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1. Introduction

The heterointerface between the complex oxides LaAlO3 and
SrTiO3 (LAO/STO) provides a highly versatile platform to study
electron correlations in low dimensions. A rich variety of elec-
tronically tunable properties have been observed in experiments
that probe the behavior in two spatial dimensions, including
superconductivity,[1,2] magnetism,[3] and tunable spin–orbit
interactions.[4,5] Many unusual aspects of the transport in 2D
appear to originate from naturally forming quasi-1D ferroelastic
domain boundaries.[6,7] This behavior includes highly aniso-
tropic magnetoresistance,[8,9] enhanced conductance along fer-
roelastic domain boundaries,[7] and quantum oscillations,
whose Luttinger count disagrees sharply with Hall effect esti-
mates of electron density. The importance of quasi-1D transport

at the LAO/STO interface has been increas-
ingly realized due to the deployment of var-
ious spatially resolved probes, including
scanning SQUID microscopy,[7] scanning
single-electron transistor microscopy,[10]

and scanning force microscopy coupled
with transport.[11]

Artificially created 1D electronic nano-
structures have proven useful in teasing
out the physics that is due to 2D versus
1D behavior. Using conductive atomic
force microscope (c-AFM) lithography,
LAO/STO heterostructures that are on
the verge of an insulator-to-metal transi-
tion[12] can be made locally conductive by
charging the surface (with protons)[13,14]

at room temperature. This form of
modulation doping tetragonally distorts the conductive regions,
“seeding” the formation of z-oriented ferroelastic domains at low
temperatures. The resulting conductive nanostructures exhibit
superconductivity,[11] electron pairing outside the superconduct-
ing phase,[15] ballistic quantized electron transport,[16] and other
exotic phases in 1D such as a Pascal series of conductance
ð1, 3, 6, 10, 15, : : : Þ⋅ e2h , where e is the electron charge and h is
the Planck constant.[17] Further nanoscale engineering of these
electron waveguides leads to experimentally observed fractional
conductance plateaus, which may be signatures of electron
fractionalization.

Thermal transport experiments can provide unique and often
complementary insights into correlated nanoelectronic phases.
Thermopower measurements performed on 2D devices at the
LAO/STO interface reported highly enhanced thermopower in
the strongly depleted charge density regime, which was attrib-
uted to the phonon drag contribution, suggesting tight carrier
confinement at the interface and the existence of a localized
Anderson tail.[18] Thermal transport techniques offer opportuni-
ties for obtaining further insight into the full phase diagram of
these rich 1D systems.

2. Experimental Section

Here, we describe thermopower measurements of electron wave-
guides that show ballistic transport and also exhibit signatures of
a Pascal series of conductance steps associated with strong attrac-
tive electron–electron interactions. The electron waveguides were
fabricated at the LAO/STO interface using c-AFM lithography.
With 3.4 unit cells of LAO (quantified by in situ RHEED
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oscillations) grown on the TiO2-terminated STO substrate, the
LAO/STO interface was initially insulating and could be ren-
dered conductive using c-AFM lithography.[12] The interface
was contacted electrically by depositing titanium and gold in lith-
ographically defined areas that were etched below the LAO/STO
interface, as illustrated in Figure 1b. Positive voltages applied
between the c-AFM tip and the LAO/STO interface locally pro-
tonated the top LAO surface and accumulated conducting elec-
trons in STO near the LAO/STO interface, thus defining the
nanowire for electron conduction, while negative voltages locally
restored the insulating phase,[12] as illustrated in Figure 1a,b.
Two electron waveguide systems (Devices A and B) were
sketched and tested independently; both of them consisted of
the main channel of a nominal width w ¼ 10 nm (as quantified
by erasure experiments[19]) and a total length of Lc ¼ 1.2 μm, con-
tacted by five terminal leads and one-side gate. The main channel
contained two narrow barriers (with nominal width LB ¼ 10nm)
that were separated by a distance of Ls ¼ 0.6 μm, as illustrated in
Figure 1c. The side gate supplied a controlled voltage V sg that
tuned the chemical potential μ of the electron waveguide and
thus the number of accessible quantum channels. Note that
the two barriers with appropriate widths were essential to make
the chemical potential of the electron waveguide tunable by the
side-gate voltage, which would otherwise be impossible if there
was only one or none of the barriers or if the barriers were either
too wide or too narrow.

