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The strongly correlated two-dimensional electron liquid within SmTiO3/SrTiO3/SmTiO; quantum well struc-
tures exhibits a pseudogap phase when the quantum well width is sufficiently narrow. Using low-temperature
transport and optical experiments that drive the quantum-well system out of equilibrium, we find evidence of
mobile, long-lived, negatively charged quasiparticles, consistent with the idea that the pseudogap phase arises
from strongly bound electron pairs. These experimental results establish a connection between quantum confine-
ment and enhanced electron pairing, which may provide a pathway to higher-temperature superconductors.
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Introduction. The pseudogap phase is an unusual state of
electronic matter which is primarily associated with uncon-
ventional superconductivity [1-5]. It is characterized by a
reduction in spectral weight near the Fermi energy and gener-
ally appears above the superconducting transition temperature
T. in the low-doped regime. Understanding the pseudogap
state has been the subject of intense focus for cuprate su-
perconductors as it provides unique insights into correlated
electron physics. Apart from the cuprates, pseudogap behav-
ior has also been found in iron-based superconductors [6],
heavy-fermion compounds [7], charge-density-wave systems
[8], rare-earth nickelates [9], ultracold atomic gas systems
[10,11], and SrTiO3-based heterostructures [12] and quantum
wells [13].

A long-standing question for pseudogap phenomena in
superconductors concerns its physical origin, specifically
whether it arises to preformed Cooper pairs or some other
mechanism [14]. Many theoretical descriptions of the pseudo-
gap phase take place within the BCS-BEC crossover picture
[15]. Alternative explanations involve proximity to competing
phases, which are prevalent in cuprate superconductors [16].

SrTiO5 is one of a few semiconductors known to ex-
hibit superconducting behavior [17] with a domelike shape
of T; as a function of electron density [18]. It is considered
to be an unconventional superconductor with an unknown
pairing mechanism. Recent advances in understanding the
nature of superconductivity in SrTiO; arose from SrTiOj3-
based heterostructures [19], in particular LaAlO3/SrTiO3
[20,21], which exhibit gate-tunable superconductivity through
a quantum critical point, and pseudogap behavior past the
low-density boundary of the superconducting dome [12].
Low-dimensional structures formed at the LaAlO3/SrTiO3
interface show direct evidence for preformed electron pairs
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in confined single-electron transistor geometries [22,23] and
extended electron waveguide geometries [24,25].

The hybrid molecular beam epitaxy (hybrid-MBE) growth
technique has enabled new families of SrTiO3-based quantum
wells to be designed with high doping density and ultranar-
row widths. Quantum well systems containing rare-earth (Re)
titanate ReTiO3/SrTiO; interfaces demonstrate a variety of
emerging properties that can be tuned by the quantum well
width, including metal-to-insulator transition [26], magnetism
[27], quantum critical behavior [28,29] and a separation of
transport and Hall scattering rates [29]. Narrow SrTiOs quan-
tum wells surrounded by antiferromagnetic SmTiO; barriers
possess quantum well electron densities as high as nyp =
7 x 10'* cm~2. The narrowest quantum well structures show
evidence of non-Fermi-liquid behavior [30,31], and tunneling
experiments yield telltale characteristics of a pseudogap phase
[32]. Pseudogap behavior is observed with antiferromag-
netic SmTiOj3 barriers and not ferrimagnetic GdTiO3 barriers,
which provide some evidence for a spin-density-wave phase.
A metal-insulator transition has also been observed at single
SmTiO;3/SrTiO3; heterointerfaces at a temperature 7 110 K
[33]. Recent angle-resolved photoemission experiments have
correlated the pseudogap regime in ultranarrow SmTiO3 quan-
tum wells with a change in Fermi surface topology, i.e., a
Lifshitz transition. A similar connection is known to exist
between the Lifshitz transition in the LaAlO3/SrTiO3 sys-
tem [34]. Quantum confinement is exceptionally strong in
the narrowest SmTiO3 quantum wells, which could lead to a
significant increase in pairing strength or stabilization of some
competing phase.

