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We investigate Josephson coupling in a closely spaced quantum Hall bilayer. Reduction of the interlayer
barrier from the widely used values of 10—12 nm to the present one of 8 nm leads to qualitatively different
interlayer transport properties. The breakdown of interlayer coherence can be spatially confined in regions
that are smaller than the device size. Such a spatial inhomogeneity depends crucially on the Josephson-
coupling strength and can be removed by adding an in-plane magnetic field of about 0.5 T. At higher
in-plane fields, the interlayer tunneling /-V curve develops unexpected overshoot features. These results
challenge current theoretical understanding and suggest that our bilayer system has entered a previously

unexplored regime.
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Double layer electronic systems receive lasting attention,
as their layer degree of freedom helps engender novel
quantum phenomena [1-7] and inspires new experimental
techniques [8—15]. One major focus of the research on
bilayers is the realization of an excitonic Bose-Einstein
condensate [2,16]. This condensate has been realized
in a GaAs double quantum well system under a strong
perpendicular magnetic field and is also predicted, but still
remains elusive, in bilayer graphene [17-20]. In a GaAs
bilayer system, when each layer is at a Landau level filling
of 1/2, electrons in one layer can pair up with vacant states,
i.e., holes in the opposite layer, provided that the layer
separation d becomes comparable to the magnetic length /5
(d/lg < 2). This pairing gives rise to an exciton conden-
sate. One key observation attesting to the formation of
such a condensate was that of Josephson-like interlayer
tunneling [3,21-23]. A dramatically enhanced interlayer
conductance occurred at around zero bias. Once exceeding
a critical current, the interlayer coherence breaks down and
incoherent tunneling becomes dominant.

In earlier studies, the interlayer critical current reached
only values on the order of tens of picoamperes. However,
by slightly reducing the interlayer barrier (from b = 12 nm
to b = 10 nm) or increasing the subband splitting energy
Agas (by a factor of 10), the critical current was greatly
enhanced [24]. This enhancement has led to a number of
intriguing observations [3,5]. It has also prompted further
theoretical investigations [25-27]. Of special interest is the
indication that, with an ever reducing interlayer barrier,
the coherent tunneling may eventually transit to a different
regime—the strong tunneling regime where novel phenom-
ena are expected. Hyart and Rosenow [24] predicted that
the transition occurs when the conductance of an indepen-
dent domain becomes comparable to the conductance
quantum e?/h. On the other hand, Sodemann et al. [25]
used a different approach and predicted that the threshold
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is related to a characteristic length 1 < 1/Agas. The simple
summation of nonlocal Josephson currents, which was
experimentally observed [5,28], may be violated as A
becomes smaller than the typical sample size. The thinnest
bilayer samples (b =8 nm) we addressed in previous
works [29] may have already fallen into this category.
The interlayer transport in the strong tunneling regime
distinguishes itself by involving the breakdown process of
the quantum Hall state.

Here, we report unusual interlayer transport properties
observed in the quantum Hall bilayer with a barrier
thickness of 8 nm. A specially designed contact geometry
is employed to probe the interlayer voltages at different
positions of the bilayer. The bilayer can be driven into
spatial separation of coherent and incoherent regions. The
sensitive dependence of this phenomenon on interlayer
tunneling strength is verified by applying an in-plane
magnetic field By, which recovers the bilayer back to a
uniform system at about 0.5 T. At higher in-plane fields
(By =23 T), the Josephson current exhibits a gradual
decrease and the interlayer /-V acquires a sharp peak
around zero bias. These behaviors deviate from present
theoretical expectations and call for further investigations
on the bilayer in the strongly coupled regime.

