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The two-dimensional conducting gas (2DCG) that forms at the interface between LaAlO3 (LAO)
and SrTiO3 (STO) has been widely studied due to the multitude of in-situ tunable phenomena
that exist at the interface. Recently it has been shown that nearly every property of 2DEG that
forms at the interface of (111) oriented LAO/STO is strongly anisotropic with respect to in-plane
crystal direction. This in-plane rotational symmetry breaking points to the existence of an electronic
nematic phase at the interface that can be modified by an in-situ electrostatic back gate potential.
Here we show that the onset temperature of the anisotropy in the longitudinal resistance is T ≈
22 K, which does not match up with any known structural transition, and coincides with the onset
of anisotropy in the Hall response of the system. Furthermore, below 22K, charge transport is
activated in nature with different activation energies along the two in-plane crystal directions. Such
a response implies that the band edges along the two directions are different and provides further
evidence of an electronic nematic state at the interface.

Symmetry breaking is a fundamental concept in con-
densed matter physics whose presence often heralds new
phases of matter. For instance, the breaking of time
reversal symmetry is traditionally linked to magnetic
phases in a material, while the breaking of gauge symme-
try can lead to superfluidity/superconductivity. Nematic
phases are phases in which rotational symmetry is broken
while maintaining translational symmetry, and are tra-
ditionally associated with liquid crystals. Electronic ne-
matic states where the orthogonal in-plane crystal direc-
tions have different electronic properties have garnered a
great deal of attention after their discovery in Sr3Ru2O7,1

multiple iron based superconductors,2,3 and in the su-
perconducting state of CuBiSe.4,5 Here we demonstrate
the existence of an electronic nematic phase in the two-
dimensional carrier gas that forms at the (111) LaAlO3

(LAO)/SrTiO3 (STO) interface that onsets at low tem-
peratures, and is tunable by an electric field.

Over more than a decade, the two-dimensional con-
ducting gas that forms at the LAO/STO interface
has been intensively studied because of the variety of
properties that can be controlled through the applica-
tion of an in-situ electric field, including conductivity,
superconductivity,6–8 ferromagnetism,7–11 and the spin-
orbit interaction.12,13 Until recently, most of these studies
focused on the (001) orientation of the LAO/STO het-
erostructures, while the (110) and (111) orientations have
remained relatively unexplored. The (111) orientation of
the LAO/STO interface is especially interesting due to
the hexagonal symmetry of the titanium atoms at the

interface, shown schematically in Fig. 1(a). This config-
uration has been likened to a strongly correlated analogue
of graphene, and has been predicted to exhibit topo-
logical properties, unconventional superconductivity, as
well as nematic phases.14–17 Electric transport measure-
ments have shown that the (111) LAO/STO interface
exhibits many of the properties already seen in (001)
LAO/STO, including a coexistence of superconductivity
and magnetism.18–21 However, the feature that distin-
guishes the (111) interface from the (001) interface is the
strong anisotropy with respect to surface crystal direc-
tion seen in almost all properties, including conductiv-
ity, Hall effect, superconductivity, quantum capacitance
and longitudinal magnetoresistance.18–20 By measuring
the temperature dependence of the resistance and Hall
coefficient, we show here that this anisotropy may be a
signature of an electronic nematic transition that onsets
at low temperatures, far from any known structural tran-
sitions of the system.

Four 100 µm by 600 µm Hall bar devices were fabri-
cated on a substrate of (111) STO on which 20 monolay-
ers of LAO were deposited epitaxially via pulsed laser de-
position. The devices were oriented such that the lengths
of two Hall bars lay along the [1̄1̄2] surface crystal direc-
tion and the lengths of the other two devices lay along
the orthogonal [11̄0] crystal direction, as shown schemat-
ically in the inset of Fig. 1(b). All four devices on the
chip were measured and showed quantitatively similar
results. Here we present data from the two Hall bar de-
vices on which we have the most complete data. Details



2

 

R
⊡
	(
k
Ω
)

