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We study the Josephson-like interlayer tunneling signature of the strongly correlated �T � 1 quantum
Hall phase in bilayer two-dimensional electron systems as a function of the layer separation, temperature,
and interlayer charge imbalance. Our results offer strong evidence that a finite temperature phase
transition separates the interlayer coherent phase from incoherent phases which lack strong interlayer
correlations. The transition temperature is dependent on both the layer spacing and charge imbalance
between the layers.
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Bilayer two-dimensional electron systems (2DES) at
high magnetic fields can exhibit drastically different quan-
tum collective phases depending on whether their inter-
layer spacing is large or small. When the spacing is large,
the two layers act independently and display the familiar
fractional quantum Hall and related effects. Conversely, at
small interlayer separation, bilayer collective phases with
no single layer analog appear [1].

An especially interesting example of this occurs when
the total density nT of electrons in the bilayer equals the
degeneracy eB=h of a single spin-resolved Landau level
created by the magnetic field B. In this situation, the total
Landau level filling factor is �T � nT=�eB=h� � 1. If the
spacing between the two layers is small, the 2DES is a
gapped quantum Hall effect (QHE) liquid [1] with several
very unusual properties, including Josephson-like inter-
layer tunneling [2] and vanishing Hall and longitudinal
resistances [3–5] when currents are driven in opposition
(counterflow) in the two layers. For layer spacings larger
than a critical value, the system properties revert to those
characteristic of independent layers. Interlayer tunneling is
heavily suppressed, no anomalous counterflow transport
properties are observed, and, for equal density layers (i.e.,
with individual filling factors �top � �bot � 1=2), there is
no quantized Hall effect.

There now exists a large theoretical literature dealing
with the strongly correlated bilayer �T � 1 QHE phase at
small layer separation. It is widely believed that the system
is well described as an easy-plane ferromagnet with the
layer index (‘‘top’’ or ‘‘bottom’’) of the electrons regarded
as a pseudospin quantum number (‘‘up’’ or ‘‘down’’).
Exchange interactions favor a configuration in which all
electrons occupy a single coherent linear combination of
up and down pseudospin states. Interlayer charging effects
favor equal amplitudes of the two states and thus the net
pseudospin moment lies near the x-y plane. In the limit of
zero tunneling, the transition to this coherent state is be-
lieved to be spontaneous. At the qualitative level, this
picture accounts well for many of the most dramatic ex-
perimental observations, including the existence of the

QHE [1] in weakly tunneling samples, the strong many-
body enhancement of the tunneling at zero bias [2], the
presence of a linearly dispersing collective mode [6], and
the peculiar counterflow transport properties [3–5].
Quantitatively, the situation is less impressive. For ex-
ample, neither the persistence of the zero bias tunneling
peak to significant in-plane magnetic fields [6] nor the
unexpected temperature dependence of the resistivity in
counterflow [3–5] are understood.

Both experiment and theory strongly suggest that the
coherent QHE phase at small layer spacing and the inco-
herent phase at large spacing are separated by a phase
transition. Nevertheless, the nature of that transition re-
mains unclear. Early theoretical work invoked a continuous
quantum phase transition to the ferromagnetic state at zero
temperature and a Kosterlitz-Thouless transition at finite
temperatures [7,8]. However, the possibility that the phase
transition is in fact weakly first order cannot be ruled out,
and some numerical evidence for this has been reported
[9]. While experiments typically show a continuous, if
rapid, transition between the two phases, it is possible
that disorder (e.g., static density fluctuations) might
smooth out weakly discontinuous observables via phase
separation near the critical point. This scenario has been
invoked [10] to explain recent Coulomb drag experiments
[11] and is also consistent with recent spin polarization
measurements [12,13]. That the drag results have also been
found to be consistent with a continuous transition between
the two phases [14] highlights the uncertainty over the
nature of the critical point.

Here, we report the results of interlayer tunneling ex-
periments which shed new light on the nature of the phase
transition at �T � 1. We demonstrate that the dependence
of the zero bias interlayer tunneling peak on layer spacing
in the coherent phase allows for an accurate determination
of the critical layer spacing. Furthermore, we find that
while the critical layer spacing evolves smoothly with
temperature, the basic dependence of the tunneling on
layer spacing follows a single simple empirical formula,
independent of temperature over a wide range. These ob-
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servations constitute strong evidence that a temperature-
dependent phase transition separates the coherent and in-
coherent phases at �T � 1. We buttress this evidence with
additional tunneling data taken at �T � 1 but with unequal
densities in the two layers.