The bilayer studied here consists of two 19 nm
wide GaAs quantum wells separated by an 8 nm thick
AlAs/GaAs superlattice barrier. Each quantum well hosts
electrons with a density of around 4 x 10! cm™? and a
mobility of 5 x 10° cm?/Vs. The electron density in each
layer can be tuned with the help of a front and a back gate.
The device is operated in the balanced regime with the
same electron densities in each layer: between 2.2 and
3.2 x 10'% cm™. Figure 1(a) schematically illustrates our
specially designed Hall bar. The central region, controlled
by the density tuning front and back gates, in which the
Vot = | state would occur is contacted at six positions.
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At each position, the contacting arm has a Y-shaped
bifurcation [4,30]. Applying negative voltages to the small
gates crossing either one of the branches, one selectively
depletes the layers [31]. Each branch thus contacts a
different layer. Tunneling current can then be injected to
the v, = 1 region of the top layer and can be withdrawn
from the bottom layer at vertically overlapping positions
(for example, 1 — bl). If this pair of contacts is used for
voltage sensing, the interlayer voltage can be measured
without a possible contribution from the intralayer trans-
port. The sample was mounted on a platform in a *He/*He
dilution refrigerator (base temperature < 20 mK) that can
be rotated in situ with an external motor. dc measurements
were carried out in a four-terminal configuration at the
center of the v, = 1 quantum Hall plateau. An in-plane
magnetic field component (B)) was introduced by rotating
the sample while keeping the field component normal to the
sample plane (B ) fixed.

The thin-barrier bilayer exhibits an interlayer /-V at
By =0T that reflects the quantum Hall breakdown. The
involvement of such a breakdown process can be appre-
ciated from the close similarity between the interlayer /-V
curve and the pure intralayer I;, — V;, curve, which is
captured in Fig. 1(b). Two interlayer /-V characteristics are
shown here. They are obtained by passing an interlayer
current through one end of the Hall bar (16 — b6) and
measuring voltages at two different pairs of contacts (V:
t1 — bl and V,: 12-b2). The I,,-V;, curve is obtained by
flowing current solely in the bottom layer and measuring
the voltage across the same layer ([;,: b6 — b3, V,.:
b1-b2). All three curves display a vertical increase of
current around zero bias and the same bending where the

voltage starts to increase rapidly. This bending signals the
breakdown of the quantum Hall state as the intralayer
voltage suddenly rises. However, the breakdown process in
the bilayer is distinctly different from the single layer case.
The same evolution seen in the /¢-V; and I4-V, curves
reflects this nontrivial nature. For a trivial resistor network,
as shown in the inset to Fig. 1(b), the current would
concentrate on one side (node 1) and only a small fraction
of the current could reach node N. The net current in the
region probed by the voltmeter V,(see Fig. 1(b) top) should
be larger than the one close to the voltmeter V,. With an
increasing interlayer current, the region probed by the
voltmeter V;should break down first. The I4-V, curve
would then show bending at a higher current.

The expected difference in the two interlayer /-V curves
seems to be confirmed once we reduce the effective layer
spacing, d/lg, slightly (from d/lz = 1.71 to d/1z = 1.56).
Figure 1(c) shows that the tunneling characteristic of the
Is-V, curve now behaves strikingly different from the
I¢-V4 one. This contrast is, however, greater than what is
expected from the simple resistor network. Instead of just
displaying a higher breakdown current, the /¢-V, curve
displays no obvious bending up to five times the break-
down current shown by the I¢-V; curve. By placing
the source and drain on the opposite end (I: 13 — b3),
the two interlayer transport curves switch roles [Fig. 1(d)];
i.e., the 13-V curve becomes almost vertical instead. (The
negative slope in the I3-V| curve may arise from the area
not controlled by the front and back gates [32].) The same
dichotomy is obtained by choosing voltage sensing con-
tacts on the opposite side of the Hall bar (¢5-b5 and 14-b4),
reversing the polarity of the B field or exchanging the
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FIG. 1.

(a) Sketch of the bilayer device. The v, = 1 state forms in the central area. Contacts on the top (bottom) layer are marked as

t1-16 (b1-b6). (b)—(d) (Upper panels) Illustrated representations of the voltage distribution corresponding to different measurement
configurations. (Lower panels) Tunneling /-V characteristics and intralayer /-V obtained at d/lz = 1.56 and d/Iz = 1.71, respectively.
The interlayer voltage V| (V,) was measured between ¢1 (2) and b1 (b2), while I flows from 16 — b6 in (b),(c) and I5: 13 — b3 in (d).
The intralayer voltage V;, was measured between b1 and b2 with [;,,;: b6 — b3. The inset in (b) shows a resistor network with the vertical
(horizontal) resistors representing the interlayer (intralayer) resistance components.
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source and the drain with a pair of voltage probes (76,
b6<>t1, bl). An illustrated representation of this spatial
dependence is shown in the upper panels of Figs. 1(c)
and 1(d). The color shaded sections represent regions
where large interlayer voltages can build up after reaching
the critical current. The white region remains coherent as
there is no interlayer voltage. In addition, a careful
comparison between the I¢-V| and I5-V, curves in
Fig. 1(d) reveals that the magnitude of the critical current
varies, reflecting the local nature of the breakdown process.

