PRL 117, 046402 (2016)

PHYSICAL REVIEW LETTERS

week ending
22 JULY 2016

Pseudogaps and Emergence of Coherence in Two-Dimensional Electron Liquids
in SrTiO;

Patrick B. Marshall, Evgeny Mikheev, Santosh Raghavan, and Susanne Stemmer
Materials Department, University of California, Santa Barbara, California 93106-5050, USA
(Received 21 November 2015; revised manuscript received 9 June 2016; published 22 July 2016)

Using tunneling spectroscopy, we show that pseudogaps emerge in strongly correlated, two-dimensional
electron liquids in SrTiO; quantum wells that are tuned near a quantum critical point. Coherence peaks
emerge at low temperatures in quantum wells embedded in antiferromagnetic SmTiOj; that remain itinerant
to the lowest thickness. Quantum wells embedded in ferrimagnetic GdTiO; that become ferromagnetic at
low temperatures show no indication of quasiparticle coherence. They undergo a symmetry-lowering
metal-to-insulator transition at the lowest thicknesses that coincides with a vanishing single-particle density
of states (DOS) around the Fermi level. Both types of quantum wells show a power-law depletion of the
DOS at high energies. The results show that the different pseudogap behaviors are closely correlated with
the type of magnetism in the proximity of the quantum wells and thus provide insights into the microscopic

mechanisms.
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Pseudogaps are a reduction of the single-particle spectral
weight around the Fermi level and are a hallmark of
strongly correlated systems that are near quantum critical
points or unusual types of order. They have been observed
in high-temperature superconductors [1-7], heavy-fermion
compounds [8], charge density wave systems [9,10], rare-
earth nickelates [11], and even cold atom systems [12].
While pseudogaps in many correlated materials are still not
fully understood [3-5,13], they provide unique information
about electron correlation physics. Tunneling and photo-
emission measurements of pseudogaps probe the degree to
which the low-energy excitations of an interacting electron
liquid differ from those of a Fermi gas. Features above the
gap contain information about quantum phase fluctuations
and the emergence of coherence. Conversely, systematic
manipulation of critical behavior and dimensionality can
yield new insights into which critical fluctuations give rise
to pseudogaps and how new ordered states emerge.
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Additionally, disorder can play a strong role in correlated
electron systems and can produce observable anomalies in
tunneling, such as zero-bias anomalies in the metallic phase
[14] and Coulomb gaps deep in the insulating state [15-17].
Disentangling the effects of disorder, electron-electron, and
electron-lattice interactions, and understanding their effects
on low-energy excitations, is critical to advancing the
understanding of correlated materials.

Here, we study these questions in a strongly correlated
low-dimensional electron system, namely, two-dimensional
electron liquids (2DELSs) in narrow SrTiO; quantum wells,
which are confined between insulating RTiO; barriers
(R=Sm or Gd); see Fig. 1(a). The 2DELs in these
quantum wells offer relative simplicity and tunability,
while at the same time exhibiting the phenomena that have
become hallmarks of strongly correlated systems, in
particular, magnetism [18], metal-insulator transitions
[19], non-Fermi liquid behavior [20,21], and transport

FIG. 1.

tow (# SrO layers)

(a) Schematic of the tunnel device structure. The thickness of the SrTiO; quantum well is specified in terms of the number of

SrO layers it contains—the example shown here contains two SrO layers, or one unit cell of SrTiO;. (b) Phase diagram of the electronic
and magnetic states in GdTiO3/SrTiO3/GdTiOs (top) and SmTiO5/SrTiO3;/SmTiO; (bottom) quantum wells as a function of the
SrTiO3 well thickness, summarizing the results from both prior works [18-21,23] as well as this study [insulator (Ins.); density
wave (DW)].
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FIG. 2. Conductance spectra (dI/dV vs V) as a function of temperature. Shown are data for SrTiO3 quantum wells (a—c) in SmTiO;
(top row) and (d—f) GdTiO5 (bottom row). The thickness of the quantum wells is indicated in the figures.

lifetime separation [21]. These phenomena are tuned by the
thickness of the quantum wells [specified by the number of
SrO planes; see Fig. 1(a)] and by proximity to ferrimagnetic
or antiferromagnetic Mott insulating RTiO;. Specifically,
for R = Sm (antiferromagnet), the quantum wells remain
itinerant even when their thickness is reduced to a single
SrO layer [21,22]. The temperature dependence of the
resistance (R ~ AT") changes from n ~ 2 to n ~ 5/3 below
five SrO layers [20,21]. For R = Gd (ferrimagnet), 2DELs
become ferromagnetic below 10 K at five SrO layers [23],
and n remains Fermi-liquid-like (n ~ 2). They undergo a
metal-insulator transition at two SrO layers [19] that is
accompanied by a lowering of the symmetry [22,24].
Theory describes the insulating state as a dimer Mott
insulator [25,26] or a charge or orbital ordered insulator
[26-29]. The electronic and magnetic states are summa-
rized in Fig. 1(b). In analogy with other itinerant carrier
systems that are tuned about a quantum critical point or are
near a Mott transition [5], one may expect to observe
pseudogaps and/or charge gaps.

