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Electron glasses offer a convenient laboratory platform to study glassy dynamics, traditionally
attributed to the interplay of long-range Coulomb interactions and disorder. Existing experimental
studies on electron glass have focused on doped semiconductors, strongly correlated systems,
granular systems, etc., which are far from the well-delocalized limit. Here, we demonstrate that the
ferroelastic twin walls of well-known quantum paraelectric SrTiO3z can induce glassy electron
dynamics even in a metallic phase. We show that the emergent two-dimensional electron gas at the
y-Al,O3/SrTiO; interface exhibits long-lasting resistance relaxations and memory effects at low
temperatures, hallmarks of glassiness. Moreover, the glass-like relaxations can be tuned by the
application of an electric field, implying that the observed glassy dynamics relate to the development
of polarity near the structural twin walls of SrTiO3z and the complex interactions among them. The
observation of this glassy metal phase also contributes to the growing understanding of the
fascinating and diverse emergent phenomena near the quantum critical point.

Understanding the nature of low-energy electronic excitations in strongly
disordered insulators is a key challenge in condensed matter physics'™.
Disorder inherently promotes local density fluctuation, while Coulomb
repulsion favors a more uniform distribution. This interplay leads to a
multitude of metastable states with comparable energies. The resulting
phase exhibits slow relaxations, aging, and memory effects, etc. and is
known as electron glass*”. Following the initial observation in granular
system’, the electron glass phase has been identified in diverse material
platforms, including complex oxides (e.g. high-T. cuprates, manganites,
ruthenates, vanadates etc.)’™!, MOSFET like (metal- oxide-semiconductor
field-effect transistor) structure'>”, three-dimensional doped semi-
conductors (Si:P)"“. All of these systems are away from good metallic regime
as well-delocalized electrons are expected to exhibit a single, well-defined
ground state, precluding glassiness. In this work, we report the observation
of glassy electron dynamics in a completely different platform: SrTiOs
(STO), a well-known quantum paraelectric, transformed into a metal via
electron doping.

In pristine form, STO is a cubic perovskite at room temperature
with a band gap of 3.25 eV". It undergoes a cubic to tetragonal structural
phase transition at T, ~ 105 K driven by a transverse acoustic phonon
mode at R point of the Brillouin zone'®. This transition, also known as
antiferrodistortive (AFD) transition, results in a dense network of fer-
roelastic twin domains with distinct walls separating each group of
domains (see Fig. 1a). The transverse optical phonon mode at I-point

softens upon lowering the temperature and saturates around 2 meV
below 35 K, leading to the well-known quantum paraelectric phase'”"*.
Most importantly, several studies have further corroborated the emer-
gence of finite polarity at the AFD domain wall (DW) at 80 K, which
enhances further below 40 K, though the individual domains remain
nonpolar'* . This is attributed to the coupling between the ferroelastic
and ferroelectric order parameters (Fig. 1b)*. Furthermore, the complex
interactions among these polar DWs, in presence of quantum fluctuation
over mesoscopic length-scale (due to hybridized acoustic-optical pho-
nons), lead to the emergence of various collective phases, including
quantum domain glass and quantum domain solid, as the temperature is
varied™,

Metallic STO, obtained through either chemical doping or hetero-
structuring with another insulator, hosts various quantum phenomena
including superconductivity, ferromagnetism, Rashba spin-orbit cou-
pling, polar metal, etc. and has become a research theme on its own” .
While the electrical dipoles are expected to be screened by the mobile
carriers, several observations including enhanced conductivity along the
DWs, stress tunable conductivity, zero-field transverse resistance, charge
trapping within domain walls, etc. firmly establish that the polar DWs
have a significant influence on electrical conduction in STO™™. Despite
these investigations into the static influence of DWs on electrical trans-
port, there is no report of dynamical impact of DWs on conduction
electrons. In this work, we explore whether the glassy DWs in the
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Fig. 1 | Tetragonal domains in STO and electronic structure of GAO/STO het-
erostructures. a A schematic showing structural twin domains of STO below 105 K.
Three types of domains with ¢ axis along [100], [010], and [001] have been marked
with X (blue), Y (purple), and Z (red) respectively'*”. b Schematic to depict coex-
istence of strain field (¢) and polarization (P) within the domain wall. For the sake of
simplicity, we have only shown the component which is perpendicular to the domain
wall. A spontaneous strain field arises due to inherent ferroelasticity, which also
varies in sign across the domain wall*. Further, the maximum value of polarization
appears at the domain wall. Within a domain wall, both polarization and strain field
are coupled. Additionally, one domain wall can also interact with the neighboring
one via either dipole-dipole interaction or through coupled strain fields™*".
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¢ Temperature-dependent sheet resistance (Rg) in the cooling cycle (ramp rate =