The relationship between Vsg and μ, governed by the

so-called lever-arm ratio α ≡ dμ
dV sg

, was determined as α ¼
8.0� 0.2 μeVmV�1 for our Device A and 6.3� 0.2 μeVmV�1

for Device B through the analysis of nonequilibrium
conductance. Novel properties, such as electron pairing without
superconductivity,[15] tunable electron–electron interactions,[20]

and Shubnikov–de Haas–like quantum oscillations,[21] have previ-
ously been revealed by studying quantum transport in similarly
designed nanostructures.

The four-terminal electrical conductance G of the electron
waveguide was first measured at temperature T= 80mK as a
function of V sg and μ, in magnetic fields ranging from �9 to
9 T. Specifically, as illustrated in Figure 1c, a sinusoidal source
voltage of V s sinðωtÞ with V s ¼ 100 μV and ω

2π ¼ 3.156Hz was
supplied on terminal 1 with terminal 2, acting as the drain,
was grounded; the amplitudes of both the alternating current
on terminal 2 (I2Þ and the voltage difference between terminals
3 and 4 (V34Þ at the same frequency ω were measured using a
lock-in amplifier. The conductance of the electron waveguide was
determined as G ¼ dI

dV ¼ I2
V34

. Quantized conductance steps were

observed, with the conductance increasing with chemical poten-
tial by steps of roughly an integer multiple of the unit conduc-
tance G0 ¼ e2

h . The observed conduction plateaus can be
explained by Landauer quantization, for which the total conduc-
tance G depends on the number of available quantum channels,

G ¼ e2
h

� �P
i T iðμÞ, where each energy sub-band available at the

chemical potential μ contributes one quantum of the conduc-
tance e2

h with transmission probability Ti(μ).
[22] The sub-band dis-

persion of the LAO/STO electron waveguide can be revealed by
examining the transconductance dG

dμ as a function of μ and exter-

nal magnetic field B, which is shown in Figure 2b,d. The trans-
conductance peaks (bright areas) mark the boundaries where
new sub-bands become available, and the sub-bands were sepa-
rated by regions of dark areas (dGdμ ! 0), where the conductance

was highly quantized. Some more interesting features of the
band structures of the LAO/STO electron waveguide were also
manifested from the transconductance. For example, several
branches were sometimes locked together and then spread apart
again, as shown in Figure 2b,d. At some special values of the
magnetic field (such as B ¼ �3.5 T for Device A and �6 T for
Device B), multiple locked sub-bands contributed to the total
conductance together, resulting in conductance steps roughly

Figure 1. a) Schematic diagram of the four-terminal electron waveguide at the interface of LaAlO3/SrTiO3 (LAO/STO) heterostructure created using
c-AFM lithography. b) A side view of the sample showing the c-AFM-sketched quantum nanowire located at the interface of the LAO/STO heterostructure.
c,d) Experimental design for the four-terminal conductance and thermopower measurement, respectively.
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following the sequence of ð1, 3, 6, 10, : : : Þ⋅ e2h . This behavior was
previously reported as the Pascal phase and was explained by
introducing attractive electron–electron interactions with bound
states of n ¼ 2, 3, 4, : : : electrons within the waveguide.[17]

Generally, the thermopower S was decomposed into two con-
tributions, the electronic term Se and the phonon drag term Sph
that was generated by the coupling of electrons with diffused
phonons. The phonon drag contribution should be negligible
in the temperature range of 0.1–0.4 K since the majority of
the phonons (with ν > 10kT

ℏ ¼ 0.5 THz at 0.4 K) was frozen out
at such low temperatures.[23] In linear response, the electronic
term Se was given by the Mott relation[24,25] as

Se ¼ lim
ΔT!0

V th

ΔT
¼ � π2

3e
k2BT

d
dμ

lnG (1)

where ΔT ¼ Te � T l is the temperature difference that gener-
ates the thermovoltage V th. The Mott relation states that the ther-
movoltage V th should be linearly proportional to the energy

derivative of logarithmic conductance dðlnGÞ
dμ .