The sample used in this experiment contains two 18 nm
GaAs quantum wells separated by a 10 nm Al0:9Ga0:1As
barrier. Remote Si doping layers populate the ground sub-
band of each quantum well with a 2DES with nominal
density 5:5� 1010 cm�2 and low temperature mobility
1� 106 cm2=V s. The active region of the sample is a
square 250 �m on a side. Independent electrical contacts
to the individual layers allow measurement of the inter-
layer tunneling conductance dI=dV versus interlayer volt-
age V. The electron density in each layer is controllable via
electrostatic gating, and this allows study of the �T �
�top � �bot � 1 state at different effective layer separations
d=‘ [with d � 28 nm the center-to-center quantum well
separation and ‘ � �@=eB�1=2 the magnetic length at �T �
1] in both density balanced (�top � �bot) and imbalanced
(�top � �bot) configurations.

Figure 1 illustrates how the zero bias tunneling peak
develops as the coherent �T � 1 phase is entered. In
Fig. 1(a), tunneling conductance spectra (dI=dV vs V)
taken at T � 55 mK and various d=‘ are shown. At high
d=‘, the tunneling conductance at zero bias is very small,
being strongly suppressed by Coulomb blockade-like ef-
fects characteristic of single 2DES layers at high magnetic
field [15]. As d=‘ is reduced below a critical value (about
1.82 for the data shown), a sharply resonant enhancement
of the tunneling conductance appears at zero bias. This
peak grows rapidly as d=‘ is further reduced and soon
completely dominates the tunneling spectrum. This phe-
nomenon [2] has been interpreted as signaling a quantum
phase transition in the bilayer 2DES to a coherent state in

which many-body effects dominate. To within experimen-
tal accuracy, the onset of this peak coincides with the onset
of the in-plane transport features associated with the quan-
tized Hall effect in the same sample. We stress, however,
that tunneling is a much more sensitive probe of the onset
of the coherent state than bulk transport. Not only is the
tunneling feature sharp and readily distinguished from
background effects, but unlike transport, tunneling is a
local probe which does not require percolative transport
pathways for its detection.

The regime of strong zero bias tunneling can also be
entered by lowering T at fixed d=‘, provided the latter is
small enough. Figure 1(b) shows a series of tunneling
spectra taken at d=‘ � 1:71. At about T � 160 mK, a
small zero bias peak becomes detectable and proceeds to
grow rapidly as the temperature is reduced further. The
same basic behavior is observed for all d=‘ less than about
1.82. We find that at each effective layer separation, there is
a critical temperature above which the tunneling peak is
either absent or unobservably small.

The basic phenomenology of the zero bias tunneling
peak at �T � 1 is summarized in Fig. 2(a) where we plot
the zero bias tunneling conductance G�0� (i.e., dI=dV at
V � 0) versus d=‘ for several different temperatures, T
[16]. The shape of the G�0� vs d=‘ curves is qualitatively
the same at all T. The peak conductance rapidly collapses,
by up to 4 orders of magnitude, as d=‘ increases and
extrapolates to zero at a temperature-dependent critical
effective layer separation, �d=‘�c. Interestingly, the data
show no evidence of thermal smearing in the vicinity of
�d=‘�c; the same rapid rise of the tunneling conductance
below the critical layer separation is seen at all tempera-
tures studied.

To obtain a more quantitative comparison of the data at
different temperatures, we use an empirical fitting proce-
dure to extract the critical layer separation. The solid lines
in Fig. 2(a) are weighted power law fits of the form,G�0� �
K��d=‘�c � �d=‘��

p. Figure 2(b) shows that the empirical
exponent p is temperature independent at p 	 2:85. The
prefactor K changes by less than a factor of 2 between 55
and 250 mK. Figure 2(c) demonstrates that �d=‘�c falls
linearly with increasing temperature.

