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ABSTRACT: Heterointerfaces coupling complex oxides exhibit coexisting functional properties such as magnetism, super-
conductivity, and ferroelectricity, often absent in their individual constituent. SrTiO; (STO), a canonical band insulator, is an active
constituent of such heterointerfaces. Temperature-, strain-, or mechanical stress-induced ferroelastic transition leads to the formation
of narrow domains and domain walls in STO. Such ferroelastic domain walls have been studied using imaging or transport
techniques and, often, the findings are influenced by the choice and interaction of the electrodes with STO. In this work, we use
graphene as a unique platform to unveil the movement of oxygen vacancies and ferroelastic domain walls near the STO surface by
studying the temperature and gate bias dependence of charge transport in graphene. By sweeping the back gate voltage, we observe
antihysteresis in graphene typically observed in conventional ferroelectric oxides. Interestingly, we find features in antihysteresis that
are related to the movement of domain walls and of oxygen vacancies in STO. We ascertain this by analyzing the time dependence of
the graphene square resistance at different temperatures and gate bias. Density functional calculations estimate the surface
polarization and formation energies of layer-dependent oxygen vacancies in STO. This corroborates quantitatively with the
activation energies determined from the temperature dependence of the graphene square resistance. Introduction of a hexagonal
boron nitride (hBN) layer, of varying thicknesses, between graphene and STO leads to a gradual disappearance of the observed
features, implying the influence of the domain walls onto the potential landscape in graphene.

KEYWORDS: SrTiO;, domain walls, antihysteresis, graphene, oxygen vacancies

1. INTRODUCTION

Transition-metal oxides are versatile material systems that offer
diverse functionalities, such as ferromagnetism, superconduc-
tivity, ferroelectricity, multiferroics, etc.' A prototypical
transition-metal oxide is SrTiO; (STO), which is a canonical
band insulator and has a large temperature-dependent dielectric
permittivity.2 It is known to possess a temperature-driven
ferroelastic transition at 105 K* and a quantum paraelectric state
persisting to lower temperatures,* accompanied by differently
oriented structural domains that move under the application of
an electric field.”~” The moving domain walls can lead to large
local polarization at the STO surface." ' Further, oxygen
vacancies tend to accumulate at STO domain walls and act as
channels for the movement of oxygen vacancies that can
dramatically influence the dielectric environment both with
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temperature and with electric fields." ">

This intricate interplay
between structural transition and electronic transport has been
studied by several groups using different macroscopic and
transport probes involving different levels of complexity. The
domain walls were found to host interesting properties, such as
field-induced ferroelectricity, high mobilities up to low temper-

57,1
ature, and enhanced conductivity.”~ "'
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In proximity with STO, several electronic properties in
graphene can be influenced, predominantly due to the large
dielectric permittivity and strong correlation effects in
STO."*™'° STO can influence electron—electron interaction in
graphene as manifested in the temperature dependence of both
charge transport'’~"* and spin transport and is ascribed to the
structural phase transition and presence of surface dipoles™ in
STO. Further, antihysteresis in graphene square resistance,
when back gated through STO has been reported by several
groups and is an active area of research.'”'*?’

In this work, we interface STO with graphene to unveil the
movement of oxygen vacancies and ferroelastic domain walls
near the STO surface by systematically studying the temperature
and gate bias dependence of charge transport in graphene. For
this purpose, we track the variation of the charge neutrality point
(CNP) with temperature and direction of the applied gate bias
using a four-probe geometry. By sweeping the back gate voltage,
we observe antihysteresis in graphene that is typical of
conventional ferroelectric oxides, unlike STO, which is an
incipient ferroelectric. Our study on two different fabricated
stacks of graphene on STO and graphene on hexagonal boron
nitride (hBN)/STO shows additional features in the (anti)-
hysteresis traces of the square resistance in graphene. By
inserting hBN layers, we disentangle the bulk effect from the
interface effect.

From our analysis, we infer that these features are related to
the movement of domain walls and their interplay with oxygen
vacancies close to the STO surface and depend on the direction
of gate voltage sweep. We also find that the separation between
the CNP peaks, for the trace and retrace cycles, is proportional
to the sweep range of the gate voltage and inversely proportional
to the temperature, imprinting the structural phase transitions in
STO. Further, density functional theory (DFT) studies of the
layer-resolved STO surface calculate the formation energies of
the oxygen vacancies and find it to be lower at the surface than in
the bulk. Quantitative estimates of the activation energies of the
mobile oxygen vacancies were determined from the temperature
dependence studies of the graphene square resistance and were
found to agree with those obtained from DFT studies. Our study
establishes graphene to be a pristine platform to unveil the
unusual temperature dependence of domain wall motion and
oxygen vacancies that are coupled to the ferroelastic transition in
STO.