To check whether the assumption of frozen-out phonons is
valid and whether the Mott relation holds for LAO/STO electron

waveguides, we compared the measured V th and dðlnGÞ
dμ in the

same plot. Details of the measurement technique are described
in Section S2, Supporting Information. Figure 3 shows an exam-
ple of Device A at the same temperature of 0.1 K and two

different magnetic fields of B ¼ 0.5 (Figure 3a) and 3.5 T
(Figure 3b), and another example of Device B at the same mag-
netic field of 6 T and two different temperatures of 0.1 T
(Figure 3c) and 0.4 K (Figure 3d). We found that the measured

V th values compared very well with dðlnGÞ
dμ in the conductive

regime with G > 0.1 e2
h irrespective of the device, the magnetic

field, or the temperature. In the electron-depletion regime with
G < 0.1 e2

h , the number of electrons that could pass through the
waveguide channel kept dropping with decreasing chemical
potential; therefore, the magnitude of the measured thermovolt-

age V th dropped to zero though the value of dðlnGÞdμ kept increasing
with reducing μ. In the conductive regime, as the temperature
increased, features attributable to the sub-band structure govern-

ing the electrical conductance G, dG
dμ , and

dðlnGÞ
dμ were thermally

broadened. The measured thermovoltage V th also showed muted

oscillatory features but still compared very well with dðlnGÞ
dμ . The

thermovoltage as a function of the side-gate voltage reached a
local maximum every time the conductance changed from one
plateau to the next and had a valley corresponding to each plateau
of the conductance. Similar features were also observed on quan-
tum point contacts,[26–29] where the thermopower as a function of
gate voltage also had a peak every time the conductance plateau
changed from one sub-band to the next.

The excellent agreement between V th and
dðlnGÞ
dμ confirmed the

validity of the Mott relation (Equation (1)) and allowed us to

Figure 2. a,c) Zero-bias conductance of the quantum nanowires (Device A and B) as a function of chemical potential μ and magnetic field B in the range
0–9 T at T= 80 mK. b,d) Transconductance map dG

dμ as a function of chemical potential μ andmagnetic field B at T ¼ 80mK showing the band structure of

electrons in the c-AFM-sketched LAO/STO quantum nanowires.
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compute the gate-dependent temperature difference between the
two sides of the electron waveguide

Te � T l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2
l

4
þ 1

ð� π2

3e k
2
BÞ

V th
d
dμ lnG

s
� T l

2
(2)

Figure 4a shows the corresponding electron temperatures cal-
culated using Equation (2). We noted that the calculated electron
temperatures in the conducting regime were not constant but
rather oscillating with the chemical potential, especially at higher
magnetic fields, which could be attributed to the sub-band shift
with the magnetic field and the change of the number of conduct-
ing channels in the electron waveguide with the chemical poten-
tial. We also noticed that the calculated temperature difference
reduced to zero as the electron waveguide was tuned to the insu-
lating state, which, however, was not realistic, as a temperature
difference should still exist even when the electron waveguide
was insulating. This apparent disagreement could be explained
by a space–charge effect proposed by Mahan,[30,31] who stated
that the thermal voltage, instead of being V th ¼ �SΔT , should
read as V th ¼ �SΔTf , where f is the dielectric screening func-
tion and approaches zero as the electron density approaches zero
(being insulating). This regime is also discussed by Brovman
et al.[32] within the context of germanium/silicon nanowires.
The measured thermal voltage being zero does not necessarily

require the Seebeck coefficient S and/or the temperature differ-
ence ΔT to vanish. The temperature difference in the insulating
regime (see also Figure S3, Supporting Information) was ignored
here since we only focused on the conducting regime.