We stress that the power law fits just described are
empirical and not intended to represent scaling laws in
the usual sense of continuous phase transitions. Never-
theless, these fits allow us to make two new and important
conclusions about tunneling at �T � 1. First, the tempera-
ture independence of the fitted exponent p makes definite
our qualitative observation that the tunneling conductance
in the coherent �T � 1 phase has a universal dependence
on effective layer separation. Second, the fits allow a
consistent way to extract the critical layer separation
�d=‘�c and have thereby revealed the linear temperature
dependence of this important parameter.

The relatively large fitted exponent p 	 2:85 reflects the
fact that the tunneling conductance rises quite smoothly as
d=‘ is reduced below �d=‘�c. Indeed, we have found it
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FIG. 1. Tunneling conductance spectra dI=dV vs V at �T � 1.
Each trace ranges from �100 �V< V <�100 �V; origins are
displaced for clarity. (a) Dependence on effective interlayer
separation d=‘ at a fixed low temperature of 55 mK.
(b) Dependence on temperature at fixed d=‘ � 1:71.
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possible to obtain equally good fits to the data in Fig. 2(a)
using a function [17] which is singularly smooth at the
transition:G�0� � Ae�D=��d=‘�c�d=‘�

1=2
. For these fits, one of

which is shown with a dashed line in Fig. 2(a), we findD 	
2:75
 0:25, essentially independent of temperature. As
before, the critical effective layer separation �d=‘�c falls
linearly with increasing temperature although, as Fig. 2(c)
shows, the precise values are slightly larger than found
with the power law fits. Thus, this fitting function leads to
the same basic conclusions as the power law function.

The absence of obvious thermal smearing of the tran-
sition combined with the universal dependence of the
tunneling conductance on d=‘ and the steady shift of the
critical point �d=‘�c with temperature all suggest that the
bilayer 2DES at �T � 1 undergoes a true finite temperature
phase transition with Fig. 2(c) illustrating a linear relation-
ship between the critical layer separation �d=‘�c and the
critical temperature Tc.

Additional evidence in support of a finite temperature
phase transition is offered by the dependence of the tun-
neling conductance G�0� on layer density imbalance.
Figure 3(a) displaysG�0� at �T � �top � �bot � 1 and T �
55 mK as a function of the filling factor difference �� �
�top � �bot between the layers. For d=‘ & 1:71, G�0� ex-
hibits a maximum at balance (�top � �bot � 1=2) and
drops gently as imbalance is imposed. As d=‘ is increased,
the local maximum of G�0� at balance is replaced by a
minimum. Eventually, this minimum falls to zero at the
(previously defined) critical point �d=‘�c and, for a narrow
range of d=‘ > �d=‘�c, G�0� remains zero out to a finite
imbalances. This observation strongly suggests that the
phase boundary separating the coherent and incoherent
phases at �T � 1 moves to larger layer separation as im-
balance is imposed, a fact already appreciated [21]. What
is new here is that, as Fig. 3(b) demonstrates, this phe-
nomenology repeats itself at higher temperatures, only at
larger values of d=‘. This accurate repetition of the im-
balance dependence ofG�0� near the phase boundary as the
temperature is raised generalizes our earlier observations
on the d=‘ dependence of tunneling at balance. We suggest
that the linear relation between temperature and d=‘ shown
in Fig. 2(c) is but a 1D cut through a 2D surface which
defines the �T � 1 phase transition in d=‘� T ���
space.

In the most developed theoretical scenario, the low
energy dynamics of a bilayer 2DES at �T � 1 is approxi-
mated by a modified 2D XY model [1]. In this scenario, the
relationship [22] between a d-dimensional quantum sys-
tem at zero temperature and a classical (d� 1)-
dimensional system at a finite (pseudo-) temperature is
exploited in order to assert that the �T � 1 system under-
goes a quantum phase transition at T � 0 as the effective
layer separation d=‘ is reduced below a critical value. The
ordered state is ferromagnetic, with all electrons occupying
a specific equally weighted linear combination of the indi-
vidual layer eigenstates. In the absence of tunneling, this
transition is spontaneous.