2. RESULTS AND DISCUSSION

To fabricate the devices for our study, we transferred a
monolayer of graphene with or without hBN of different
thicknesses onto a 0.5 mm thick bulk STO using the dry-transfer
technique.”” This was followed by contact electrode deposition.
A schematic diagram of the device is shown in Figure la. The
thickness of the hBN was characterized by atomic force
microscopy (AFM) and is shown in the Supporting Information
(SI) (Figure S1). The graphene channel resistance was
monitored using four-probe measurements so as to exclude
the contact resistance. The 0.5 mm thick STO with or without
hBN served as the gate dielectricc. We compare the charge
transport in graphene in direct contact with STO with that when
hBN is inserted between graphene and STO. This allows us to
examine the contribution of graphene/STO interface on the
charge transport. In total, three devices were fabricated:
graphene/STO (device 1), graphene/hBN (8 nm)/STO
(device 2), and graphene/hBN (23 nm)/STO (device 3).
Figure 1b—d shows the back gate dependence of the square
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Figure 1. Antihysteresis in graphene square resistance on STO (device
1). (a) Measurement schematic: a four-probe measurement scheme is
used, which excludes the contact resistance. The back gate is applied
through a 0.5 mm STO single crystal substrate. The antihysteresis
behavior for device 1 was studied at different temperatures for different
gate sweep ranges with a constant sweeping rate of 1.7 s/V. The gate
sweeping range was systematically changed from +20 V (black) and
+50V (red) to 80 V (blue) for the graphene/STO device at (b) 4 K,
well below the phase-transition temperatures, (c) at 105 K, the
ferroelastic phase-transition temperature, and (d) at 150 K, well above
the phase-transition temperatures.

resistance for different sweep ranges and temperatures for device
1 at the sweeping rate of 1.7 s/V. At 150 K, as shown in Figure
1d, the graphene square resistance shows a typical Dirac curve
without any antihysteresis. However, with decreasing temper-
ature, the dielectric constant of STO increases signiﬁcantly,2
leading to a narrowing of the Dirac curves and a large
antihysteresis, as shown in Figure 1b,c. At positive gate voltages,
graphene is initially populated with electrons. During retracing
(positive to negative gate voltage sweep), the CNP in graphene
is reached even with a small gate sweep range, leading to a
positive shift of CNP. Likewise, during tracing, the CNP shows a
negative shift. The separation between the peaks at the CNP, for
the trace and retrace cycles, is found to be proportional to the
sweep range of the back gate. Interestingly, we observe features
in the Dirac peaks for all sweep ranges and for temperatures
below 105 K. Such features in the antihysteresis vanishes for
temperatures above 105 K.

Both hysteresis and antihysteresis have been observed in

raphene with different ferroelectric me-

dia.>*7>%3%3! Antihysteresis, specifically, has been attributed to
either the presence of ferroelectric-like surface dipoles or to
dynamical trapping in the oxygen vacancy sites as well as to band
bending at the STO surface due to the surface dipoles that act as
the trapping sites.'”'”?' However, the cause of such
antihysteresis is still under debate. Additionally, features in the
Dirac peaks were associated with different CNPs in graphene,
originating from contact doping,” local electrostatic do?ing
from charge traps,” p—n junction formed by local gating,”* or
from local dopants from adsorbates.

In this context, our observations on the three types of devices
studied are distinctly different from earlier works. Although we
observe antihysteresis for all of the three devices, the multiple
features in the Dirac peak appear only for device 1 and 2, as
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Figure 2. Antihysteresis in graphene square resistance on hBN/STO for different gate sweep ranges with the sweeping rate of 1.7 s/V. (a—c) The
antihysteresis curves for the device with 8 nm hBN (device 2) at different temperatures: (a) 4 K, well below the phase-transition temperatures, (b) 105
K, the ferroelastic phase-transition temperature, and (c) 150 K, well above the phase-transition temperatures. The gate sweeping range was
systematically changed from + 20 V (black) and + 50 V (red) to + 80 V (blue). (d—f) Curves for the device with 23 nm hBN (device 3) at 4, 10S, and

150 K, respectively.

shown in Figures 1b and 24, and for temperatures lower than 105
K, while with a thick hBN layer (device 3), such features do not
occur at any temperature Figure 2d—f.

We carried out several cooling cycles and traced out similar
curves also for other contact electrodes on graphene. Such
features were distinctly observed at 4 K, while they disappeared
between 60—105 K. Moreover, the exact shape of these features
in the Dirac peaks are found to be different in the different
regions probed, as well as for different thermal cycles through
105 K, as shown in SI, Figure S3.

This temperature-dependent behavior of the multiple features
in the Dirac peak and for the three different devices can be
understood from a concerted interplay of associated factors in
STO. Besides the enhancement of the dielectric permittivity in
STO at low temperatures, the temperature-induced phase
transition (around 105 K) in STO triggers the formation of a
network of structural domains and domain walls that are mobile
and polar down to low temperatures,’'”*° and act as trap
centers for the oxygen vacancies in STO.'” These not only
change the electrostatic environment in graphene but also
generate local gate fields, which assists or opposes the formation
of the observed features in the Dirac peak for different polarities
and range of voltage sweeps.’>”” The addition of an hBN layer
(device 2) reduces the effective capacitance due to a reduced
permittivity of the stack. The total capacitance C, per unit area
of graphene/hBN/STO can be roughly estimated from the
geometrical capacitance of hBN (Cypy) and STO (Cgpo) in
series:Cyt = Gy + Csto, Where the geometrical capacitance can
be estimated by C = €,£,/d when the quantum capacitances are
neglected, with &, being the dielectric constant, &, being the
vacuum permittivity, and d being the thickness of the dielectric.
Assuming that &, for STO is 10 000, and &, for hBN is 4, the
geometrical capacitances for devices 1 (dypy=0nm), 2 (dypn =8
nm), and 3 (d,zy = 23 nm) are estimated to be 2.00 X 107g,, 1.92
X 107gy, and 1.79 X 107, This leads to two effects: it reduces
the overall electric field from the external gate bias and it reduces
the influence of these local gate fields on the electrostatic
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landscape in graphene. For the thicker hBN layer (device 3), the
effect of the local gating field is reduced even further for both
positive and negative bias. Hence, no observable influence of the
movement of oxygen vacancies is discernible in the Dirac peaks
for this device. The graphene channel is found to be electron
doped.