3. Discussion

With the temperature difference determined, the Seebeck coef-
ficient of the electron waveguide can be calculated from
Equation (1), with the results plotted in Figure 4b. The negative
sign of S confirms the electrons as energy carriers. The magni-
tude of the Seebeck coefficient S (the thermopower) increases
dramatically as the electron waveguide is tuned to the electron
depletion regime with G below 0.1 e2

h , reaching as high as
200 μVK�1 at only T ¼ 0.1K. Applied magnetic fields do not
have a significant effect on the thermopower S.

The Mott relation also predicts that the thermopower S should
be linearly proportional to the temperature. To test if this is true
for our electron waveguide, we measure the thermopower of
Device B in a magnetic field of B ¼ 6T at different temperatures
ranging from 100 to 400mK and plot it as a function of normal-
ized electrical conductance G

G0
, as shown in Figure 5a. We find

that overall, the thermopower increases with temperature,
although the scaling with temperature deviates from the

Figure 4. Derived a) electron temperature Te and b) Seebeck coefficients S of the electron waveguide (Device A) as a function of chemical potential for
different magnetic fields of B= 0.5 and 3.5 T. The shadowed regions represent the electron depletion regimes with G < 0.1 e2

h .

Figure 3. Thermopower voltage measurement. Top panels: Four-terminal conductance G and transconductance dG
dμ as a function of chemical potential μ.

Bottom panels: Vth and dðlnGÞ
dμ . (a) and (b) are taken from Device A at the same temperature of 0.1 K and different magnetic fields of 0.5 and 3.5 T,

respectively. (c) and (d) Device B at the same magnetic field of 6 T and different temperatures of 0.1 and 0.4 K, respectively.
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straightforward linear-T dependence implied by the Mott
formula. The thermopower has local minima (shown as dips
in the plot) when the conductance reaches plateaus
(G=G0 ¼ 1, 3, ..Þ, and these dips are smeared out as the temper-
ature increases, leading to different temperature dependencies of
the thermopower. The reason for these substantial deviations
near conductance plateaus originates from the implicit tempera-
ture dependence inherent to the temperature-dependent Fermi
function. Figure 5b shows the calculated thermopower based on
Equation (1) and conductance given by the Landauer formula
with sub-band energy minima and degeneracies that match
Device B. The scaling of the thermopower with T for both the
experiment and the model is sublinear with the temperature
at G ¼ 2G0, a fact that could be accounted for by phonon-related
thermopower contributions.

Lunde and Flensberg analyzed the validity of the Mott formula
for quantum point contacts,[33] and the oscillatory dependence
they calculate agrees well with our experimental findings.
Strictly speaking, the Mott relation is derived based on the
assumption of a noninteracting, degenerate electron gas.
However, the electron gas in 1D-confined systems, which is a
Luttinger liquid, is inevitably interacting. As discussed earlier,
evidence shows that electrons strongly interact at LAO/STO
interfaces.[15] Notably, the Pascal conductance sequence in some
magnetic fields shown in Figure 2 indicates electron pairs in the
electron waveguides outside the superconducting regime.[17]

4. Summary and Conclusion

In summary, the field-effect electrical transport and thermoelec-
tric properties of quasi-1D electron waveguides at the LAO/STO
interface are investigated at temperatures of 100–400mK. These
electron waveguides exhibit a highly enhanced and oscillating
thermopower as a function of the side-gate voltage, which is well
described by the Mott relation at a given fixed temperature,
despite the evidence of strong electron–electron interactions in
our electron waveguides outside the superconducting regime.
These results demonstrate the capability to study electronic struc-
tures of nanowires at LAO/STO with thermal transport tech-
nique. Due to the fascinating electronic phases LAO/STO

nanowires exhibit, this work can further lead to understanding
quantized thermal conductance and other exotic electronic
phases in LAO/STO systems.
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