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ABSTRACT: Bilayer graphene (BLG) has multiple internal degrees of
freedom and a constant density of states down to the charge neutrality
point when trigonal warping is ignored. Consequently, it is susceptible to
various competing ground states. However, a coherent experimental
determination of the ground state has been challenging due to the
interaction—disorder interplay. Here we present an extensive transport
study in a series of dually gated freestanding BLG devices and identify
the layer-antiferromagnet as the ground state with a continuous strength
across all devices. This strength correlates with the width of the state in :
the electric field. We systematically identify electric-field disorder— 105 9 2 =0
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spatial variations in the interlayer potential difference—as the main
source responsible for the observations. Our results pinpoint for the first time the importance of electric-field disorder on
spontaneous symmetry breaking in BLG and solve a long-standing debate on its ground state. The electric-field disorder should be

universal to all 2D materials.

KEYWORDS: bilayer graphene, ground state, domain wall, disorder, broken-symmetry state

B ernal bilayer graphene (BLG) has quadratic band
touching at the charge neutrality point (CNP) and
constant density of states in the single-particle spectrum, when
trigonal warping' is ignored. This implies that BLG is
susceptible to exchange interaction-driven broken-symmetry
states.””"? Such exotic states have been observed at finite
magnetic field B>"7'® and, more intriguingly, also in its
absence.”*™"” To clearly identify their underlying orders is,
however, a long-standing challenge. States at vanishing
magnetic field are especially intricate as they are degenerate
in mean-field theory”>'” despite their distinct spin-valley
orders. Experimentally, these competing ground states can be
characterized by the stability of their resistance against external
changes in charge carrier density and electromagnetic field.
However, while a vanishing conductance at the CNP
suggesting an insulating state”°”'" associated with the layer
antiferromagnetic (LAF) state™”'? was found in some devices,
finite conductance was seen in others.””*° Moreover, disparate
observations at finite magnetic fields were also reported; for
example, a recent study assigned a new quantum Hall state to
the transition region between the layer polarized and canted
antiferromagnetic v = 0 states,”’ while others did not spot this
state.”

Evidently, at both zero and finite magnetic fields, there is no
consensus whether the different experimental signatures
originate from different interaction-driven states or from
disorder."” Charge impurities from substrate or fabrication
are one source of disorder. It can be minimized by suspending
BLG above a substrate or by encapsulating BLG in hexagonal
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boron nitride. However, encapsulation embeds BLG in a
dielectric medium with & ~ 3—4, which substantially reduces
the interaction effects compared to the case of suspended
devices. Indeed, the spontaneously gapped states have so far
not been observed in encapsulated devices. In suspended
devices, disorder can be further minimized by current
annealing.”*” Another source of disorder are domain walls
(DW) that can either naturally occur as stacking defects™ ™%
or emerge spontaneously due to the interplay between
exchange interaction and thermal fluctuation.’® The former,
as line defects between AB and BA stacking domains, is not
only common in BLG***” but universal to twisted BLG.**™*°
Appealingly, these DWs can host topologically protected
states.””>>’! The spontaneous DWs are expected to have
similar topological properties,”® and they often bind to spatial
variation in the potential difference between layers and can
proliferate thermally;*® however, they are extremely difficult to
identify and control in experiment. Because of these challenges,
up to now the impact of DWs on the discussed interaction-
driven states and their phase transitions has not been studied
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experimentally, although they are expected to alter the
quantum transport characteristics in BLG.***

To reveal the origin of the experimental discrepancies in the
interaction-driven states at finite and vanishing magnetic fields
in BLG, we have carefully examined 11 dually gated suspended
BLG devices, of which a representative SEM image is shown in

Figure la. BLG flakes were first identified by their optical
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Figure 1. Resistance at charge neutrality in bilayer graphene. a, False-
color scanning electron microscope image of a typical suspended
bilayer graphene device. Scale bar, 1 pm. b—d, Resistance as a
function of V;, measured for a series of V; at T = 1.6 K for three
different devices. The dashed lines indicate the envelope of the data as
a guide to the eye.
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contrast and subsequently imaged by scattering-type scanning
near-field optical microscopy”””” (s-SNOM) to detect stacking
DWs within the flakes (Figure S1). Two out of the 11 devices
investigated show clearly pronounced DWs. After fabrication,
we performed multiple cycles of current annealing at a
temperature of T = 1.6 K in a dilution refrigerator until a
saturation of the current was visible (Figure S2).