Experiments. Our aim is to explore a possible con-
nection between low-temperature pseudogap behavior in
LaAlO3/SrTiO3 and higher-temperature pseudogap behavior
in SmTiO3/SrTiO3/SmTiO3; quantum wells. The hypothe-
sis is that the pseudogap phase in SmTiO3/SrTiO3/SmTiO;
arises due to an electron pairing mechanism that already exists
in SrTiO3 and is somehow enhanced by quantum confinement.
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FIG. 1. (a) Cross-sectional schematic of the SmTiO;/SrTiO3/SmTiO; quantum well structure. The SrTiO; quantum well contains two
SrO layers. Ti (gray) and Au (yellow) contacts are made to be in direct contact with the conductive SrTiO; layer. (b) Schematic of the
tunneling device with the experimental setup for two-terminal /-V measurements between the top and interface electrodes, separated by
a radial distance of 60 um. (c) Normalized conductance spectra [d(In/)/d(InV) vs V] of the tunneling device measured at 7 =2 K. A
pseudogap feature with a characteristic onset voltage of V; = 27 mV. (d) Schematic of SmTiO3 /SrTiO3/SmTiO; channel device configured for
two-terminal current-voltage measurements between electrodes 2 and 8, separated at a distance of 90 um. (e) Normalized conductance spectra
shows a reduction of conductance near zero voltage and a characteristic onset at V; = 40 mV. (f) Schematic of SmTiO;/SrTiO3;/SmTiO;
channel device and two-terminal current-voltage measurements between electrodes 1 and 5, separated at a distance of 240 um. (g) Normalized
conductance spectra shows a reduction of conductance near zero voltage and a characteristic onset at V; = 120 mV.

To test this hypothesis, we have designed low-temperature
transport and optical experiments designed to break down the
pseudogap phase, i.e., break electron pairs. Specifically, we
investigate the transport behavior of SrTiO; quantum well
when the system is driven out of equilibrium using two types
of disturbances: (1) voltages exceeding the pseudogap energy
and (2) optical excitation.

Figure 1(a) shows a schematic cross section of the quantum
well structure. SrZrO3;/SmTiO3/SrTiO3/SmTiO; films are
grown on (Lag 3Srg7)(AlgesTag 35)O03 substrates using hybrid
MBE, as detailed in Moetakef er al. [27], Zhang et al. [28].
S1ZrO; is deposited between the top SmTiO3 layer and Pt
top-gate electrodes as a tunneling barrier for top-gated tun-
neling devices. Electrical contact to the SrTiO;3 is achieved
by Ar-ion etching (60 nm) followed by Ti/Au deposition
(4 nm/50 nm). Both SrTiO3;/SmTiO3 interfaces contribute
~3.4 x 10 cm~? electrons to the quantum well, leading to
an expected total doping density of ~7 x 10'* cm™2 [27,29].

TABLE 1. Characteristic threshold voltage V; as a function of
separation distance d between electrodes.

Type d (um) Vr (mV) Ve/d (mV/pm)
Tunneling 60 27 0.45
Channel 90 40 0.44
Channel 270 120 0.44

In order to probe transport properties, the quantum well
heterostructure is patterned into vertical and lateral transport
structures [Figs. 1(b) and 1(d)]. Current-voltage (/-V) mea-
surements are performed between several pairs of contacts
in channels in a dilution refrigerator capable of measuring
electrical properties at temperatures ranging from 50 mK to
300 K. Differential conductance spectra df/dV vs V and
normalized conductance d(Inl)/d(InV) = (dI/dV)I/V)~!
[35] are obtained via numerical differentiation.