Here, we use tunneling spectroscopy to probe the single-
particle density of states (DOS) in these 2DELs. We show
that pseudogaps appear and that they evolve differently,
both as a function of quantum well thickness and with
temperature, depending on the specific instabilities near the
quantum critical point. The results allow for insights into
the low-energy excitations in strongly correlated 2DELSs
when disorder, electron-electron interactions, magnetic
fluctuations, and electron-lattice coupling are all present.

Figure 1(a) shows a schematic of the device, which
employs epitaxial, wide band gap SrZrO; as the tunnel

barrier. StZrO;/RTiO3/StTiO3;/RTiO; (R = Sm or Gd)
structures were grown by hybrid molecular beam epitaxy
on single crystal (LaAlO3),5(Sr,AlTa0g), 7, as described
in detail elsewhere [19,22]. For the quantum well atomic
structure, see Refs. [22,24]. All SrTiO; wells contain
mobile carrier densities of ~7 x 10 cm=2 [19,21].
Tunnel devices were fabricated using two photolithography
steps. Pt top contacts (100 x 350 um?) were deposited by
e-beam evaporation. Ohmic contacts to the 2DEL were
formed by using a buffered hydrofluoric acid solution to
etch through the SrZrO;, followed by the deposition of a
40 nm thick layer of titanium. 400 nm thick gold pads were
deposited on top of the titanium to facilitate wire bonding.
Current-voltage (/-V) measurements were performed using
a Keithley 2400 Source Meter by applying a voltage-
controlled bias to the platinum top contact in a Quantum
Design Physical Property Measurement System at temper-
atures ranging from 2 to 300 K. Multiple /-V curves using
different sweep rates, directions, and bias ranges were
collected to ensure reproducibility of the results. The
Ohmic nature of the Ti contacts was verified for temper-
atures between 2 and 300 K [30]. Differential conductance
spectra dI/dV vs V were obtained by numerical
differentiation.

Figures 2(a)-2(c) show differential conductance spectra
dI/dV vs 'V as a function of temperature and quantum well
thickness for the quantum wells in SmTiO;. At low
temperatures, a nearly symmetric reduction of the DOS
around the Fermi level (zero bias) is seen in all samples.
The onset temperature and pseudogap shape depend on
the quantum well thicknesses, with more pronounced
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FIG. 3. Conductance spectra (dI/dV vs V) at 2 K on a log-log
scale. Results from the two-SrO-thick quantum well in SmTiO3
and the five-SrO-thick quantum wells in SmTiO; and GdTiO; are
shown. The dashed line indicates the approximate energy where
the conductance deviates from the power-law behavior at low
energies.

reductions of the DOS in thinner quantum wells. The
energy dependence of the DOS (conductance) in the two-
and five-SrO-thick quantum wells at energies above
~70 meV can approximately be described by power laws
with exponents m near 0.4, as seen by the linear region in
the log-log plots shown in Fig. 3 (a slight deviation from
power-law behavior may appear in the two-SrO sample).
The pseudogap (emerging at energies below 70 meV) does
not follow a well-defined power law.

To better reveal changes in the DOS and clarify the
low-energy pseudogap, we show in Fig. 4 the normalized
conductance dIn(l)/dIn(V)~ (dl/dV)(1/V)~'. The use
of the normalized conductance minimizes contributions that
vary slowly with V [31-34]. Note that (dI/dV)(I/V)~! is
unity at V = 0 and thus only shows the relative depletion of
the DOS, which we scale in Fig. 4 relative to the value at
V =200 meV. The small discontinuity at O V is due to the
differentiation. In the two-SrO-layer quantum well, the
pseudogap emerges below 200 K and coherence peaks

are clearly visible at 10 K and below. With decreasing
temperature, the pseudogap deepens, as already seen
from Fig. 2(a), and states start to fill in just outside of the
minimum—this eventually gives rise to the coherence peaks
near an energy of 33 meV on either side of the gap. The
pileup of DOS is visible as a kink in the dI/dV spectrum in
Fig. 2(a) and thus not an artifact from the normalization. The
coherence peaks allow us to estimate the energy scale of the
pseudogap 2A of approximately 65 meV. For the five-SrO
quantum well, the onset temperature for the pseudogap is
~20 K. At2 K, we see a similar shape, namely, an increase in
the single-particle DOS just outside of the minimum, i.e.,
precursors to coherence peaks. At 10 SrO layers, the
normalized DOS is featureless over the entire energy range,
demonstrating how the normalized conductance removes
the broad power-law DOS behavior and clarifies resonant
features in the DOS. The energy dependence of the DOS at
high energies is also weaker.