To understand the evolution of the antihysteresis with the
sweep range of the external gate bias and temperature, we
analyze the charge transport behavior for devices 2 and 3, as
shown in Figure 2, with the same sweeping rate of 1.7 s/V as
device 1. When STO is cooled beyond the phase-transition
temperature of 105 K, the positively charged oxygen vacancies
accumulate at the domain wall network. We note that the
sweeping electric field and its polarity has different effects on the
movement of the oxygen vacancies. At positive gate voltages, the
screening by positively charged oxygen vacancies is less effective,
resulting in a higher effective field acting on graphene. The
oxygen vacancies thus move away from the STO surface and are
manifested in a positive shift of the CNP in graphene. A negative
gate voltage, however, enhances the screening efficiency and
thereby leads to a lower effective field acting on graphene. In this
case, the oxygen vacancies move to the STO surface, resulting in
a negative shift of the CNP. The distribution of the mobile
oxygen vacancies across the STO surface also depends on the
choice of the sweeping range. With increasing sweep range of the
gate voltage, the movement of oxygen vacancies enhances,
leading to a larger antihysteresis. When the temperature is
increased, the sharp decrease in the dielectric permittivity and
the disorderliness of the domain wall network in STO result in a
lower effective electric field, causing a reduction in the
movement of the oxygen vacancies and a reduction in the
antihysteresis of the sheet resistance in graphene, which is
manifested in Figures 1b,c and 2b,c,e,f.

The evolution of the antihysteresis with the sweep rate is also
investigated, as shown in Figure 3. The sweep rate does not
affect the antihysteresis curves when graphene is directly on
STO (Figure 3a), whereas with the hBN intermediate layer, the
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Figure 3. Sweeping rate dependence of the antihysteresis in graphene
square resistance for devices 1 and 2. (a) Antihysteresis curves for
device 1 do not depend on the sweeping rate. (b) Antihysteresis for
device 2 decreases with increasing sweeping rates.

antihysteresis decreases with an increasing sweep rate (Figure
3b). This can be explained in light of the movement of the
oxygen vacancies when gating with STO. The movement of the
oxygen vacancies is much faster than the fastest sweep rate,
which we can achieve with our current setup, and thus the
change of the sweep rate does not affect the antihysteresis for
device 1. However, with hBN as an intermediate layer, we
observed a different scenario: the CNPs overlap for the
retracing, while the negative shift of the CNP is less for tracing
with a faster sweep rate. Although the movement of the oxygen
vacancies is still much faster than the sweeping rate, the
screening effect from the oxygen vacancies at the negative gate
voltage takes time to be manifested in the square resistance of
graphene when hBN is the intermediate layer. Thus, the negative
shift is less with a faster sweep rate.

To further elucidate the dynamics of the oxygen vacancies,
their time dependence responses were investigated. Figure 4a,b
shows the time dependence of the graphene square resistance for
device 1 at4 Kat V,=0Vand V,=—80V, respectively. For V, =

0V, the time dependence for both trace and retrace cycles is
monitored. During the forward trace (from —80 to 0 V),
graphene is populated with electrons at V, =0 V (t=0's), and the
square resistance is stable over time, while during the retrace,
graphene is populated with holes at V, = 0 V (¢ = 0's). The time
dependence, interestingly, shows that the charge carrier type
changes from holes to electrons after 190 s and is explained by
the movement of oxygen vacancies. When the back gate is swept
from a positive gate voltage to 0 V and held at 0 V, the static
charges respond immediately, while the mobile oxygen
vacancies exhibit a delay in response. Thus, while at t = 0 s,
more holes are induced in graphene; over time, an enhancement
in the movement of oxygen vacancies changes the charge carrier
type to electrons.

We further find that for V, = —80 V, the carrier type also
changes from hole to electron after approximately 330 s, which is
confirmed by the gate sweep afterward (as shown in Figure S$4).
While holding the gate bias at —80 V for 330 s, we find that
screening effects due to the movement of oxygen vacancies
gradually increase and stabilize over time due to a transition of
carrier type to electrons from holes. This process is illustrated in
Figure 4e. At a positive gate voltage, as discussed earlier, the
screening is less effective to induce a change in carrier type in
graphene (as discussed in SI Figure SS). To elucidate this, we
look at the calculations of oxygen vacancy formation energies
close to the STO surface layers. The formation energy of oxygen

Eo
= 2
- Evac,n + 2 EO’