3 K/min) for GAO/STO heterostructures with different thicknesses, demonstrating
a metal-to-insulator transition with lowering the film thickness. Inset shows the
hysteresis in Rg vs. T plot between heating and cooling run for the 15 uc GAO/STO
sample. The hysteresis for other metallic samples have been shown in Supplemen-
tary Fig. S4. d Measured Ti 2p core level spectrum of a metallic GAO/STO sample
using HAXPES. Fitting of the spectra reveals the presence of Ti’*" and Ti** in the
sample, in addition to Ti*". A charge transfer shake-up satellite peak’ was also
included in the fitting. e Residual of the fitting, testifying the excellent matching with
the measured spectrum.

quantum domain glass phase could impart glassiness to the conduction
electrons in metallic STO. Delving in this direction would not only
advance our understanding of electron glasses beyond traditional models,
but it would also be extremely crucial for understanding electronic
transport in polar metals and polar superconductors, a topic of sig-
nificant current interest’™*™*.

This work presents the observation of glassy dynamics in a STO-based
two-dimensional electron gas (2DEG). For this, we have focused on the
2DEG obtained by growing y-AlL,O5; (GAO) film on STO (001) substrate
due to its exceptional sensitivity to DWs in electrical transport*'. We found
that this metallic interface exhibits a gradual relaxation of resistance at fixed
temperatures, similar to conventional electron glasses. Interestingly, the
relaxation magnitude increases below 80 K, the same temperature where the
polarity emerges within the DWs of pristine STO”". The most significant
relative change in resistance relaxation is observed at 22 K, and the
relaxation disappears below 12 K. Notably, these resistance relaxations
depend on the cooling rate and exhibit a memory effect as well, which are
prime signatures of glassy dynamics®”. Remarkably, all of these observed
temperature scales align with the domain glass and domain solid phases,
previously reported in pristine STO*, emphasizing the dynamical impact of
polar DWs on electronic transport.

Results

Sample growth and characterization

GAO is a cubic spinel with a lattice constant of 7.911 A, almost double of the
lattice constant of cubic STO (3.905 A). Epitaxial thin film of GAO with
excellent morphological quality can be grown on STO (001) substrate due to
the close match between the oxygen sublattices of the two compounds**.
For the present investigation, a series of GAO films with varying thicknesses
on STO were grown by pulsed laser deposition technique (details of growth
and sample characterizations are in Methods and Supplementary Note 2,
and Supplementary Fig. S2). For electrical resistance measurements, the
Hall bar structure was made®, and the Ohmic contacts were established by
using an ultrasonic wire bonder (measurement details are in the Methods
section). Fig. 1c shows the temperature-dependent sheet resistance (Rg) plot
for the heterostructures showing a metal-insulator transition as a function of
GAO film thickness. As evident, heterostructures with film thickness greater
than 1.75 uc (uc=unit cell) display metallic behavior (see also Supplemen-
tary Note 3 and Supplementary Fig. S3). For the definition of 1.5 ucand 1.75
uc, we refer to Supplementary Fig. S1. To probe the origin and location of the
conducting electrons, we carried out hard X-ray photoelectron spectroscopy
(HAXPES) on Ti 2ps/, and 2p, , core levels of an 8.5 uc (6.8 nm) GAO/STO
sample using 3.4 keV photon at the P22 beamline of PETRA III, DESY
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(other details are in Methods). Apart from the strong features of Ti**, small
shoulders are observed at lower binding energies (Fig. 1d), which can be
captured considering the presence of additional Ti*" and Ti** (see Fig. 1d, e).
This confirms that the conduction electrons are located within STO. The
origin of the 2DEG can be further assigned to the scavenging of oxygen
within the interfacial layers of STO**.