We first focus on the comparison of different devices with
respect to their behavior at B = 0. After current annealing,
already at T = 1.6 K, bottom gate voltage V}, sweeps at various
fixed top gate voltages V, reveal differences in the transport
signature of the devices (Figure 1b—d). For example, the
resistance at the CNP can be very high (>150 k) and
decreases with increasing V, (Figure 1b), can be quite low
(<20 kQ) and increases with V, (Figure 1d), or can lie in
between these two extremes (Figure 1c). Similar behavior has
been described in the literature before”®™""*" and led to a
lively debate on the competing ground states and concomitant
experimental signatures (e.g., the presence or absence of a gap
or edge states).

To gain more insight into the different experimental
signatures at the CNP, we mapped the full bottom and top
gate voltage range at the base temperature of our cryostat, T <
10 mK (Figure 2a). Notably, in 10 out of the 11 devices an
insulating state appears at the CNP, while only one device
remains metallic. In the following, we will discuss the two most
extreme devices, A and B, in which the insulating state is
dominant and absent, respectively. For further analysis, we
transform Vj, and V, to the perpendicular electric field E and
the charge carrier density.n'> Figure 2b shows the E
dependence of the resistance at n = 0, where device A shows
the insulating state®*~"" with a resistance of several 100 kQ
around E = 0. According to its signatures, we identify the
insulating state as the interaction-driven LAF state™”'" (see
Supplementary Note). Examining the magnitude of the
conductance at the CNP, ocyp, and the width of the
spontaneously gapped state in the electric field, AEY, as
functions of the temperature reveals an activated T depend-
ence of ocyp and concomitantly an increase of AES with
decreasing T, as can be observed in device A (see Figure 2c).
Moreover, we can see that 6cyp and AE™ correlate with the
critical temperature across four devices (see Figure S3). We
conclude that smaller ocyp and larger AE™ indicate a more
pronounced LAF state and decreasing temperature strengthens
this spontaneously gapped state.”” On the contrary, in device
B the resistance monotonically increases with E (Figure 2b),
and no significant temperature dependence of o¢yp is observed
(Figure 2c). Hence, the spontaneously gapped state is absent,
even for T < 10 mK. (We note in passing that we also see a
nonmonotonic behavior in the magnetic field of the
conductance in device A, which could indicate the transition
from the LAF state at B = 0 to the canted antiferromagnetic
state at finite B and differences between their edge transport;**
see Figure S4). In the literature, distinct observations have
been made, such as an insulating state™® ™! associated with the
LAF state,’ a finite conductance,” or even a bimodal
distribution of conductivities at charge neutrality.”” Across
our investigated devices, however, we observe continuous
distributions of 6¢yp and AE both at T < 10 mK and T = 1.6
K (Figure 2d), suggesting a continuous variation of the
strength of the LAF state. Our analysis in the remainder of the
manuscript is dedicated to deciphering the origin of these
distributions.
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Figure 2. Presence or absence of the spontaneously gapped LAF ground state in bilayer graphene. a, Conductance map as a function of top and
bottom gate voltages for devices A and B. b, Trace of the resistance at charge neutrality as a function of E for devices A (blue) and B (red). The
electric field range of the insulating spontaneous state is indicated by AE’’. ¢, Conductance at the charge neutrality point 6y (top) as well as AES
(bottom) for various temperatures for devices A (blue) and B (red). d, ocxp measured at T < 10 mK (top) and T = 1.6 K (bottom) as a function of
AE® for all measured devices. Devices with (without) a stacking domain wall within the channel are shown with open (solid) squares. Device A
(B) is shown in blue (red).