Ey, and E,, are the total energies of the STO slab
with vacancies at layer n, oxygen molecule, and pristine STO
slab, respectively. The layer-resolved evolution of the formation

energies from the surfaces of STO to the bulk are shown for the
TiO, termination of the STO substrate in Figure Sc. One can

vacancies at layer n is defined by Eg

where E,,_,
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Figure 4. Temporal behavior of the graphene square resistance at static gate voltages. (a) Time dependence of the graphene square resistance at V, =0
V at 4 K for device 1 (graphene/STO). The red curve shows the time-dependent graphene square resistance after the gate voltage is swept from V =
—80 to 0V (tracing), while the black curve shows the time dependence after the gate is swept back to 0 V after 80 V (retracing). (b) Time dependence

of the graphene square resistance at V, =

—80 V at 4 K for device 1 (graphene/STO). (c) Time dependence of the CNP positions at different

temperatures at —80 V for device 1 (graphene/ STO). (d) Relaxation time versus temperature for device 1 (graphene/STO: black dots) and device 2
(graphene/8 nm hBN/STO: red dots). From these curves, the activation energy can be extracted. The activation energy for both devices 1 and 2 is
similar. (e) Schematic cross sections of the evolution of electrostatic charge distribution when holding the gate voltage at —80 V. (I)—(I1I) are defined

in (b).
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Figure S. (a) Top view of STO and the tangent plane in the black rectangle are shown in (b). From the surface layer to the bottom layer, the layers are
labeled as 1—10. A schematic representation of the oxygen vacancy diffusion path is shown in (b), and its energy profile obtained from NEB
calculations (solid green line) is shown in (c) along with vacancy formation energy in each layer for two types of surface termination (dashed blue and
red lines are for TiO, and SrO layers, respectively). E, is the total energy of each NEB image, and that of the first image is set to zero.

easily see that oxygen vacancies have much lower formation
energy at the surface TiO, layer than the subsurface SrO layer.
The evolution of the total energies from the surface to the bulk
region for both TiO, and SrO atomic layers are computed using
the nudged elastic band (NEB) method***” and are also shown
in Figure Sc.

We further analyzed the time dependence of the square
resistance at different temperatures. The redistribution of
oxygen vacancies at the STO surface is reflected as the change
in the CNP in graphene. We can translate the time-dependent
square resistance in graphene into shifts of the positions in the
CNP, as shown in Figure 4c, from which the relaxation time can
be deduced (Figure 4d). From this, we evaluated the diffusion
energy of the oxygen vacancies. From the Arrhenius equation,

T=Ae % kBT, the activation energy has been determined to be
15 meV, as shown in Figure 4d. The same analysis is performed
for both graphene/STO and graphene/hBN (8 nm)/STO. Both
show similar values of the activation energies, which again
indicates that the mechanism for the antihysteresis is the
movement of the oxygen vacancies and is not an interface-driven
effect. We further studied this using DFT calculations. As shown
in Figure 5a,b, the diffusion process of oxygen vacancies from the
bulk to the surface in STO can be divided into two steps: the first
step involves the oxygen vacancy movement from TiO, to the
SrO layer, and in the second step, from SrO to the TiO, layer.
The energy profiles of the two steps shown in Figure 5c¢ show
that the energy barrier is about S0 meV for one oxygen vacancy
moving into bulk STO. A more interesting behavior is observed
near the surface region in STO. There is a relatively large energy
barrier from layer 3 (TiO,) to layer 2 (SrO), impeding the
movement of oxygen vacancies, thus effectively confining them
up to the third layer. At the same time, the formation energy of
the oxygen vacancy is quite low at the surface TiO, layer (layer
1), indicating the ease of formation of these vacancies. These will
be trapped in this layer and face a very strong activation barrier
to go to the bulk.

Furthermore, from DFT calculations and Bader charge
analysis,"’ as discussed in the SI, of fully geometry-optimized
structures, we demonstrate that in a graphene/STO system
without an external electric field, graphene receives electrons
from STO 3.6 X 10'3 e/cm? for a SrO-terminated surface, and
loses 1.5 X 10'2 e/cm? for a TiO,-terminated surface. Moreover,
according to the density of states (DOS) calculations (Fig. S9 in
the SI), graphene receives more electrons when STO has oxygen
vacancies. The finding that local differences in the surface-

terminating planes in STO, due to the presence of both SrO and
TiO, layers, can bring about differences in the local electrostatic
landscape in the graphene channel, is important and also
explains the finite differences that are observed in the features in
the Dirac peak while using different contacting electrodes in the
graphene channel (as discussed in SI Figure S3).

3. CONCLUSIONS

In summary, we have used a monolayer graphene flake to unveil
the movement of oxygen vacancies and their interaction with the
ferroelastic domain walls in the vicinity of an STO surface. The
unique physical and chemical properties in graphene, specifically
the van der Waals bonding nature, prevent unwanted electrode—
substrate (STO) interaction, facilitating the identification of the
exact mechanism responsible for the antihysteresis in the square
resistance in graphene. The tunability with an electric field and
temperature, of the features observed in the Dirac peak,
establishes the interplay of oxygen vacancies and domain walls
in STO and rules out the role of any interfacial effects, unlike that
reported earlier. We demonstrate that the antihysteresis is
caused by the delayed movement of the oxygen vacancies with
an estimated energy barrier of 50 meV. Our experimental
findings are further corroborated by studies of the formation
energies, energy barriers for diffusion of the oxygen vacancy
toward the surface of STO, and charge transfer at the graphene/
STO interface, calculated from DFT studies. Our approach can
be extended to the study of the dynamics of electronic and ionic
charge transport and their retention characteristics, using two-
dimensional (2D) materials onto oxide substrates, paving the
way for electric field control of memory functionalities in
electronic devices.

