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The fate of the low-temperature conductance at the charge-neutrality (Dirac) point in a single sheet of

graphene on boron nitride is investigated down to 20 mK. As the temperature is lowered, the peak

resistivity diverges with a power-law behavior and becomes as high as several megohms per square at the

lowest temperature, in contrast with the commonly observed saturation of the conductivity. As a

perpendicular magnetic field is applied, our device remains insulating and directly transitions to the

broken-valley-symmetry, � ¼ 0 quantum Hall state, indicating that the insulating behavior we observe at

zero magnetic field is a result of broken valley symmetry. Finally we discuss the possible origins of this

effect.
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The ability to create electronic devices in graphene has
made it possible to study 2D Dirac fermions in the solid
state [1]. Transport measurements in a large magnetic field
display quantum Hall plateaus with unconventional values
of conductance, a signature of the Dirac equation describ-
ing electrons in graphene [1,2]. When the cyclotron gap
becomes larger than disorder-induced fluctuations in the
surrounding potential, the effect of the linear Dirac band
structure becomes evident. At zero magnetic field, the
disorder landscape dominates [3], blurring the interesting
phenomena that might occur at the Dirac point. Recently,
the influence of disorder has been reduced by either sus-
pending a sheet [4] or placing it on atomically flat boron
nitride (BN) [5], and many discoveries in transport have
been made due to the more readily-accessible Dirac point
in these cleaner systems [6–8]. Anomalous patterns in the
magnetoconductance attributed to the Hofstadter spectrum
were seen to arise when the BN lattice is nearly aligned
with the graphene lattice [9,10].

The nature of the conductivity at the charge-neutrality
point �CNP has been debated since the first graphene-based
devices were fabricated. Theory for ballistic graphene
predicts a value of 4e2=�h for �CNP [11–13]. However,
early experiments on graphene measured �CNP from 2 to
12e2=h [14,15]. It was soon realized that �CNP was sample
dependent, determined by the density of carriers in electron
and hole puddles produced by static charges on or near the
sheet of graphene [16]. In suspended graphene devices [4]
the conductivity showed a more pronounced temperature
dependence, but still saturated at low temperature and
remained higher than 4e2=�h. Recently the potential land-
scape in graphene has been made artificially clean by
screening potential fluctuations with a second nearby,
doped graphene sheet [17,18]. In that work, instead of
saturating at values near e2=h, �CNP dropped with a
power-law temperature dependence T�, where � ¼ 2 for

the most insulating samples, down to T ¼ 4 K. Further, the
authors observed a strong magnetoresistance in the tem-
perature regime above 10 K and attributed it to weak
localization, inferring that ultraclean graphene may be an
Anderson insulator. Alternatively, it has been postulated
[19] that this temperature dependence reflects increasing
order causing the sample to become more insulating at low
density. Here�CNP / T� naturally emerges as the tempera-
ture dependence of conduction through a landscape of
electron and hole puddles. A complete understanding of
this insulating behavior, so far appearing only in graphene
on BN, is lacking.
In this Letter, we report on electronic transport in fifteen

single-layer graphene devices, some with a top gate and
some without. For the three devices where the top gate is
the closest to the graphene (�70 nm), the conductivity at
the charge neutrality point (CNP) decreases by more than 2
orders of magnitude with decreasing temperature, whereas
the non-top-gated samples show a more conventional tem-
perature dependence. Here we focus on one top-gated
device where the dependence of the conductance at the
CNP (gCNP) on temperature (T) and perpendicular mag-
netic field (B) is investigated at temperatures down to
20 mK. The temperature dependence is very strong down
to T ¼ 400 mK and can be fit to a power-law gCNP / T�

with � � 0:48� 0:05. Application of B drives the system
more insulating, where at B� 100 mT the � ¼ 0 state is
entered, with no intermediate transition to the 2e2=h quan-
tum Hall plateau, indicating that a spin or valley (or both)
symmetry is broken at very low fields. This direct transi-
tion to the � ¼ 0 state has not been observed before in
graphene. We speculate on the origin of this effect.
We fabricated our devices using hexagonal-boron nitride