A first possible cause for the observed distribution of ocyp and even the formation of new stacking boundaries during
could be uncontrollable variations in sample fabrication. Such current annealing resulting in a ﬁnite or vanishing conductance
fluctuations of process contaminants are, however, very at the CNP has been reported To clarify the behavior of
unlikely since we processed all our devices in the same way. stacking DWs under processing and device cleaning, we have
Moreover, we have even found different types of gate conducted a set of test measurements. Since near-field
dependency when measuring two neighboring contact pairs microscopy is impossible to conduct for our dually gated

sharing the same flake, while we have identified similar
behavior for two independently processed flakes. A second
possible explanation could be the presence of uniaxial strain.
However, strain neither opens a spontaneous gap8 nor
broadens quantum Hall transitions. In fact, to apply substantial
uniaxial strain, a special effort is often needed,** which is not
our current case. A third possible reason could be the presence
of structural DWs. Such DWs have previously been held
responsible for unusual conduction behavior close to the
CNP.* Our experiments, however, demonstrate that DWs are
not the cause for suppressing the interaction-driven insulating
ground state, since the two devices with DWs show an

devices, the tests were made on BLG flakes on a substrate
without a top gate. At first, we examined the stability of
stacking DWs during the fabrication of contacts: in contrast to
multilayer graphene,®® they appeared stable and immobile in
BLG during processing, verified by their presence prior to and
after processing (see Figure SS). This observation is consistent
with the prediction that AB and BA stackings are energetically
equivalent™ and consequently—unlike DWs between ABC
and ABA stacks***’—there should be no driving force for DW
movement by the strain induced during processing. Second,
contacted flakes with stacking DWs between the contacts were

intermediate strong LAF state, which is consistent with recent annealed at large currents and reinvestigated subsequently with
experiments revealing that even in the extreme case when a near-field microscopy (see Figure S6). We did not observe any
stacking DW directly connects the contacts, the LAF state can systematic movement of the stacking DWs or any development
still be present.’’ The arguments hold only with the of new ones. We conclude that current annealing and
assumption that the DWs remain stable and do not move processing do not create, remove, or move stacking DWs
during current annealing. Recent literature, however, showed systematically. The observed stability implies that two of the
that such stacking DWs can be mobile at high temperatures,”* investigated devices did indeed have a DW each, which neither
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Figure 3. Role of disorder and annealing on the emergence of the gapped LAF ground state in bilayer graphene. a, AES and o¢yp at T < 10 mK
and T = 1.6 K as functions of the residual charge disorder shown for nine devices. b, AE*F as a function of the maximum current density J,,.., applied
during the current annealing procedure shown for nine devices. c, AE™" plotted versus the ratio of channel length and contact width of the
corresponding device. The schematics in the bottom illustrate the ratio, with the contacts shown in yellow and the bilayer graphene flakes in green.

systematically alters the conductivity of the ground state nor
explains the observed continuous spectrum of behavior.

Another possible explanation could be the residual charge
disorder in BLG devices. It is often assumed that disorder can
be removed via current annealing to a device-independent
minimum. Hence, we should be able to clean all devices such
that they have similarly low conductance. This is, however, at
odds with our experimental findings. Even though we can
identify that ocyp depends on the cleanliness of the device (i.e.,
the degree of current annealing) and can be changed by more
than 1 order of magnitude by further annealing, the overall
transport signature (ie., the monotonic or nonmonotonic
behavior of the E dependence of conductance that indicates
the absence or presence of the LAF state) does not change
once the CNP lies in the accessible V}, range (Figure S7). In
other words, the emergence of the spontaneously gapped
ground state is independent of the number of current
annealing cycles in our experiments. Moreover, in the cleanest
state accessible by current annealing (i.e., when a current
saturation is visible’®), AES” and 6cyp do not systematically
depend on the residual charge disorder across all devices,
which is in general very low in all ultraclean devices (Figure
3a). Therefore, residual charge disorder cannot be the cause,
and current annealing itself does not have any effect on the
overall transport signatures (Figure S7).