4. METHODS SECTION

4.1. Device Fabrication. The one side polished STO(001)
substrates (Crystec GmbH) were treated with a standard protocol
with the intention to attain surface-terminating planes of TiO,, and the
AFM image of the TiO,-terminated surface is shown in Figure S1.
Graphene flakes and hBN flakes (from HQ graphene) were
mechanically exfoliated on 300 and 90 nm SiO,/Si substrates,
respectively. The thickness of the graphene flake was selected based
on the optical contrast and verified by Raman spectroscopy (Figure S7),
while the thickness of the hBN flake was determined by atomic force
microscopy (AFM) (details in SI, Figure S1). The flakes were then
transferred onto STO substrates using the dry-transfer technique,*
resulting in graphene/STO stack (device 1), graphene/hBN (8 nm)/
STO stack (device 2), and graphene/hBN (23 nm)/STO stack (device
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3), respectively. To reduce polycarbonate residues on the flakes from
the transfer steps, we annealed the devices in an Ar/H, atmosphere for
several hours at 200 °C. Standard electron-beam lithography and
electron-beam deposition were followed to make the contact electrodes
consisting of Al (S nm)/Co (35 nm)/AlO, (1.8 nm), where AlO, was
achieved by first depositing Al and in situ oxidization. The final devices
are shown in Figure 1 and the optical images of the devices are shown in
Figure S2.

4.2. Electric Measurements. The graphene channel resistance was
monitored using low-frequency (3—15 Hz) lock-in (Stanford Research
Systems SR830 lock-in amplifier) technique, and the gate voltage was
sourced by a Keithley 2410 Source Meter. The sample was put in a
Microstat He2 flow cryostat (Oxford Instruments), and temperature
varied between 4 to 300 K for our studies.

4.3. Theoretical Methods. We have performed density functional
calculations to estimate the surface polarization and the formation
energies of oxygen vacancies in different layers in STO. All of the
calculations are performed using the projector augmented wave (PAW)
method*"**-based density functional code Vienna Ab initio simulation
package (VASP).*»** The exchange—correlation potential was treated
within the generalized gradient approximation in the form proposed by
Perdew, Burke, and Ernzerhof (PBE).** The wave function was
expanded in a plane wave basis with an energy cutoff of 500 eV, and a 5
X S X 1 y-centered k-point sampling was used. Perpendicular to the
surface, a vacuum of more than 15 A was used. To avoid the long-range
electrostatic interactions between layers, we have used dipole
correction in all of the calculations. The structures were optimized
using the conjugate gradient (CG) and RMM-DIIS quasi-Newton
algorithms46 until the Hellman—Feynman force on each atom was less
than 0.01 eV/A. For Bader charge analysis, the wave functions were
expanded on a 70 X 70 X 196 grid, and the localized charges were
mapped on a 140 X 140 X 392 grid. For the charge partitioning, we
employed the algorithm proposed by Henkelman et al.*’ Postprocess-
ing of some calculations were performed using VASPKIT*® and
VESTA.”

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.0c15458.

AFM characterization of devices 2 and 3 and the TiO,-
terminated STO surface; optical images of devices 1, 2,
and 3; Dirac curves of device 1 for different parts of the
graphene flakes during different cooling cycles; the gate
sweep of device 1 after holding the gate at —80 V for
29767 s; time dependence of device 1 when holding the
gate at +80 V; the Dirac curve of graphene on the Si/SiO,
substrate at 4.3 K; Raman spectroscopy of graphene;
geometry structures of graphene/STO; electronic proper-
ties of graphene/STO structures; Bader analysis of charge
transfer; information of calculated polarization of the
surface of STO with and without graphene; and interlayer
distance and degree of rumpling as a function of the
number of layers (PDF)

Movie showing the movement of the oxygen vacancy
from the bulk layers to the surface layers (MP4)

B AUTHOR INFORMATION

Corresponding Authors
Si Chen — Zernike Institute for Advanced Materials, University
of Groningen, 9747 AG Groningen, The Netherlands;
Email: s.chen@rug.nl
Tamalika Banerjee — Zernike Institute for Advanced Materials,
University of Groningen, 9747 AG Groningen, The
Netherlands; © orcid.org/0000-0001-6848-0467;

Phone: +31 503638394; Email: t.banerjee@rug.nl;
Fax: +31 503634974

Authors

Xin Chen — Department of Physics and Astronomy, Uppsala
University, 751 20 Uppsala, Sweden

Elisabeth A. Duijnstee — Zernike Institute for Advanced
Materials, University of Groningen, 9747 AG Groningen, The
Netherlands; © orcid.org/0000-0002-7002-1523

Biplab Sanyal — Department of Physics and Astronomy,
Uppsala University, 751 20 Uppsala, Sweden

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.0c15458

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

T.B. and S.C. acknowledge J. G. Holstein, H. H. de Vries, H.
Adema, and T. J. Schouten for their technical support, and A.
Kaverzin and S. Omar for useful discussions. This work was
realized using NanoLabNL (NanoNed) facilities. S.C. acknowl-
edges funding support from the European Union Horizon 2020
research and the innovation program under grant agreement no.
696656 and the Spinoza Prize awarded to B. J. van Wees by
NWO. B.S. acknowledges financial support by the project grant
(2016-05366) and the Swedish Research Links program grant
(2017-05447) from the Swedish Research Council. X.C. thanks
the China scholarship council for financial support (No.
201606220031). B.S. and X.C. acknowledge SNIC-UPPMAX,
SNIC-HPC2N, and SNIC-NSC centers under the Swedish
National Infrastructure for Computing (SNIC) resources for the
allocation of time in high-performance supercomputers. More-
over, B.S. gratefully acknowledges supercomputing resources
from the PRACE DECI-1S project DYNAMAT.