(h-BN) as a substrate for graphene, with good electronic
properties [5,20] resulting from the flatness and cleanliness
of h-BN flakes. Details of the fabrication are described in
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Ref. [21] and a schematic of the top-gated device geometry
is shown in Fig. 1(a). Our devices are 3 �m long and 1 �m
wide, with a top-gate above the middle third of the device.
Graphene devices were measured in two different cryo-
stats: a variable-temperature insert enabling temperature-
dependent transport measurements from 300 K down to
1.7 K, and a dilution fridge where samples were measured
at lower temperatures, down to 20 mK. We sometimes
observed small shifts (�1 V) in the Dirac point position
between cooldowns, but no noticeable change in mobility
or peak resistance. The conductance g is determined in a
standard voltage-biased lock-in measurement with an ex-
citation voltage of 4 �V at 92.3 Hz. The resistance r is
defined as 1=g. dc voltages are applied to the top gate
(VTG) and back gate (VBG). A table of all fifteen devices
measured in this work, including mobility and resistance at
the CNP (rCNP ¼ 1=gCNP) can be found in Ref. [21].

g is shown in Fig. 1(b) as a function of VTG and VBG

at T ¼ 4 K. The carrier density can be controlled

independently and with either polarity underneath or out-
side the top-gated region. As in previous work on dual-
gated graphene [22,23], g exhibits local minima along two
intersecting lines corresponding to each region being tuned
through the CNP. However, unlike in typical dual-gated
graphene devices, gCNP is much smaller than e2=h along
these lines. g was also measured in a 4-probe geometry
with similar results, ruling out poor contact resistance at
the CNP as the source of this result. Underneath the top
gate, CTGVTG þ CBGVBG ¼ 0 (where CTG is the top gate
capacitance and CBG is the back gate capacitance) at the
CNP, yielding a top-gate-to-back-gate capacitance ratio of
1.3 from the slope of the diagonal line in the (VBG, VTG)
plane. CBG is 5:94ð�0:5Þ � 1010 cm�2 V�1, as extracted
from the periodicity of Shubnikov–de Haas oscillations.
Using a parallel-plate capacitance model, we estimate that
the top gate is 70 nm away from the flake, which was
confirmed by atomic force microscopy. The device exhibits
little intrinsic doping, with a CNP voltage of �1 V on the
back gate, and a mobility of 70 000 cm2=Vs, as extracted
from a linear fit to gðVBGÞ at the CNP. We note that the
mobility of top-gated and non-top-gated regions was com-
parable, which shows that the suspended gate does not
degrade the electronic properties of our device.
Unlike typical graphene samples, r as a function of VBG

has a strong temperature dependence in our device (Fig. 2).
rCNP dramatically increases at low temperature, from
13 k� at T ¼ 300 K to 400 k� at T ¼ 2 K [Fig. 2(a)].
By contrast, rCNP for all devices without a top gate is
typically around 10 k� at 2 K [21], including for a sepa-
rate device made in the same sheet of graphene as the
device shown on Fig. 2 but without a top gate. This is
comparable to what is commonly seen in good-quality,
single-layer graphene devices. The top-gated sample has
an insulating temperature dependence close to the CNP, for
�1:8 V � VBG � 0 V, whereas for higher carrier den-
sities it is metallic [inset, Fig. 2(a)]. A slight shoulder
appeared on the left side of the resistance peak in the
second of two cooldowns [Fig. 2(a)], which we attribute
to a small doping discrepancy between the top-gated and
non-top-gated regions, on the scale of 1010 cm�2.
rCNP was measured at lower temperature in a separate

cooldown using a dilution fridge: further lowering T to
400 mK increases rCNP, at which point it measures 2:3 M�
[inset, Fig. 2(b)], then remains constant down to 20 mK
within experimental error. Figure 2(b) shows gCNPðTÞ,
which follows a power law gCNP / T� as a function of
the temperature, with � ¼ 0:48� 0:05. This insulating
behavior is not due to the opening of a hard band gap,
which would lead to an exponentially activated conductiv-
ity. The temperature dependence is also slower than the T2

dependence measured in Ref. [17] (and expected from the
Boltzmann equation with electron-electron scattering). A
temperature dependence similar to ours was reported in
suspended graphene [4], although the overall conductance
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FIG. 1 (color online). (a) Schematic of the device in voltage
biased mode. A bias vac is applied to the sample, current iD is
collected at the drain and measured with a lock-in amplifier. A
voltage VBG is applied to the degenerately doped substrate to
control the carrier density in the whole sheet. VTG is applied to a
suspended metallic gate, 70 nm above the graphene sheet, which
varies the carrier density underneath it. (b) Conductance g as
a function of both gate voltages, measured at a temperature
T ¼ 4 K.
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was several orders of magnitude higher and the device was
not top gated.