Nonetheless, the current density required to observe
saturation during annealing, J., varies significantly in the
range of 1.4—2.9 X 108 A cm™2 between devices. Moreover, the
strength of the spontaneously gapped state, AES, systemati-
cally depends on J,., (Figure 3b). Specifically, when a high
current density is needed for current saturation, the device
shows a weaker (or no) gapped ground state. Intriguingly,
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besides residual charge disorder, there is a different type of
disorder:*”*" Whereas charge fluctuations produce spatially
varying in-plane electric fields that lead to charge puddles,”
i.e,, residual charge disorder, charge imbalance between the
two layers creates spatially varying out-of-plane electric fields,
ie, electric field disorder.’”*° Moreover, the two types of
disorder are most likely uncorrelated.*

One may wonder from where the electric field disorder
originates and why it is not removed during annealing. During
the current annealing procedure, the heat generated by the
electric current leads to partial evaporation and redistribution
of contaminants to colder parts of the devices,”® which in our
experiments are the contacts. During fabrication the top layer
is exposed to a resist, whereas the bottom layer is in contact
with residues initially present on the SiO, surface. Hereby,
current annealing is more likely to redistribute contaminants
within each layer toward the contacts, instead of between the
two layers, and we expect the electric field disorder to depend
on the device geometry. This hypothesis is ready to be tested
by our large number of devices with varying geometries.
Indeed, AE® scales with the ratio of channel length to contact
width, as shown in Figure 3c. Evidently, the shorter the
graphene channel and/or the wider the contacts, the less
effective the current annealing procedure, i.e., the more current
is needed to minimize residual charge disorder, and the more
electric field disorder is present. Specifically, devices with
shorter channels exhibit higher shares of contaminated regions
near the contacts compared to devices with longer channels.
Moreover, the contacts act as heat sinks,® and their widths
determine the cooling effectiveness during current annealing,
i.e, the wider the contacts the more likely the movement of
contaminations toward them. Hence, electric field disorder is

https://doi.org/10.1021/acs.nanolett.2c02119
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Figure 4. Phase transition between broken-symmetry quantum Hall states and distinct = 0 states in bilayer graphene. a, Maps of conductance as a
function of E and n at B = 3 T for devices A and B. b, Line traces of the conductance taken at B = 3 T and constant filling factors v = —1 and —2 as
a function of E for devices A (blue) and B (red). The width of the phase transition between v = —2 states of opposite layer polarization in electric
field (AE*="?) is indicated. c, Maps of conductance as a function of E and B at zero charge carrier density for devices A and B. The first-order phase
transition between the canted antiferromagnetic (CAF) and the fully layer polarized (FLP) states is characterized by a region with increased
conductance, indicated by the white arrows. d, Line traces across the v = 0 phase transition at negative electric fields for B = 1, 2, and 3 T shown for
devices A (blue) and B (red). The width of the v = 0 phase transition at negative electric fields AE*™ is indicated for B=2 T.e, AE*" ?atB=3T
as a function of AES" shown for several devices. Devices with (without) a stacking domain wall within the channel are shown with open (closed)
squares. Device A (B) is shown in blue (red). f, AE*™® at B = 2 T as a function of AES" shown for several devices.

primarily present in devices with short channels and wide
contacts. Its presence allows for the formation of domains of
competing spontaneously gapped states other than a uniform
LAF state’® within a device. Spontaneous DWs separating
these domains are known to carry gapless edge modes.”® These
can explain the observation of finite Gcyp and small AEF,
An estimate of the upper bound of the electric field disorder
that completely suppresses the LAF state can be half of AES® in
the cleanest device, namely, ~25 mV nm™". This corresponds

to a charge imbalance of about 1.4 X 10" cm™ in device B,
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which is surprisingly large given that the charge disorder is an
order of magnitude smaller (Figure 3a). However, the critical
disorder strength could be much weaker, as the domain walls
between LAF/FLP states are expected to proliferate at the
critical point (just like at the critical temperature®®). Moreover,
the two types of disorder are uncorrelated.*”