The collective nature of the quantum Hall bilayer is
essential for understanding the nonlocal [Fig. 1(b)] to local
[Fig. 1(c)] transition of the breakdown process. In our
experimental configuration, injecting an electron into one
layer is accompanied by withdrawing another one from the
opposite layer at vertically the same position. The latter
process is equivalent to the injection of a hole. Together
with the electron in the first layer, excitons, which are
neutral, propagate into the bilayer without dissipation
[shown in Figs. 1(b) and 1(c)]. Only when the exciton
current becomes too large does the dissipative process
set in and the exciton condensate break down [6,29]. By
adopting this exciton injection picture, we interpret the
strong position dependence shown in Figs. 1(c) and 1(d) as
evidence of the formation of exciton domains. Because of
the strongly enhanced interlayer coupling, excitons may get
confined in domains that are smaller than the sample. The
I¢-V curve in Fig. 1(c) therefore represents transport in
one such domain. Breakdown of the interlayer coherence
is confined in this domain and the region probed by V, is
unaffected. The transition of the situation from Fig. 1(c) to
Fig. 1(b) can then be understood as an evolution from a
scenario of multidomains to the situation of a single domain
when the effective interlayer spacing (d/[y) increases.

In order to continuously tune the interlayer tunneling
strength, we introduce an in-plane B field (B)). Previous
experiments [33] have demonstrated the suppression of
the Josephson current by one order of magnitude when
applying B = 0.5 T. Calculations [24] have explained this
by assuming a coherence network with a typical impurity

related length scale of much less than 1 ym [34,35] in
which the Josephson current is suppressed. The domains
seen in the data of Fig. 1 are much larger than this and must
therefore have a different origin. We adopt the character-
istic length A proposed by Sodemann et al. [25]. They
suggest that a domain has a typical length of 0.1 to 1 mm,
comparable to the sample size. This length scale increases
when reducing the interlayer coupling. For our bilayer with
spatially nonuniform transport, a transition to a uniform
regime is anticipated by enlarging the domain size. This
could be achieved by applying By. Figure 2 displays just
such a transition. The /-V curves are measured using the
same configuration as for the data in Fig. 1(c). At
B = 0.21 T, the I¢-V, curve starts to exhibit shoulders
at certain currents (marked as £/, ). Still, the shoulders
indicate a much larger critical current than the /4-V| curve
does. The difference gets smaller by going to By = 0.37 T
[Fig. 2(b)] and vanishes at B above 0.6 T [Figs. 2(c)
and 2(d)]. Again, this tuning is remarkable and speaks
against a trivial explanation. In a simple resistor network,
tuning the ratio between the inter- and intralayer resistances
[inset to Fig. 1(b)] would never remove the difference
between currents at V; and V. It is worth pointing out that,
unlike the situation in Fig. 1(b), the two overlapping
interlayer /-V curves in Fig. 2(c) are fully enveloped by
the intralayer data. The Josephson current is now decoupled
from the quantum Hall breakdown.

Because of the involvement of quantum Hall breakdown,
the Josephson-coupling strength cannot be directly calcu-
lated from the critical current at By = 0 T. We employ the
formula developed by Hyart and Rosenow (H-R) to
estimate this coupling strength [36]. For bilayers with
thicker barriers, the theoretically prescribed /.-B) curve
can quantitatively reproduce the experimental results. The
empty triangles in Fig. 3(a) are experimentally determined
critical currents from another bilayer with a barrier thick-
ness of b = 10 nm. The dotted curve is a calculation which
reproduces the fast decay process. The bilayer used here
(b = 8 nm) is in the strong tunneling regime that may not
be fully captured by the H-R theory. However, interlayer
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(a)—(c) Tunneling I-V characteristics and intralayer /-V obtained at different B)’s. The d /1 ratio is 1.56. (d) Critical currents
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FIG. 3. (a) Critical currents as a function of B. Here I, .. is the Josephson critical current, /;, . is the intralayer critical current. Filled