We further note that a noticeable difference in resistance between
heating and cooling runs is observed at lower temperatures, which dis-
appears around 90 K for all of these metallic samples (Inset of Fig. 1c and
Supplementary Fig. S4). Similar hysteresis below 90 K was reported in
LaAlO5/StTiO; 2DEG as well” and was ascribed to the development of
polarity near the DWs of STO***. As our investigation centers on glassy
dynamics within a well-delocalized metallic regime, the remainder of this
paper will focus on the 15 uc GAO/STO thin film unless specified otherwise.

Relaxations of resistance

Following the observation of a static influence of DWs in temperature-
dependent resistance measurements, we now present evidence of their
dynamical impact on conduction electrons. To investigate this, we cooled
down the system at a ramp rate of 3 K/min from room temperature to a
desired low temperature (denoted as T,,) using a closed-cycle cryo-
stat (CCR) and monitored the temporal evolution of resistance at the fixed
final temperature (Fig. 2a). The inset of Fig. 2a shows one such recorded data
where the T,, was set to 20 K. As evident, the resistance relaxes gradually and
doesn’t saturate within the laboratory time scale (Supplementary Note 5 and
Supplementary Fig. S5), mirroring the behavior seen in conventional elec-
tron glasses™””. To gain a deeper understanding, we performed identical set
of measurements at various fixed temperatures encompassing the distinct
phases of STO DWs and all the way down to 5 K. Notably, after each
measurement, the sample was warmed to 300 K to ensure the recovery of its
initial resistance value. To quantitatively capture the temperature evolution
of these relaxations, we plot the relative percentage change of resistance at

the end of three hours ‘SR“E;;}"S) (%) in Fig. 2b. As evident, with decreasing

temperature, W(%) remains almost temperature independent
0

roughly up to 80 K and exhibits a non-monotonic enhancement with a
maximum occurring around 22 K. A similar behavior was further con-
firmed for a 5 uc GAO/STO sample (Supplementary Note 6 and Supple-
mentary Fig. S7) and another 15 uc GAO/STO sample (discussed later in
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Fig. 2 | Demonstration of resistance relaxations as a function of time at various
fixed temperatures. a Protocol for measuring the dynamical impact of DWs. The
system is cooled down at a ramp rate of 3 K/min from room temperature to a desired
low temperature. T, is the final temperature at which the temporal evolution of
resistance is measured. The inset shows a representative example of the temporal
evolution of resistance at a fixed temperature of 20 K. Ry is the bare resistance just at
the start of the relaxation. For further consideration, we redefine the ¢ = 0 at the start

this article). As can be further seen in Fig. 2b, all the relaxations cease to exist
below 12 K. To quantify the rate of relaxation as a function of T, we have also
d|58%)

dIn(D)
plementary Fig. S6]. S exhibits similar temperature dependence as
OREZAR) (%) (Fig. 2b).

Since the compressor of the CCR was on during all of these mea-
surements, the mechanical vibration of the cryostat is sufficient to depin
STO domain walls, as discussed by Kustov et al. in refs. 25,52. In a
remarkable coincidence, the distinctive features in the temperature-
dependent W(%) and S exhibit nearly a one-to-one correspon-
dence with the established phase diagram of DWs of insulating STO,
reported in ref. 25. In Fig. 2¢, we also plot the low-amplitude ultrasonic
internal friction for pristine STO (taken from the ref. 25) for easy com-
parison. The internal friction directly probes the different forces resisting the
motion between DWs and has identified four distinct phases™*, marked in
Fig. 2c. Among these phases, the emergence of the domain glass phase is
intriguing, particularly considering that in this temperature range, quantum
fluctuations significantly influence the properties of STO™, an entity that is
generally considered an inhibitor of glass formation™.