B REFERENCES

(1) Sulpizio, J. A.; llani, S.; Irvin, P.; Levy, J. Nanoscale Phenomena in
Oxide Heterostructures. Annu. Rev. Mater. Res. 2014, 44, 117.

(2) Sakudo, T.; Unoki, H. Dielectric Properties of StTiO; at Low
Temperatures. Phys. Rev. Lett. 1971, 26, 851.

(3) Lytle, F. W. X-Ray Diffractometry of Low-Temperature Phase
Transformations in Strontium Titanate. . Appl. Phys. 1964, 35, 2212.

(4) Rowley, S. E.; Spalek, L. J.; Smith, R. P.; Dean, M. P. M; Itoh, M,;
Scott, J. F.; Lonzarich, G. G.; Saxena, S. S. Ferroelectric Quantum
Criticality. Nat. Phys. 2014, 10, 367—372.

(5) Ma, H. J. H; Scharinger, S.; Zeng, S. W.; Kohlberger, D.; Lange,
M,; Stohr, A;; Wang, X. R,; Venkatesan, T.; Kleiner, R.; Scott, J. F;
Coey, J. M,; Koelle, D.; et al. Ariando, Local Electrical Imaging of
Tetragonal Domains and Field-Induced Ferroelectric Twin Walls in
Conducting SrTiO;. Phys. Rev. Lett. 2016, 116, 1-5.

(6) Honig, M.; Sulpizio, J. A.; Drori, J.; Joshua, A.; Zeldov, E.; Ilani, S.
Local Electrostatic Imaging of Striped Domain Order in LaAlO;/
SrTiO;. Nat. Mater. 2013, 12, 1112—1118.

(7) Frenkel, Y.; Haham, N.; Shperber, Y.; Bell, C.; Xie, Y.; Chen, Z.;
Hikita, Y.; Hwang, H.Y.; Salje, E. K. H.; Kalisky, B. Imaging and Tuning
Polarity at SrTiO; Domain Walls. Nat. Mater. 2017, 16, 1203—1208.

(8) Scott, J. F; Salje, E. K. H.; Carpenter, M. A. Domain Wall
Damping and Elastic Softening in SrTiO;: Evidence for Polar Twin
Walls. Phys. Rev. Lett. 2012, 109, No. 187601.

(9) Salje, E. K. H.; Aktas, O.; Carpenter, M. A; Laguta, V. V.; Scott, J.
F. Domains within Domains and Walls within Walls: Evidence for Polar
Domains in Cryogenic SrTiO;. Phys. Rev. Lett. 2013, 111, No. 247603.

https://dx.doi.org/10.1021/acsami.0c15458
ACS Appl. Mater. Interfaces 2020, 12, 52915—52921


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c15458/suppl_file/am0c15458_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c15458?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c15458/suppl_file/am0c15458_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c15458/suppl_file/am0c15458_si_002.mp4
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Si+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:s.chen@rug.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tamalika+Banerjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6848-0467
mailto:t.banerjee@rug.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisabeth+A.+Duijnstee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7002-1523
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Biplab+Sanyal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c15458?ref=pdf
https://dx.doi.org/10.1146/annurev-matsci-070813-113437
https://dx.doi.org/10.1146/annurev-matsci-070813-113437
https://dx.doi.org/10.1103/PhysRevLett.26.851
https://dx.doi.org/10.1103/PhysRevLett.26.851
https://dx.doi.org/10.1063/1.1702820
https://dx.doi.org/10.1063/1.1702820
https://dx.doi.org/10.1038/nphys2924
https://dx.doi.org/10.1038/nphys2924
https://dx.doi.org/10.1103/PhysRevLett.116.257601
https://dx.doi.org/10.1103/PhysRevLett.116.257601
https://dx.doi.org/10.1103/PhysRevLett.116.257601
https://dx.doi.org/10.1038/nmat3810
https://dx.doi.org/10.1038/nmat3810
https://dx.doi.org/10.1038/nmat4966
https://dx.doi.org/10.1038/nmat4966
https://dx.doi.org/10.1103/PhysRevLett.109.187601
https://dx.doi.org/10.1103/PhysRevLett.109.187601
https://dx.doi.org/10.1103/PhysRevLett.109.187601
https://dx.doi.org/10.1103/PhysRevLett.111.247603
https://dx.doi.org/10.1103/PhysRevLett.111.247603
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c15458?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

(10) Zykova-Timan, T.; Salje, E. K. H. Highly Mobile Vortex
Structures Inside Polar Twin Boundaries in SrTiO;. Appl. Phys. Lett.
2014, 104, No. 082907.

(11) Roy, D.; Frenkel, Y.; Davidovitch, S.; Persky, E.; Haham, N.;
Gabay, M.,; Kalisky, B.; Klein, L. Current-Induced Nonuniform
Enhancement of Sheet Resistance in Ar'-Irradiated SrTiO;. Phys. Rev.
B 2017, 95, No. 245303.