0

5

10

15

20

	

Vg	(V)

40 50 60 70 80 90 100

	

	[112]

	[110]

Ti 1

Ti 2

Ti3

O
[1

1̄
0
]

[1̄1̄2]

[1
11

]

[11̄0]

(a)

(b)

I VL

VH

VL

VH

[1̄1̄2]

[1
1̄0

]

I

T=4.4K

[1̄1̄2]

FIG. 1. a) Schematic representation of the first three mono-
layers at the LAO/STO interface with the [1̄1̄2] and [11̄0]
labeled. The red atoms represent the oxygen and blue atom
titanium. The titanium atoms are further labeled Ti 1/2/3
to indicate their distance away from the interface, with Ti 1
being at the interface. (b) Averaged R� vs Vg for the [1̄1̄2]/
[11̄0] in red/black measured simultaneously at 4.4 K. The in-
set shows a schematic of the device configuration on each
measured LAO/STO sample.

of film synthesis and device fabrication can be found in
earlier papers.18,19 To remind the reader of the striking
anisotropy seen in these (111) LAO/STO heterostruc-
tures, Fig. 1(b) shows the longitudinal sheet resistance
R� as a function of the applied back gate voltage Vg,
measured along the two crystal directions at 4.4 K. In
order to avoid the irreversible effects sometimes observed
by other groups,22 we always saturate the gate voltage to
most positive values and then sweep to more negative Vg.
As is seen in almost all LAO/STO structures, after this
procedure the resistance is a hysteretic but reproducible
function of Vg due to the glassiness of the system at low
temperatures, hence the traces in Fig. 1(b) are the aver-
ages of the up and down gate voltage sweeps, represent-
ing the long time-scale behavior of the system. At large
positive gate voltages, the resistances along both direc-
tions are the same, but as Vg is reduced, they begin to
diverge, and by Vg= 45 V, the resistance along the [11̄0]

direction is 5 times the resistance along the [1̄1̄2] direc-
tion. In an earlier study,19 we showed that the number of
oxygen vacancies in the sample influences the amount of
anisotropy: the smaller the number of oxygen vacancies,
the greater the anisotropy, and the higher the gate volt-
age at which the anisotropy turns on. In comparison to
samples in previous studies, the relatively large positive
Vg at which the anisotropy turns on, the low resistivity
at large positive Vg, and the sharp increase in resistance
with decreasing Vg below Vg ∼ 70 V seen in the present
study indicates that these samples, in addition to having
a small density of oxygen vacancies, also have a smaller
amount of disorder, so that the effects that we observe
arise primarily from the intrinsic band structure rather
than defects. Another consequence of the lower disorder
is that for Vg < 35 V, R� > 300 kΩ/� along the [11̄0] di-
rection, so that the full resistance of the sample is larger
than we can measure.19

STO is well-known to have a structural transition
from a cubic to tetragonal crystal structure at around
∼105 K:23 previous studies have reported evidence
of anisotropy associated with this transition in (001)
LAO/STO.24,25 The direction of this anisotropy is ran-
dom, as the system breaks up into tetragonal domains
with randomly oriented c-axes.24. There is evidence
that the domain structure survives cycling to room tem-
perature, but is still random from one device to the
next.25 In contrast, the anisotropy we observe in the
(111) LAO/STO devices is systematic across multiple
cooldowns of the same sample and across tens of differ-
ent samples: the resistance measured along the [11̄0] is
always larger than the resistance along the [1̄1̄2] direc-
tion at lower values of Vg, and this difference grows as
Vg is reduced.18,19 At first glance the strong anisotropy
is not unexpected, considering that the ARPES response
shows different heavy masses along the [11̄0] and [1̄1̄2]
directions.26 However, as we have discussed in our pre-
vious work,18,19 the transport properties depend on the
symmetry of the conductivity matrix at the interface.
In this case, the Ti atoms at the interface have trig-
onal symmetry,26,27 so that the conductivity matrix is
isotropic,28 and thus there should be no anisotropy.18,19