triangles indicate an incoherent tunneling current at 200 xV. Empty triangles show the Josephson critical current from another bilayer
with a thicker barrier (b = 10 nm). Solid lines are a guide for the eye. The dashed and dotted lines represent the theoretically expected
Josephson current as a function of Bj. Parameters (see Ref. [36]) used are (dashed and dash-dotted lines) 7, = 33 nA, V( = 100 uV,
a=0.01, d =27 nm, £ =150 nm for the dashed and &£ = 100 nm for the dash-dotted line, and (dotted line) I, = 0.44 nA,
Vo =100 4V, a=0.01, d =29 nm, & =150 nm. (b) Interlayer Josephson tunneling at d/lz = 1.56 for various B values.
(c) Interlayer Josephson tunneling at large in-plane B fields obtained for three d/lp ratios (By =43 T for d/lp = 1.40 and

dfly = 1.71; By =42 T for d/Iy = 1.56).

coupling at a large B should be suppressed to the level that
the perturbative treatment of H-R theory is still valid. The
calculated I.-B) relation is shown as the dashed and dash-
dotted curves. We have adjusted the parameters (mainly 7,
and the coherent length & in Ref. [36]) such that
the curves fit to our data in the regime not governed by
the quantum Hall breakdown. Two calculated /.-B curves
with different coherence lengths (£ = 150 nm for the
dashed curve and 100 nm for the dash-dotted curve)
are shown in Fig. 3(a). They overlap partially with the
data points in the range either from 0.6 to about 2 T or
above 3 T. The experimental data have a more compli-
cated evolution as a function of By. Nevertheless, the
theoretical fittings all point to an interlayer conductance
at zero bias of around 1700 e*/h for By =0T A6 um-
sized domain, which is much smaller than our sample,
already has conductance of e”/h. It confirms that our
bilayer is in the strong tunneling regime where the theory
is not fully developed [24].

In addition to the quantitative difference between experi-
ment and theory shown in Fig. 3(a), we observed a
qualitative change of the /-V curves. Figure 3(b) shows
that the /-V curves have rounded steps around zero bias at
intermediate in-plane B fields but exhibit a small peak at
around 10 uV once exceeding B ~ 3 T. This sharp feature
becomes more apparent as the system is tuned deeper into
the coherent phase [indicated by arrows in Fig. 3(c)]. The
emergence of the peaks is accompanied by a rapid drop of
the slope at large bias, indicating a severely suppressed
incoherent tunneling. For a quantitative comparison, we
ascribe the interlayer current measured at 200 x4V to the

incoherent tunneling. The coherent Josephson process

contributes little at this large bias. Filled triangles in
Fig. 3(a) represent the incoherent tunneling current (/%)
as a function of B). Clearly, I drops faster with an
increasing By than [, does for By > 2 T. We therefore
mark the B-field ranges in Fig. 3(a) as strong and weak
incoherent regimes, respectively. The small peaks in the
I-V curves may already be present at intermediate fields
but are masked by the incoherent tunneling. The persist-
ence of the small peaks up to strong in-plane fields remains
puzzling. Previous experiments on bilayers with thicker
barriers reported that the sharp features vanish once B
exceeds about 0.5 T [37]. Transport properties in a strongly
coupled bilayer seem to be qualitatively different from the
ones in bilayers with thicker barriers.

To summarize, a quantum Hall bilayer with a drastically
reduced interlayer distance hosts signatures of domain
formation predicted by theory. The domain size crucially
depends on the interlayer coupling strength. Uniform
interlayer transport is retained by either increasing the
effective interlayer spacing (the d/lp ratio) or applying a
small in-plane magnetic field (> 0.5 T). We obtain the
evolution of interlayer transport over an extended range of
in-plane magnetic fields (0-5.3 T). Data at high B’s call
for further theoretical development of the quantum Hall
bilayer in the strong tunneling regime.
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