(12) Goncalves-Ferreira, L.; Redfern, S. A. T.; Artacho, E.; Salje, E.;
Lee, W. T. Trapping of Oxygen Vacancies in the Twin Walls of
Perovskite. Phys. Rev. B 2010, 81, No. 024109.

(13) Herng, T. S.; Kumar, A.; Ong, C. S.; Feng, Y. P.; Lu, Y. H.; Zeng,
K.Y,; Ding, J. Investigation of the Non-Volatile Resistance Change in
Noncentrosymmetric Compounds. Sci. Rep. 2012, 2, No. 587.

(14) Couto, N. J. G.; Sacépé, B.; Morpurgo, A. F. Transport Through
Graphene on SrTiOs. Phys. Rev. Lett. 2011, 107, 1-S5.

(15) Ryu, H.; Hwang, J.; Wang, D.; Disa, A. S.; Denlinger, J.; Zhang,
Y; Mo, S-K; Hwang, C,; Lanzara, A. Temperature-Dependent
Electron-Electron Interaction in Graphene on SrTiO;. Nano Lett.
2017, 17, 5914—5918.

(16) Das Sarma, S.; Li, Q. Graphene on SrTiO3. Solid State Commun.
2012, 152, 1795—1799.

(17) Sachs, R.; Lin, Z.; Shi, J. Ferroelectric-Like SrTiO; Surface
Dipoles Probed by Graphene. Sci. Rep. 2014, 4, No. 3657.

(18) Saha, S.; Kahya, O.; Jaiswal, M.; Srivastava, A.; Annadi, A;
Balakrishnan, J; Pachoud, A.; Toh, C.-T.; Hong, B.-H.; Ahn, J.-H,;
Venkatesan, T.; ézyilmaz, B. Unconventional Transport Through
Graphene on SrTiO;: A Plausible Effect of SrTiO; Phase-Transitions.
Sci. Rep. 2015, 4, No. 6173.

(19) Sahoo, A; Nafday, D.; Paul, T.; Ruiter, R.;; Roy, A.; Mostovoy,
M.; Banerjee, T.; Saha-Dasgupta, T.; Ghosh, A. Out-of-Plane Interface
Dipoles and Anti-Hysteresis in Graphene-Strontium Titanate Hybrid
Transistor. npj 2D Mater. Appl. 2018, 2, No. 9.

(20) Chen, S; Ruiter, R.; Mathkar, V.; van Wees, B. J.; Banerjee, T.
Temperature and Electric Field Dependence of Spin Relaxation in
Graphene on SrTiOs. Phys. Status Solidi RRL 2018, 12, No. 1800216.

(21) Kang, K. T.; Kang, H.; Park, J.; Suh, D.; Choi, W. S. Quantum
Conductance Probing of Oxygen Vacancies in SrTiO; Epitaxial Thin
Film Using Graphene. Adv. Mater. 2017, 29, No. 1700071.

(22) Zomer, P. J.; Guimaraes, M. H. D.; Brant, J. C.; Tombros, N.;
Wees, B. J. v. Fast Pick Up Technique for High Quality
Heterostructures of Bilayer Graphene and Hexagonal Boron Nitride.
Appl. Phys. Lett. 2014, 105, No. 013101,

(23) Wang, H,; Wu, Y,; Cong, C.; Shang, J.; Yu, T. Hysteresis of
Electronic Transport in Graphene Transistors. ACS Nano 2010, 4,
7221-7228.

(24) Yusuf, M. H.; Nielsen, B.; Dawber, M.; Du, X. Extrinsic and
Intrinsic Charge Trapping at the Graphene/Ferroelectric Interface.
Nano Lett. 2014, 14, 5437—5444.

(25) Park, N,; Kang, H.; Park, J.; Lee, Y.; Yun, Y.; Lee, J.-H.; Lee, S.-G.;
Lee, Y. H,; Suh, D. Ferroelectric Single-Crystal Gated Graphene/
Hexagonal-BN/Ferroelectric Field-Effect Transistor. ACS Nano 2015,
9, 10729—10736.

(26) Zhang, X; Xie, D.; Xu, J.; Zhao, H.; Zhang, C.; Sun, Y.; Zhao, Y.;
Feng, T.; Li, G.; Ren, T. In Single-Layer Graphene Field-Effect Transistors
with Ferroelectric PZT Gate, Proceedings - 2014 IEEE 12th International
Conference on Solid-State and Integrated Circuit Technology,
ICSICT, 2014; pp 3—5.

(27) Song, E. B;; Lian, B.; Min Kim, S.; Lee, S.; Chung, T.-K.; Wang,
M,; Zeng, C; Xu, G.; Wong, K; Zhou, Y.; Rasool, H. L; Seo, D. H,;
Chung, H.-].; Heo, J; Seo, S.; Wang, K. L. Robust Bi-Stable Memory
Operation in Single-Layer Graphene Ferroelectric Memory. Appl. Phys.
Lett. 2011, 99, No. 042109.

(28) Kalon, G.; Jun Shin, Y.; Giang Truong, V.; Kalitsov, A.; Yang, H.
The Role of Charge Traps in Inducing Hysteresis: Capacitance-Voltage
Measurements on Top Gated Bilayer Graphene. Appl. Phys. Lett. 2011,
99, No. 083109.