In addition, as reported previously, the anisotropy in re-
sistance is not observed at room temperature or at 77 K,
ruling out the possibility that it is associated with the
structural transition at ∼105 K.18

In order to determine the temperature at which the
anisotropy onsets, we have measured the resistance of
the Hall bars along the two mutually perpendicular direc-
tions as a function of temperature, at different values of
gate voltage in the range 50 V ≤ Vg ≤ 70 V. Each R� vs
T measurement was taken slowly enough so that the heat-
ing and cooling traces retraced, thus ensuring the sample
was in equilibrium with the thermometer throughout the
measurement. These data are shown in Fig. 2(a). At
temperatures above ∼ 22 K, there is no difference in re-
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FIG. 2. (a) R� vs T for the [1̄1̄2]/ [11̄0] directions in red/black
measured simultaneously at Vg=50 V. Measurable anisotropy
can be seen below ∼ 22 K. (b) R� vs 1/T for Vg=50V and 55V
superimposed with fits to activated behavior as described in
the text. (c) Plots of the extracted activation temperatures Ta

vs Vg for the [1̄1̄2]/ [11̄0] directions in red/black respectively.

sistance between the two crystal directions. As the tem-
perature is reduced below 22 K, the resistances of the Hall
bars along the two directions begin to differ, the differ-
ence growing with decreasing temperature. As one might

expect from Fig. 1(a), the anisotropy divergence is more
pronounced as Vg decreases. From Fig. 2(a), it appears
that the temperature at which the anisotropy manifests
itself changes with Vg; however, analysis at higher res-
olution (not shown) indicates that the temperature at
which the anisotropy onsets is approximately the same
(∼ 22 K) for all the gate voltages shown. Consequently,
there appears to be a characteristic temperature, Tnem,
well below the structural transition temperature of STO,
that marks the onset of nematicity in this system.

Surprisingly, at temperatures T < Tnem, for Vg < 60
V, the resistance shows an activated temperature depen-
dence. Figure 2(b) shows the resistances for the two
directions for Vg=50 V and Vg=55 V on a logarithmic
scale as a function of 1/T , along with fits to the function
R� ∼ eTA/T (only two gate voltages are shown for clar-
ity). As can be seen, the activated form describes the low
temperature behavior of the resistance remarkably well
(the fits are similar for the other gate voltages shown in
Fig. 2(a)). Figure 2(c) shows the resulting activation
temperatures TA obtained from the fits as a function of
Vg. As expected, the activation temperatures for the two
directions are different, but what this plot clearly shows
is that the activated behavior for these devices turns on
only below Vg ∼ 60 V.

Similar in-plane anisotropy has been observed in
a variety of bulk materials such as Sr3Ru2O7,1 iron
based superconductors like Ba(Fe1−xCox)2As2,2,3,29 as
well as two-dimensional electron gases, specifically
GaAs/AlxGa1−xAs heterojunctions.30 In the last ex-
ample, the anisotropy arises from the emergence of a
striped charge density wave in the ν = 9/2 state, and
can exhibit a difference of resistance of up to a fac-
tor of 15. In the case of iron based superconduc-
tors like Ba(Fe1−xCox)2As2, this anisotropy is driven
by a combination of a structural transition from tetrag-
onal to orthorhombic crystal symmetry,2 the onset of
charge/orbital,29 and spin order3, giving rise to a robust
nematic phase that is sensitive to both temperature and
doping. These materials show a more modest difference
in in-plane resistivity, up to a factor of 2, but like the
LAO/STO interface, play host to a wide variety of ma-
terial phases such as superconductivity and magnetism.