The peak resistance depends on densities both under
and outside the top gate, as shown in Fig. 3 at T ¼ 4 K.
The resistance when the density is uniform—for
VTG ¼ 0 V—is shown in Fig. 3(a). When the density
outside the top-gated region is nonzero [Fig. 3(b)],
rðVTGÞ shows the electron-hole asymmetry reported in
Refs. [22,23]. The resistance when the top-gated part of
the device is at the neutrality point (nTG ¼ 0) is shown in
Fig. 3(c), as a function of the carrier density outside the
top-gated region (nBG), which is equivalent to varying the
vertical electric field. The device has the largest resistance
at double neutrality (nBG, nTG � 0), in contrast with
bilayer graphene, where a similar plot would produce the
largest value of rCNP at large nBG, associated with the gap
opening by a large transverse electric field [24]. At double
charge neutrality, the two-terminal resistance is dominated
by the square top-gated region, so it may be treated as a
proxy for resistivity of that region. The local maximum of

rðVTG; VBGÞ corresponding to charge-neutrality outside
the top-gated region yields rCNP � 32 k� per square for
non-top-gated graphene, which means that the top-gated
part of the device accounts for 80% of the 300 k� mea-
sured at double neutrality.
A low-field fan diagram [gðVBG; BÞ] is measured at T ¼

2 K and shown in Fig. 4(a). Away from the CNP, we
observe plateaus for � ¼ 2, 6, 10 (dashed lines) that are
well developed on the hole side for B> 0:5 T. The cut
gðVBG; B ¼ 1 TÞ shows these plateaus in addition to the
� ¼ 0 plateau around the CNP [Fig. 4(c)]. Interestingly,
the broken-symmetry � ¼ 0 state seems to persist all the
way down to very low fields [dark blue region that runs
between VBG � 0 and �1 V in Fig. 4(a)]. The minimum
conductance gCNP as a function of B is shown in Fig. 4(b).
The value of VBG at which the minimum occurs shifts
slightly upward with magnetic field, drifting by less than
0.1 V as B is increased. gCNPðBÞ monotonically decreases
on a scale of �100 mT and enters the � ¼ 0 gap without
first transitioning to the 2e2=h plateau.
Discussion.—The temperature dependence of the peak

resistance in graphene is often used to estimate the disorder
level in a sample [4]. Cleaner samples show a slightly
higher peak resistivity which increases as T is lowered,
and saturates when kBT is smaller than the Fermi energy’s
fluctuations �EF. However, this interpretation seems insuf-
ficient to explain our data: the temperature dependence in
our device is very strong down to T � 400 mK which
would translate to surprisingly small Fermi energy fluctu-
ations �EF � 40 �eV—corresponding to density fluctua-
tions of less than 106 cm�2—2 orders of magnitude lower
than in most reported suspended devices [25].
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FIG. 2 (color online). (a) rðVBGÞ at temperatures ranging from
300 to 2 K. Inset: close-up view of the intersection of the curves.
(b) gCNPðTÞ with open circles and filled squares were measured
in the dilution fridge and variable temperature cryostat, respec-
tively. Error bars correspond to one standard deviation: for T >
5 K, these are smaller than the dots. The grey line corresponds to
a fit gCNP / T�, with � ¼ 0:48� 0:05 for T < 80 K. At higher
temperature gCNP rises with a faster exponent. Inset: resistance at
the neutrality-point rCNP as a function of temperature.