In both vertical and horizontal geometries, the normalized
conductance at 7 = 50 mK [Figs. 1(c), 1(e), and 1(g)] shows
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FIG. 2. Four I-V curves taken consecutively under the same
configuration shown in Fig. 1(d). Fluctuations in and around the
threshold for conduction are apparent.
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FIG. 3. (a) Set up for the dc voltage excitation experiments. A
voltage bias V4, is applied between two contacts on contacts labeled
1 and 2 while four-terminal lock-in measurements are performed
between contacts 3 and 4. (b) Four-terminal resistance R = V, /I as a
function of Vjs.
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a suppression around zero bias, consistent with previous re-
ports of pseudogap behavior [32]. Here we use the local
maxima of the coherence peaks in the vertical geometry to
estimate a pseudogap energy A = eVy = 27 meV, based on
Fig. 1(c). In both vertical and lateral geometries, there are por-
tions of the circuit in which carriers move in the plane, which
complicates the analysis. Generally, the measured pseudogap
is expected to overestimate the intrinsic gap due to voltage
drops in the plane. Table I calculates the measured pseudogap
voltage V, normalized by the characteristic length of the de-
vice d. For the channel geometry, V; increases approximately
linearly with the separation distance between two contacts.
Other reported signatures, e.g., current fluctuations near the
threshold for conduction (Fig. 2), are also observed. Similar
potential fluctuations were reported by Hardy er al. [36].
Nonlocal nonequilibrium four-terminal conductance measure-
ments are conducted using the setup shown in Fig. 3(a).
At one of the channels, a combination of differentially ap-
plied dc voltage V,s and common-mode dc+-ac voltage V. +
Vacsin(2m ft) is applied, while the resulting ac voltage V;
and current /. The resistance R; = dV;/dl [Figs. 3(b)] for
Vae =20 mV, frequency f = 13 Hz, and V4. = —40 mV. R,
decreases by a factor of four as W, is increased from O to
100 mV and is relative stable for 100 mV < V;;,s. This charac-
teristic voltage is comparable to the characteristic pseudogap
voltage V; measured in Figs. 1(f) and 1(g). The quantum
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FIG. 4. Transport measurements under nonequilibrium excitation. (a) Experimental setup. The ac driving with magnitude %Vac and
frequency f = 1000 Hz are applied differentially to two electrodes labeled 2 and 8 on the left-hand side of the channel device. A quasi-dc
voltage V4 is applied between electrodes 1 and 5, swept between —160 and 160 mV. (b) Intensity plot of two-terminal conductance versus
Via and V.. (c¢) Measured four-terminal conductance in the region between electrodes 3 and 4 for various V,.. Curves are offset for clarity.
(d) Four-terminal conductance intensity map versus V; and V,.. () Linecut of four-terminal conductance at Vo4 = 0 V.
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well system is driven out of equilibrium by a differentially
applied voltage Vs, Wwhich induces a current between the two
electrodes, while the resulting change in resistance along the
main channel is measured “downstream” by driving with the
combination of a sinosoidal voltage source V,. and a low dc
bias V4. and monitoring the resulting current I at electrode
5 and the voltage drop V; between electrodes 3 and 4. The
measurements are nonlocal because changes in four-terminal
conductance are influenced by an excitation in a region out-
side of where V| is measured. We expand our transport
measurements in the channel structure using an experimental
setup illustrated in Fig. 4(a).

The left side of the channel (electrodes 2 and 8) is driven
driven differentially with amplitude %Vac and frequency f =
1000 Hz, resulting in a net voltage driving across the channel
with amplitude V,.. At the same time, a quasi-dc voltage Vyq is
applied between electrodes 1 and 5, with current / measured
at electrode 5 and voltage V| measured between electrodes 3
and 4 (V}). The two-terminal conductance dI/dVy, and four-
terminal conductance dI/dV; on the right side of the device
are calculated by numerical differentiation as a function of V¢
excitation on the left side of the device.

The four-terminal /-V; curves are shown in Fig. 4(b) for
various values of V,.. Curves are offset for clarity. A notice-
able asymmetry exists in /(V;) with respect to Vj, in that the
magnitude of the current at negative V| exceeds the value
at positive Vi, i.e., [[(—=V] < 0)| > |[[(V} > 0)|. This asym-
metry increases as |V,.| is increased. The two-terminal and
four-terminal differential conductances dI/dVy [Figs. 4(c)
and 4(d)] also show some notable similarities and differ-
ences. The parameter range Viq & 0;V,. =~ 0 exhibits a low
conductance, consistent with the pseudogap behavior shown
in Fig. 1(f). The voltage threshold for conductance dI/dVyy
initially decreases monotonically with V,. and then begins to
increase again. The resulting threshold voltage contour is ap-
proximately ellipsoidal with characteristic lobes of decreased
conductance when V). and V4 coincide in magnitude.

The four-terminal conductance dI/dV, [Fig. 4(d)] is de-
cidedly asymmetric, showing a much larger threshold for
conduction when V| > 0 than when V| < 0. The asymmetry
becomes more pronounced when V,. increases. For example,
when V,. = 100 mV, the positive threshold for conduction is
approximately V; = 50 mV, while the negative threshold is
approximately V; = —20 mV.