Aside from the anisotropy observed in R�, another
signature of nematicity observed in the iron based su-
perconducting materials is a lifting of the degeneracies
in carrier density and onsite binding energy of the Fe
dxz and dyz electrons as measured by ARPES.29 While
it is very difficult to measure an ARPES response from
a buried LAO/STO interface, one can measure the Hall
coefficient RH along both crystal directions to get an in-
dication of the anisotropy in carrier density n along both
directions. Both LAO and STO are cubic at room tem-
perature, and thus RH should be explicitly isotropic in
the linear response regime. Thus, any sign of anisotropy
in RH that we observe would be further evidence of sym-
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FIG. 3. (a) The Hall coefficient RH vs. temperature T for
the [1̄1̄2] and [11̄0] directions in red and black respectively,
measured simultaneously at Vg=50 V. (b) The ratio raniso

H =
RH[11̄0]

/RH[1̄1̄2]
of the Hall coefficients along the two crystal

directions vs. T for different Vg. (c) Schematic representation
of a system with anisotropic band edges. The solid parabolic
bands represent the [1̄1̄2]/ [11̄0] directions in red and black
respectively, the horizontal lines represent the Fermi energy
at different values of Vg, and the orange dashed lines represent
defect states at the interface.

metry breaking and a possible nematic state.

In our regime of temperature and gate voltage, the
Hall response is linear out to ±100 mT and the longitu-
dinal magnetoresistance is flat to within 5 Ω; thus RH

is simply the slope of the transverse resistance with per-
pendicular magnetic field. Thus there is no sign of long
range ferromagnetic order in the transport properties at
these temperatures. Figure 3(a) shows the Hall coeffi-

cient RH as a function of temperature T measured si-
multaneously along the [11̄0] and [1̄1̄2] directions at Vg
= 50 V. Above ∼20 K, RH measured along both direc-
tions is the same, but below this temperature, |RH | mea-
sured along the [11̄0] direction decreases more rapidly
with decreasing T in comparison with |RH | measured
along the [1̄1̄2] direction. Similar behavior is observed
for other values of Vg ≤ 60 V. In fact, RH decreases not
only with T , but also with Vg, similar to our previous
work.18,19 This behavior is strong evidence that multiple
bands contribute to the transport at the interface. In
order to show the development of the anisotropy with
decreasing T for all values of Vg, we plot in Fig. 3(b)
the ratio ranisoH = RH[11̄0]

/RH[1̄1̄2]
of the Hall coefficients

along the two crystal directions as a function of T , for
different values of Vg. From this plot, we confirm two
observations made from the anisotropic resistance mea-
surements: first, the anisotropy develops only for Vg ≤ 70
V (the Vg = 70 V data for both R� and RH show no
anisotropy); and second, for Vg < 70 V, the anisotropy
develops only below a temperature Tnem ∼ 22 K, the
same temperature found for the longitudinal resistance
measurements. Thus, the anisotropic behavior seen in
R� and RH are two manifestations of the same nematic
transition.

While the arguments given earlier rule out the struc-
tural at ∼105 K as the source of the anisotropy, there
have been reports of anomalies in the dielectric constant
of STO at lower temperatures that might be related
to our observations.23 In particular, a small peak has
been reported in the dissipative component of the dielec-
tric constant in the temperature range of 20-30 K that
might be linked with the well-known quantum paraelec-
tric transition at 37 K.23 At present, it is not clear how
these features in the dielectric response of the STO sub-
strate would lead to an anisotropy in almost all measured
characteristics. Nevertheless, our experimental observa-
tions suggest certain necessary characteristics of the band
structure of (111) LAO/STO that any mechanism must
give rise to in order to explain the anisotropy. When cur-
rent is injected along the [1̄1̄2] direction, it is carried by
carriers in a band whose band edge is lower in comparison
to the corresponding band for the [11̄0] direction. This is
shown schematically in Fig. 3(c), where the [11̄0] band is
in black and the [1̄1̄2] is in red. Consider the case when
scattering between these bands is suppressed for some
reason, so that a carrier injected into one band cannot
scatter into the other. For large gate voltages (Vg ≥ 70
V in the present case), the Fermi level is such that bands
along both directions are substantially occupied, so that
no anisotropy would be observed. As Vg is decreased, the
Fermi level first drops below the band edge corresponding
to the [11̄0] direction, then the band edge corresponding
to the [1̄1̄2] direction. When the Fermi level drops below
a band edge, the only way of getting carriers into the
band is by thermal excitation from localized levels in the
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band gap (shown schematically in Fig. 3(c)), leading to
the activated behavior, with the activation temperature
TA along the [11̄0] direction being larger than TA along
the [1̄1̄2] direction, as we observe.