To find more proof of electric field disorder, we have
conducted magneto-transport measurements, since the for-
mation of domains is expected to impact transitions between
broken-symmetry quantum Hall states.”” The conductance as a

https://doi.org/10.1021/acs.nanolett.2c02119
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function of n and E at B = 3 T for devices A and B are shown
in Figure 4a (see Figure S8 for data at 1.5 T). Although both
devices show the full splitting of the lowest Landau level octet,
major differences in the appearance of the v = +1 and +2
states arise. In particular, transitions to the layer polarized v =
+1 and +2 states around zero electric field can be identified as
regions of increased conductance (see Figure 4ab), as
observed previously.”*'”*! In general, if electric field disorder
is strong, around zero electric field, domains of states with
opposite layer polarization can be present. Moreover, DWs
separatin% these domains can host one-dimensional conducting
states,”° increasing the conductance. Whereas the transition
regions are narrow in electric field in device A, in device B they
are drastically extended and feature enhanced conductance,
consistent with many domains and consequently a network of
conducting DW states present. Generally, the more domains of
states with different layer polarization within a device occur,
the more DW states contribute to the charge transport and the
more electric field that is needed to uniformly favor a layer-
polarized state. On a broader basis, we take the extent of the
region of increased conductance in electric field for the v = —2
state (AE*""%) as an indication for the density of conductive
DWs and plot it as a function of the width of the LAF ground
state in the electric field AE®" for several devices (Figure 4e).
Systematically, the devices with larger AE*="> also have weaker
LAF states at B = 0, consistent with the relevance of the
electric field disorder with a concomitant formation of domains
in both states. This correlation further corroborates our
findings and their explanation at zero magnetic field. Worth
mentioning is that these phase-transition regions vanish for
very high magnetic fields, since additional layer-balanced, spin-
polarized v = +1, + 2 states emerge around zero electric
field.'”'*

Finally, we turn to another electric-field induced quantum
phase transition between two v = 0 states,’ the canted
antiferromagnetic (CAF) phase at low electric fields and the
fully layer polarized (FLP) phase at high electric fields.
Conductance maps as functions of the applied electric and
magnetic fields at zero density are shown for devices A and B
in Figure 4c. We find the two v = 0 insulating states separated
by a region with increased conductance, as reported in the
literature.”*" This first order phase transition has a slope in
the E—B plane. By taking line traces along negative E at specific
B (Figure 4d), one can clearly reveal differences between
device A, which displays a sharper transition, and device B,
where the phase transition not only has a higher conductance
but also extends over a wider range of electric field AE*=.
Although a recent study attributed the broad transition to the
emergence of a new phase,”’ our data is consistent with the
presence of electric field disorder causing the formation of
multiple domains of CAF and FLP phases in the transition
region.'> DWs separating the layer unpolarized CAF and the
FLP states host one-dimensional conducting states”>** and
consequently cause an increase in conductance at the
transition. The step-like features likely indicate the switching
of individual domains (Figure 4d). To correlate this
observation with the strength of the spontaneously gapped
ground state at B = 0 (i.e., the LAF state), we plot the width of
the v = 0 transition at negative electric field AE™ at B=2 T
versus AE®" for six devices (Figure 4f). Again, devices with a
more pronounced spontaneous gap at B = 0 also exhibit a
narrower transition between the two v = 0 states, consistent
with the detrimental impact of the electric field disorder.
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B OUTLOOK

Having identified the electric field disorder as the source for
creating domains of different spontaneously gapped ground
states at zero magnetic field and broadening the electric field-
induced phase transitions both at zero magnetic field and in
the quantum Hall ferromagnetic regime in BLG poses
interesting questions for future investigations. How can one
fabricate noninvasive contacts in suspended devices beyond
the existing four-terminal ones?*” How does the electric field
disorder impact the thermal proliferation of spontaneous
DWs™ in suspended devices? How does the electric field
disorder address the interplay between trigonal warping and
Coulomb interaction and the resulting cascade of correlated
phases, including fractional metals'>™** and Wigner crys-
tals?'® Finally, we note that the existence of electric field
disorder should be universal to all 2D materials, and its unique
impacts await exploration.
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