We now examine the effect of optical illumination on trans-
port properties of the SmTiO3/SrTiO3/SmTiO3 channel. Pho-
toinduced current changes in the SmTiO3/SrTiO3/SmTiO3
quantum wells are investigated by illuminating the chan-
nel with light from a continuous-wave HeNe laser (A =
632.8 nm, intensity I = 1 x 10° W/m?), modulated at fre-
quency f = 247 Hz using a mechanical chopper [Fig. 5(a)].
Photoinduced current changes Al are measured versus the
dc bias across the channel Vg [Fig. 5(b)]. The sample tem-
perature is controlled by an optical cryostat which enables
measurements to be conducted between T =52 K and T =
80 K. Non-negligible photocurrent is observed above a volt-
age threshold of approximately 300 mV and for temperatures
T < 30 K [Fig. 5(¢)].

Discussion. The nonequilibrium transport measurements
probe transport under the presence of various electrical
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FIG. 5. (a) Optical setup for the two-terminal photocurrent
measurements. (b) Photo-induced current changes Al are mea-
sured as a function of V4. and temperature. Photocurrent is
observed when V,. exceeds a threshold ~300 mV and for tem-
peratures 7' < 30 K. Inset graph shows average photocurrent over
V4. = 400-500 mV.

disturbances. The ac voltage driving on the left side of the
channel [Fig. 4(a)] produces a nonequilibrium condition that
affects transport characteristics on the right side of the chan-
nel. The increase in conductance in the region sampled by V;,
brought about by increasing values of V,., can be interpreted
as resulting from quasiparticles excited by V). that drift into
the area between electrodes 3 and 4. Furthermore, the asym-
metry of /(V)) yields insight into the charge of these carriers.
For values of V,. exceeding 100 mV, the conductance for
V1 < 0 sharply exceeds that of its mirror opposite V; > 0. The
implication is that the conductance is larger when negatively
charged carriers drift from the left side of the channel to the
right side of the channel.

The photocurrent experiments demonstrate the ability of
light to produce mobile charge carriers in the pseudogap
phase. The optical experiments can be interpreted in a con-
sistent fashion, where the source of the pair breaking arises
from light rather than electrical gating. The onset of this
photoconductive state coincides in temperature with other
transport signatures of the pseudogap phase, and it seems
clear that photoexcitation is creating quasiparticles that are
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immobilized by the pseudogap and that these carriers live
long enough to contribute excess current under suitable volt-
age bias conditions. The threshold under which photocurrent
is observed (V4. & 300 mV) is comparable to the threshold
voltage measured in dc transport [Fig. 1(g)], consistent with
a scenario that mobile carriers are first photoexcited and sub-
sequently inhibited from recombining by the applied dc bias.
The temperature dependence of the photocurrent provides a
signature that the origin of the mobile carriers is linked to the
pseudogap phase.

Collectively, the electrical and optical experiments demon-
strate that the insulating pseudogap phase is unstable to
perturbations that can produce long-lived negatively charged
carriers. An obvious interpretation is that these carriers
are indeed preformed electron pairs, similarly to those
that have been reported for LaAlO3/SrTiOs heterostructures
and nanostructures [12,22,24]. It is therefore plausible that
SrTiO3-based quantum well pseudogap behavior arises from
electron pairing in the SmTiO;/SrTiO3;/SmTiO; quantum
wells. What is unusual is the energy scale, which is at least

an order of magnitude larger for the narrow SrTiO3 quantum
well.

The experiments described here do not directly point to
electron pairing as the origin of the pseudogap phase. They
are consistent with this scenario and suggest follow-up ex-
periments that can more definitively identify the origin of the
pseudogap behavior. For example, mesoscopic devices such as
single-electron transistors may be able to discern the charge
of carriers in the paired and unpaired state. Being able to
confirm electron pairing as the origin of the pseudogap in
this system would be a remarkable finding because of the
strong connection between quantum confinement and pseu-
dogap energy. Electron pairing at high energies, combined
with phase coherence, can potentially lead to the development
of engineered structures with unprecedented superconducting
transition temperatures.
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