At finite temperatures, a spontaneous transition to a
ferromagnetically ordered phase is no longer possible.
Instead, the system is anticipated to undergo a Kosterlitz-

FIG. 3. G�0� at �T � 1 vs �� in imbalanced bilayers at �T �
1 for various d=‘ at T � (a) 55 mK, (b) 200 mK. The solid lines
are guides to the eye.
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FIG. 2 (color online). (a) The conductance peak G�0� at zero
interlayer bias versus d=‘ for various T. The solid lines are fits to
the power law function G�0� � K��d=‘�c � �d=‘��

p. The dashed
line at T � 125 mK is a representative fit using the exponential
function G�0� � Ae�D=��d=‘�c�d=‘�

1=2
. (b) The exponents p ob-

tained from the power law fits to the data shown in (a) and other
similar data. (c) Phase boundary for the �T � 1 QH state. The
solid circles are the critical �d=‘�c obtained from the power law
fits while the open circles are obtained from the exponential
fitting function. The solid lines are linear fits to the phase
boundary.
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Thouless transition to a phase in which correlation func-
tions decay algebraically with distance, thus lacking long
range order. The KT transition temperature TKT is deter-
mined by the pseudospin stiffness �s at the transition
temperature: TKT � ��=2��s�TKT�. A rough estimate of
TKT follows from Hartree-Fock calculations of �s at T �
0 where, in limit of very small layer separation, �s;0 �
0:0249e2=�‘ [23]. The spin stiffness falls as d=‘ increases,
with quantum fluctuations forcing it to vanish altogether at
a zero temperature critical layer separation estimated to be
about �d=‘�c;0 � 1:8 for the parameters of the current
samples [9]. If, for simplicity, we assume that TKT falls
linearly from ��=2��s;0 to zero as d=‘ increases from zero
to 1.8, we find dTKT=d�d=‘� 	 �1:7
 0:1 K over the
range of d=‘ relevant here. This compares favorably with
the slope of dTc=d�d=‘� 	 �1:3 K implied by the experi-
mental data shown in Fig. 2(c).

The possibility that the transition we observe is the KT
transition is tempered by at least two facts. First, a true KT
transition is only expected in the unrealizable limit of zero
tunneling. However, since the estimated tunnel splitting in
our samples [2] is roughly 106 times smaller than the mean
Coulomb energy e2=�‘, the KT transition might be re-
placed by a virtually indistinguishable crossover. Second,
although recent experiments [3–5] have revealed ex-
tremely low dissipation in counterflow transport, the pre-
dicted [7,8,23] linear response superfluidity at �T � 1 has
so far failed to show up. Whether this completely elimi-
nates a KT-based explanation for the phase transition re-
ported here is not known.

Alternatively, the phase transition to the coherent �T �
1 state might be a first order one [9,10]. Assuming this, we
can attempt to understand the variation of the critical
temperature with effective layer separation via a free en-
ergy argument. For example, the simplest scenario for the
incoherent state at large d=‘ is two independent composite
fermion (CF) liquids. By analogy to an ordinary Fermi
liquid at zero magnetic field, a free energy of the formFi �
Ei;0 � �T

2 might then be assumed [24]. For the coherent
quantum Hall phase, the entropy at low T might plausibly
be dominated by the observed [6] linearly dispersing long-
wavelength 2D pseudospin waves, the charged excitations
being gapped out. In this case, the free energy would be
Fc � Ec;0 � �T

3. Close to the zero temperature critical
point [i.e., where Ei;0 � Ec;0 and �d=‘�c � �d=‘�c;0], the
CF entropy dominates, and transition temperature would
scale as Tc � ��Ei;0 � Ec;0�=��1=2. In order for this to agree
with our experimental observation that Tc scales linearly
with d=‘, the energy difference Ei;0 � Ec;0 would have to
scale quadratically with the ‘‘distance’’ j�d=‘�c;0 � d=‘j
from the zero temperature critical layer separation. We are
unaware of what mechanism might eliminate a simple
linear dependence of Ei;0 � Ec;0 on this quantity.

In summary, interlayer tunneling spectroscopy has been
used to map out the phase boundary between the interlayer
coherent �T � 1 bilayer quantum Hall phase and the in-
coherent states at larger layer separation as functions of
temperature and interlayer charge imbalance. Our data
offers strong evidence that a finite temperature phase tran-
sition is present in this system.
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