One possible source of splitting of the degeneracy
of the bands is a nematic phase similar to the phases
in the materials mentioned above. Indeed, such ne-
matic phases have been discussed in a variety of (111)
perovskite oxide bilayers including LaAlO3/SrTiO3 and
KTaO3/SrTiO3.16,33 Like the iron-based superconduc-
tors, the nematicity in these systems has been predicted
to be driven by a combination of ferro-orbital and mag-
netic interactions. In order to sustain the nematicity,
scattering between the bands contributing to transport
along the two orthogonal directions must be suppressed,
otherwise any observable differences between the trans-
port characteristics of the two bands would be washed
out. Even with the relatively clean samples here, one ex-
pects the degree of disorder, and hence the scattering of
carriers to be large, so it is hard to imagine that a strong
suppression of inter-band scattering would occur. How-
ever, in systems with strong spin-orbit scattering, it is
known that carrier bands may become spin-polarized so
that spin-momentum locking may occur.31,32 In this case,
a carrier may scatter to another band only if its spin is
also flipped; such scattering would then be suppressed in
the absence of spin-flip scattering mechanisms. It is well-
known that strong spin-orbit interactions are present at
the LAO/STO interface,12,13,34,35 and are a likely source
of the splitting of the band edges of the otherwise de-
generate bands. Furthermore large spin-orbit coupling
is predected to stabilize nematic behavior in the sam-
ple, even in the presence of large disorder.16 A similar
suppression of inter-band scattering could occur if the
system supported long range ferromagnetic order. Such
ferromagnetic orders have been shown to exist in (001)
LAO/STO, and there are some reports that the order
onsets at ≈ 35 K.37

Consequently, we believe the model presented here is
the simplest explanation of the origin of the anisotropic
behavior we observe, although more exotic mechanisms
such as the nucleation of a charge density wave cannot
be ruled out at present. While computations of the band
structure of (001) LAO/STO interface structures35,36

as well (111) LAO/STO superlattices14 taking into ac-
count spin-orbit interactions and structural transition
have been made, it would be interesting to perform sim-

ilar calculations on simple (111) LAO/STO interfaces
to understand the role of spin-orbit interactions coupled
with structural changes on the band structure.

METHODS

The 20 monolayer (ML) (111) LAO/STO interface
samples reported on in this study were prepared by
pulsed laser deposition using a KrF laser (λ= 248 nm). A
single crystal LAO target was used for deposition, with
a laser repetition of 1 Hz, laser fluence at 1.8 J/cm2,
growth temperature at 650 C, and oxygen pressure at
0.1 mTorr. The deposition was monitored via in situ re-
flection high energy electron diffraction (RHEED). Hall
bars were then fabricated using photolithography to de-
fine an etch mask. Argon ion milling was then used to
etch the unmasked areas to the bare STO, leaving the
LAO on top of the Hall bar devices. A final lithogra-
phy step was used to deposit a Au film on the electrical
contacts to enable visual location of the contacts for wire-
bonding as well as control structures on the bare STO to
ensure the bare STO did not become conducting. As de-
tailed in our previous work,18 AFM characterization of
the atomic steps showed that occur at 45◦ angles to all
four hall bars, thus the anisotropy observed is not due to
crystal terrace effects.

The devices were measured using a homemade cryostat
and conventional lock-in techniques and temperature was
continuously monitored via a silicon diode thermometer
and homemade temperature bridge. As described in our
previous work,18 the average of the up and down sweep
of R� vs Vg is taken as the long time scale behavior of
the system.
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