We now discuss how these collective domain wall phases manifest in
transport measurements. Distinguishing between the domain liquid and
pinned phases is currently difficult. However, the increased resistance
relaxation observed below 40 K, with complete suppression below 12 K,
roughly coincides with the transition to the quantum domain glass and
quantum domain solid phase, respectively. To explore glassy electron
dynamics beyond the standard electron glass framework’, the remainder
part of this paper concentrates on the domain glass phase.

extracted § = in the logarithmic regime of the relaxation [Sup-

History dependence and confirmation of glassy
dynamics

Apart from the slow relaxation, another hallmark of glassy dynamics is the
dependence of their relaxation on the previous history, the system has gone
through®”. The first evidence of this for the present study comes from our
cooling ramp rate-dependent measurements wherein we carried out mea-
surements similar to those shown in Fig. 2a with several cooling ramp rates
ranging from 1 K/min to 3 K/min. Fig. 3a shows the two sets of measure-
ments for two fixed final temperatures T,, =20 K and 80 K. As evident,
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of the relaxation. For a complete set of data, please see Supplementary Fig. S5.

b Relative percentage change of resistance at the end of three hours ‘wt;—:m) (%) and

4| 58%)
dTn(t)
Ry. c. Temperature-dependent ultrasonic internal friction of bulk STO. This panel

has been reproduced with permission from ref. 25.

relaxation rate (S = ) at several fixed temperatures. SR(t) is defined as R(f)-
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Fig. 3| Cooling rate dependence, memory effect, and evidence of glassy dynamics.
a Cooling rate dependent resistance relaxation observed for 3 h at 20 K and 80 K.
b Relative percentage change of resistance at the end of three hours %:h“) (%) for
different cooling ramp rates. Shaded regions are included in the plot as a guide to
the eye. Similar measurements for another 15 uc GAO/STO sample with cooling
rate down to 0.1 K/min shows that ‘SRO;—;}"S) (%) has a logarithmic dependence on
the cooling rate (Supplementary Fig. S8). ¢ Temperature ramping protocol for

Cooling rate (K/min)

20 2.5 3.0

studying the memory effect. Here the sample is cooled from room temperature to a
waiting temperature T, (ramp rate 3 K/min) where the system is annealed for a
time t,, = 3 h. Thereafter, it is cooled down to the base temperature of 5 K and
heated back to room temperature d Difference (A) in resistance of the system
obtained by subtracting the R vs T plot for £, =0 (obtained in the heating run)
from the one measured for f,, = 3 h. Inset shows the derivative of A with respect
to T.

resistance relaxation becomes slower with decreasing ramp rate for T, = 20
K (which is in the domain glass phase). On the contrary, no appreciable
changes are observed for T,, = 80 K, which is outside the glassy phase.
Quantitatively, this is even more apparent in Fig. 3b, where we have plotted
the relative percentage change of resistance at the end of three hours of
relaxation for different cooling ramp rates. Cooling ramp rate-dependent
relaxation at T, = 20 K has also been measured for another 15 uc GAO/STO
sample with a cooling rate down to 0.1 K/min. A strong ramp rate-
dependence has also been observed there (Supplementary Note 7 and
Supplementary Fig. S8). Additionally, we note that the R, also increases
systematically with the decreasing cooling rate (Supplementary Fig. S8).
Cooling ramp rate-dependent relaxation at T,, = 20 K has also been verified
for the 5 uc GAO/STO sample (Supplementary Note 8 and Supplemen-
tary Fig. S9).

Another systematic approach to confirm glassy dynamics is study-
ing the memory effect’. To investigate this, we have followed a tem-
perature ramping protocol as depicted in Fig. 3c. Here, we cooled down
the 15 uc GAO/STO sample from room temperature to a waiting tem-
perature T, (<300 K) and waited there for the next 3 h. Thereafter, we
cooled down further to the base temperature (5 K) and recorded the
resistance in the heating run. To capture the effect of waiting, we sub-
tracted the measurement performed without any waiting from the
waiting one. The difference (A) of these curves has been plotted in Fig. 3d
for two values of T,. We further emphasize that 20 K lies well within the
domain glass phase, whereas 45 K is outside this phase. It is clearly
evident that A shows strong temperature dependency for T,, =20 K,
which is negligible for the measurement with T,, = 45 K. Interestingly, the
temperature derivative of A for T,, = 20 K shows a dip at the same
temperature where annealing was performed (Inset of Fig. 3d). However,
no such dip was observed for T,, =45 K. These observations affirm the
retention of memory effect of electrical resistance within the domain
glass phase of STO.