FIG. 3. Cuts of the resistance r measured at T ¼ 4 K. (a) For
a uniform density: rðVBG; VTG ¼ 0Þ. (b) As a function of VTG,
away from double neutrality: rðVTG; VBG ¼ �6:5 VÞ.
(c) Keeping the top-gated region at charge neutrality while
varying nBG, which is equivalent to varying the perpendicular
electric field at fixed nTG: rðnBG; nTG ¼ 0Þ. (d) As a function of
VBG, away from double neutrality: rðVBG; VTG ¼ 6:5 VÞ.
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The presence of a top gate is likely to contribute to this
insulating behavior, since we have yet to observe this effect
in non-top-gated devices, and screening by the top gate
could explain reduced density fluctuations. As charge pud-
dles get shallower and further apart, the minimum con-
ductivity is expected to drop as it becomes harder for
electrons to percolate [16,26]. However, the top gate is
tens of nanometers away from the flake, significantly fur-
ther than reported in Ref. [17], and it is therefore surprising
that the screening should have such dramatic consequen-
ces, as interactions should naively be screened only on
distances larger than the spacing to the top gate.

It was recently proposed that in graphene on h-BN de-
vices, electron interactions could enhance the substrate-
induced valley-dependent pseudopotential, hence breaking
the valley symmetry [27–29]. This gap has not been
observed yet, but could explain a diverging resistance at
the Dirac point in very clean samples. Our low-field mag-
netotransport data suggest that valley symmetry breaking
may indeed play a role in this insulating behavior.
The conductance around the charge neutrality point is
never quantized and always very small compared to
2e2=h [Fig. 4(b)]. The monotonic decrease of gCNP indi-
cates that the insulating behavior observed at zero field

becomes stronger as the magnetic field breaks the valley
symmetry and the � ¼ 0 gap opens up. This is qualitatively
different from what we and others [21,30] observed at the
CNP for non-top-gated devices: the two-terminal conduc-
tance usually develops plateaus at a moderate magnetic
field (�1–2 T). In this regime, gCNP depends on the aspect
ratio of the device [31] but is always on order e2=h (corre-
sponding to � ¼ �2). We usually observe that gCNP
decreases from�e2=h to zero on a scale of several Teslas,
as the valley degeneracy of the n ¼ 0 Landau level is lifted
[21,32].
The very steep decrease in the conductance on Fig. 4(b),

B ¼ 100 mT at half-maximum, suggests that either the
Landau level broadening is extremely small, or the � ¼ 0
gap grows more rapidly with B than in regular devices. In a
magnetic field, the energy of Coulomb interactions is on
the order EC ¼ ðe2=�lBÞ, where lB is the magnetic length

lB ¼ ffiffiffiffiffiffiffiffiffiffiffi

@=eB
p

. While to first order these interactions pre-
serve valley symmetry, it has been shown that higher-order
terms break this symmetry and are on order �EC ¼
ða=lBÞEC, where a is the spacing between neighboring
carbon atoms [30]. A naive estimate of this contribution
gives �EC � 1 meV=T. Interestingly, the field dependence
of the � ¼ 0 gap has been studied in Ref. [30], where it was
found that the effective g factor g�0

� d�0=dB for the

� ¼ 0 state had this same order of magnitude. Using this
result gives a naive upper bound of 100 �eV for the
Landau level broadening due to the Fermi level fluctua-
tions, in good agreement with our previous estimate based
on the low-temperature saturation of gCNPðTÞ.
However, the cuts of the resistance shown on Fig. 3

suggest that r under the top gate doesn’t depend solely
on nTG. Otherwise, rCNP would only decrease by�60 k�,
the peak resistance of the non-top-gated part of the device,
when the two non-top-gated squares of the device are tuned
away from charge neutrality, instead of the wide range
observed in Fig. 3(c). Because of the roughness of the
top gate, its geometric capacitance is not perfectly uniform,
which induces stronger density fluctuations at higher trans-
verse electric field than at double neutrality. The full width
at half maximum of rCNPðVTGÞ is often used to estimate the
disorder level in a sample. At 4 K, the width is only �n�
2:3� 1010 cm�2 at double neutrality but �n� 1:3�
1011 cm�2 for VBG ¼ �10 V. If the insulating behavior
we observe is indeed due to the extreme cleanliness of the
top-gated part of the device, it is understandable that rCNP
decreases at higher gate voltages due to stronger density
fluctuations. It is also possible that the interfaces between
the top- and non-top-gated regions play a role in the
diverging resistance we measured. The resistance of an
interface between regions of different densities is not
expected to be so high [33], but the interface resistance
between two states with different charge correlations might
be substantial, and this could come into play if a new state
could exist due to screening underneath the top gate.
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