Figures 2(d)-2(f) show dI/dV vs V for quantum wells in
GdTiO;. A full gap appears at two SrO layers and is nearly
temperature independent, consistent with the insulating
(dR/dT < 0) nature of the in-plane sheet resistance [19].
Note that the DOS goes to 0 at the Fermi level, unlike for
any of the pseudogaps. A suppression of the DOS at low
temperatures is observed for the five-SrO quantum wells
but shows a more featureless, V-like shape than that in the
five-SrO quantum well in SmTiO;. Power-law behavior
with an exponent m near 0.3 is seen at higher energies,
similar to the quantum wells in SmTiO;. Comparison of
dIn(I)/dIn(V) at 2 K (Fig. 5) shows more clearly that,
unlike for the five-SrO quantum wells in SmTiO3, no
pileup of states occurs outside the gap. A weak, zero-bias-
anomaly-like feature also occurs for the 10-SrO-layer-thick
quantum wells in GdTiO;.

We next discuss the similarities and differences between
the two types of quantum wells. The conductance spectra of
both types feature pseudogaps, which appear as a sym-
metric suppression of the DOS around the Fermi level, as
well as a power-law DOS behavior at higher energies
(above ~70 meV). Power laws appear in disordered
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FIG. 4. Normalized conductance spectra [d1n(1)/dIn(V) vs V] at different temperatures for SrTiO3; quantum wells in SmTiO3. The
thickness of the quantum wells are two SrO (a), five SrO (b) and 10 SrO (c) layers. All dIn(7)/d In(V) values are shown relative to their

value at 200 mV.
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FIG.5. Normalized conductance spectra [dIn(1)/dIn(V) vs V]
at 2 K for two-SrO and five-SrO quantum wells in SmTiO; and a
five-SrO quantum well in GdTiO;. All d1In(I)/d In(V) values are
shown relative to their value at 300 mV.

systems with Coulomb interactions near the metal-insulator
transition [17]. However, the in-plane sheet resistance of
the metallic quantum wells is below 400 Q/sq at 2 K
[21,22]; i.e., they are too far in the metallic state for
Coulomb gap theory to apply. One may speculate that this
may be an indicator of an unconventional metallic phase.
Prior transport studies indicate that none of the 2DELSs are
Fermi liquids, even when n ~ 2 [21,35]. Out of the power-
law “backbone DOS” [17], pseudogaps emerge below
~5-S1r0O layers in both types of quantum wells.

The difference between the two types of quantum wells
lies in how the depletion of the states evolves with
temperature. For the thin quantum wells with SmTiO;
barriers, with decreasing temperature, the loss of spectral
weight at the Fermi level is accompanied by a pileup of
states just outside the pseudogap, which is similar to what is
seen in BCS superconductors, and density wave systems,
but not necessarily in all pseudogaps in the cuprates
[36,37]. In the thinnest well, an emerging coherent state
appears at the lowest temperature, as evidenced by the
coherence peaks. These features and the proximity to the
antiferromagnetic SmTiO5 make an itinerant antiferromag-
netic state the most likely explanation. At high temper-
atures, this state is preceded by a loss of spectral weight
without coherence. In contrast, the itinerant, ferromagnetic
quantum wells in GdTiO; show no indication of conser-
vation of states at low temperatures even though a pseu-
dogap appears at a similar thickness. Reducing the
thickness causes a symmetry-lowering transition to an
insulator with a wide gap in the excitation spectrum and
insulating behavior in the in-plane sheet resistance. This
pseudogap is a crossover phenomenon to the incoherent
insulator.

It is interesting to speculate on the implications for
pseudogaps in other correlated materials. First, these
pseudogaps are clearly unrelated to superconductivity.
Second, the differences between the two types of quantum

wells show that spin physics plays a critical role in the
pseudogap. Spin fluctuations can give rise to pseudogaps
[38]. A recent dynamical mean field study of quantum
wells in SmTiO; found a loss in spectral weight associated
with coupling of the 2DEL electrons to the antiferromag-
netic fluctuations in the SmTiO; barrier [39]. In general,
antiferromagnetic fluctuations affect only parts of the Fermi
surface, whereas the ferromagnetic fluctuations affect the
entire Fermi surface. Coherence may then emerge in the
former case as the low temperature and the partial gapping
reduce the phase space for scattering [38]. More generally,
taking into account the symmetry-lowering transition that
occurs in the quantum wells in GdTiOs, the results also
support the idea that the strengths of electron-phonon
interactions and repulsive Coulomb forces are influenced
by magnetism [40] and the results show that this is
expressed in the evolution of the pseudogaps.
Specifically, the evolution of the pseudogap in the quantum
wells in SmTiO; is quite typical of correlated electron
systems, whereas that in GdTiO; appears to be dominated
by the transition to a symmetry broken, gapped state, i.e.,
reflecting a stronger interaction with the lattice. Finally, we
wish to again emphasize the incompatibility of all the
transport properties of these quantum wells with Fermi
liquid theory (carrier-density independent scattering rates,
separation of Hall and longitudinal transport lifetimes
[21,35]). This supports the idea that the pseudogaps are
an intrinsic manifestation of an unusual metallic state in a
wider class of correlated electron systems.
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