Discussions

Conventional electron glass models, rooted in the competition between
electron correlation and disorder, fail to explain the glassy electron behavior
observed in metallic GAO/STO samples. Therefore, we propose a
mechanism centered on the polar domain walls of STO as the distinct DW
phases of pristine STO are intrinsically tied to the development of polarity
within DWs™*. Moreover, these polar DWs effectively function as defect

states by trapping charges™. Since the domain wall polarity increases with
the lowering of temperature*">*’, more and more trapping of free carriers
can be anticipated, leading to a reduction in free carrier density. To testify
the same, we have measured Hall resistance at different fixed temperatures
(see Supplementary Note 9, Supplementary Figs. S10-S12 and ref. 56 for the
method of Hall analysis). The temperature-dependent sheet carrier density
of the dominant carrier density channel () indeed reveals a carrier freezing
effect below 150 K (Fig. 4a). We note that the carrier freezing starts at a little
higher temperature than the T, of STO. This can be ascribed to the trapping
of thermally excited carriers in additional defect states created by oxygen
vacancy clusters which onset at higher temperatures*”’. Nonetheless, the
majority of trapping happens below 100 K [Inset of Fig. 4a], indicating the
presence of polar domain walls in our metallic GAO/STO samples.

Before delving further into the possible mechanism, certain aspects of
pristine STO are crucial to take into consideration. The presence of electrical
dipoles within the highly polarizable STO very often leads to the formation
of polar nano region (PNR) spanning several unit cells”. The resulting
system exhibits a complex phase diagram, transitioning from a dipolar glass
at low concentrations of PNRs to long-range ferroelectric order with
overlapping PNRs at higher concentrations™”. The quantum domain glass
phase of pristine STO, which appears around 40 K*, is indeed akin to such a
dipolar glass phase®*". Crucially, such dipolar glass phase can survive even
in electron-doped quantum paraelectrics” and hence would be crucial in
understanding the concomitant origin of glassy electron dynamics in the
present case as discussed below.

One of the basic attributes of a glassy system is that once it’s cooled
down to the glassy phase, the effective temperature of the system always
remains higher due to its inability to equilibrate with its surrounding
phonon bath® ®. Extending this analogy to our system, the domain wall in
the domain glass phase can be considered to have an elevated effective
temperature. Over time, it seeks to reach thermal equilibrium with the
cryostat’s set point. As the domain wall polarity increases with decreasing
temperature, this equilibration process would manifest as a gradual, glass-
like growth in domain wall polarization with time. As the domain wall
trapping ability is also strongly linked to its polarity, this temporal evolution
consequently leads to a slow, glass-like increase in free carrier trapping,
leading to the observed resistance relaxation in our experiments (see Fig. 4b
for the proposed mechanism). Notably, the resistance relaxation ceases to
exist below 12 K, aligning with the quantum domain solid phase in
bulk STO.
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Fig. 4 | Evidence of polarity. a Sheet carrier density

(n,) of the dominant carrier density channel as a
function of temperature showing carrier freezing
below 150 K. We emphasize that our sample exhibits
two-band transport below 90 K, and therefore, 1, at
90 K and above was determined using one band
model, whereas below 90 K it corresponds to the
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To confirm that the observed glassy electron dynamics originate from
the background of the dipolar glass phase, we have further attempted to tune
electron dynamics by applying an external electric field. It is well established
that cooling a system of randomly oriented dipoles, such as in a dipole glass,
in a biasing field can suppress the influence of the random fields™, thereby
eliminating the glassy behavior. This occurs due to the alignment of the
dipoles and the increase in their correlation length, potentially leading to
long-range polar order. To investigate this, we used another 15 uc GAO/
STO sample, which shows similar static and dynamic impact of domain wall
in transport measurement (Supplementary Note 10, 11 and Supplementary
Figs. S13-S15). Figure 4c shows resistance relaxation at fixed temperatures
20 K and 80 K after zero-field cooling (ZFC) and field cooling (FC) with a
back gate voltage V,; = =50 V from 300 K. The electric field was applied using
conventional back-gate geometry”. At T, = 20 K (well within the domain
glass phase), a significant reduction in resistance relaxation is observed upon
FC compared to ZFC. However, at 80 K (far away from the domain glass
phase), no difference is observed between FC and ZFC measurements.
Fig. 4d quantifies the relative percentage change in resistance at the end of
three hours for both ZFC and FC protocols at various fixed temperatures. As
evident, the electric field has negligible influence on resistance relaxation
above 60 K. However, below 40 K, FC drastically suppresses resistance
relaxation compared to ZFC (See Supplementary Note 11 and Supple-
mentary Figs. S14, S15 for details). This strongly emphasizes the definite role
of the background dipolar glass in the observation of glassy electron
dynamics, and we coin this electronic phase as dipolar glassy metal.

