devices in a dual-gated geom-
etry. The ability to directly probe bulk conductance in
the QHE regime, independently of the edge states, pro-
vides new access to various electron liquid and solid states



in graphene beyond what has previously been possible
in transport studies. Additionally, the superior qual-
ity compared to similarly constructed Hall bar devices
suggests that transport measurement in the conventional
Hall geometry is limited by difficulties related to probing
the edge channels but not bulk disorder. This might be
due to details of the edge mode structure [33] or diffi-
culties in designing contacts that well equilibrate to the
edge channels [30].
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