Conclusions and outlook

In summary, we have demonstrated the evidence of glassy electron
dynamics in two dimensions arising from the complex interactions among
polar ferroelastic twin walls of STO. Our finding of this dipolar glassy metal

phase is in sharp contrast to the conventional electron glass phenomenol-
ogy, where the glassiness emerges from the competition between random
disorder and Coulomb interaction and vanishes well before the insulator-
metal transition. This study not only broadens the spectrum of distinct
quantum phases exhibited by STO-based conducting interfaces (Fig. 5) but
also underscores the unique aspects of electron transport in systems
approaching a ferroelectric quantum critical point. Furthermore, our
observations will be pivotal in advancing our understanding of electronic
transport in polar metals and superconductors*. Very recently, topological
defects in structural glasses have been found to explain some of the pecu-
liarities of these systems*”. In that context, since ferroelastic twin walls are
naturally occurring topological defects™, our work opens up an avenue to
explore the role of topological defects in the electron glass sector, which has
remained completely unexplored to date.

Methods

Sample preparation

All GAO films were epitaxially grown on a mixed-terminated single-crys-
talline STO (001) substrate (5 x 5 x 0.5 mm?) (purchased from Shinkosha
Co., Itd., Japan) utilizing a pulsed-laser deposition system*’. The sample was
grown at a substrate temperature of 500 °C under a vacuum of approxi-
mately 10~° Torr. A KrF excimer laser (A = 248 nm) was used for ablating the
single crystalline GAO target, purchased from Shinkosha Co., Itd., Japan.
The crystallinity of the film was checked using a lab-based Rigaku Smartlab
X-ray diffractometer. X-ray reflectivity measurement was employed to
determine the thickness of the film.

Transport measurement
Hall bar structure was made along the [100] crystallographic direction by
selectively scratching the film all the way down into the substrate®. All the
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Fig. 5 | Phase diagram. The well-known phase diagram with ferroelectric, quantum
paraelectric and quantum critical region'® together with an additional axis of carrier
doping. This depicts a wide range of quantum phases that emerge upon electron
doping in SrTiO; through heterostructuring. Superconductivity, Rashba SOC and
multiferroic 2DEG were reported in refs. 29,30,37 (also see ref. 35).This work pre-
sents the evidence of a dipolar glassy metal phase in STO-based 2DEG.

temperature-dependent electrical transport measurements related to resis-
tance relaxation were carried out in a closed-cycle cryostat (Advanced
Research Systems, USA) using a dc delta mode with a Keithley 6221 current
source and a Keithley 2182A nanovoltmeter. A Keithley 2002 multimeter
was used for measuring two probe resistance of the 1.5 uc and 1.75 uc films.
Magnetic field-dependent Hall measurements were performed using an
Oxford Integra LLD system. For gate field-dependent measurements, an 80
nm Au layer was sputtered as a back electrode on the bottom side of the STO
substrate. A Keithley 2450 source meter was used for applying the back
gating voltage.

HAXPES measurement

HAXPES experiments were carried out using a high-resolution Phoibos
electron analyzer®. The measurement chamber pressure was ~5x 10~
Torr and the sample temperature was maintained at 40 K using an open
cycle helium flow cryostat. The measured kinetic energy was corrected using
Au 4f core level spectra, acquired from a gold reference sample mounted
alongside the GAO/STO heterostructure. For 3.4 keV photon energy, the
inelastic mean free path (1) of the photoelectrons is estimated to be in the
range of 5-6 nm”. This allows to access Ti oxidation states near the interface
for the 6.8 nm GAO/STO film as the effective probing depth is roughly 3.

Data availability
The data that support the findings of this work are available from the
corresponding authors upon reasonable request.
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