(29) Hong, X.; Hoffman, J.; Posadas, A.; Zou, K.; Ahn, C. H,; Zhy, J.
Unusual Resistance Hysteresis in n-Layer Graphene Field Effect

52921

Transistors Fabricated on Ferroelectric Pb(Zry,Tiy5)O;. Appl. Phys.
Lett. 2010, 97, No. 033114.

(30) Zheng, Y; Ni, G.-X;; Toh, C.-T ; Tan, C.-Y.; Yao, K; ézyilmaz,
B. Graphene Field-Effect Transistors with Ferroelectric Gating. Phys.
Rev. Lett. 2010, 105, No. 166602.

(31) Morozovska, A. N.; Pusenkova, A. S.; Varenyk, O. V.; Kalinin, S.
V.; Eliseev, E. A,; Strikha, M. V. Finite-Size Effects of Hysteretic
Dynamics in Multilayer Graphene on a Ferroelectric. Phys. Rev. B 2015,
91, No. 235312.

(32) Bartolomeo, A. D.; Giubileo, F.; Santandrea, S.; Romeo, F.; Citro,
R,; Schroeder, T.; Lupina, G. Charge Transfer and Partial Pinning at the
Contacts as the Origin of a Double Dip in the Transfer Characteristics
of Graphene-Based Field-Effect Transistors. Nanotechnology 2011, 22,
No. 275702.

(33) Chiu, H. Y.; Perebeinos, V.; Lin, Y. M.; Avouris, P. Controllable
p-n Junction Formation in Monolayer Graphene Using Electrostatic
Substrate Engineering. Nano Lett. 2010, 10, 4634—4639.

(34) Grover, S.; Joshi, A.; Tulapurkar, A.; Deshmukh, M. M. Abrupt p-
n Junction Using Ionic Gating at Zero-Bias in Bilayer Graphene. Sci.
Rep. 2017, 7, No. 3336.

(35) Pesquera, D.; Carpenter, M. A.; Salje, E. K. Glasslike Dynamics of
Polar Domain Walls in Cryogenic SrTiO3. Phys. Rev. Lett. 2018, 121,
No. 235701.

(36) Morozovska, A. N.; Kurchak, A. L; Strikha, M. V. Graphene
Exfoliation at a Ferroelectric Domain Wall Induced by the Piezoelectric
Effect: Impact on the Conductance of the Graphene Channel. Phys. Rev.
Applied 2017, 8, No. 054004,

(37) Morozovska, A. N.; Eliseev, E. A.; Strikha, M. V. Ballistic
Conductivity of Graphene Channel with p-n Junction at Ferroelectric
Domain Wall. Appl. Phys. Lett. 2016, 108, No. 232902.

(38) Henkelman, G.; Uberuaga, B. P.; Jonsson, H. A Climbing Image
Nudged Elastic Band Method for Finding Saddle Points and Minimum
Energy Paths. J. Chem. Phys. 2000, 113, 9901—9904.

(39) Henkelman, G.; Jonsson, H. Improved Tangent Estimate in the
Nudged Elastic Band Method for Finding Minimum Energy Paths and
Saddle Points. J. Chem. Phys. 2000, 113, 9978—9985.

(40) Yu, M; Trinkle, D. R. Accurate and Efficient Algorithm for Bader
Charge Integration. J. Chem. Phys. 2011, 134, No. 064111.

(41) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the
Projector Augmented-Wave Method. Phys. Rev. B 1999, 59, 1758—
1775.

(42) Blochl, P. E. Projector Augmented-Wave Method. Phys. Rev. B
1994, 50, 17953—17979.

(43) Kresse, G. Ab Initio Molecular Dynamics for Liquid Metals. J.
Non-Cryst. Solids 1995, 192-193, 222—229.

(44) Kresse, G.; Furthmiiller, J. Efficient Iterative Schemes for Ab
Initio Total-Energy Calculations Using a Plane-Wave Basis Set. Phys.
Rev. B 1996, 54, 11169—11186.

(45) Perdew, J. P.; Burke, K; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865—3868.

(46) Pulay, P. Convergence Acceleration of Iterative Sequences. the
Case of SCF Iteration. Chem. Phys. Lett. 1980, 73, 393—398.

(47) Henkelman, G.; Arnaldsson, A.; Jonsson, H. A Fast and Robust
Algorithm for Bader Decomposition of Charge Density. Comput. Mater.
Sci. 2006, 36, 354—360.

(48) Wang, V,; Xu, N,; Liy, J. C,; Tang, G.; Geng, W.-T. VASPKIT: A
User-Friendly Interface Facilitating High-Throughput Computing and
Analysis Using VASP Code. arXiv:1908.08269. arXiv.org e-Print
archive. https://arxiv.org/abs/1908.08269 (submitted Aug 22, 2019).

(49) Momma, K.; Izumi, F. VESTA: A Three-Dimensional Visual-
ization System for Electronic and Structural Analysis. J. Appl.
Crystallogr. 2008, 41, 653—658.

https://dx.doi.org/10.1021/acsami.0c15458
ACS Appl. Mater. Interfaces 2020, 12, 52915—52921


https://dx.doi.org/10.1063/1.4866859
https://dx.doi.org/10.1063/1.4866859
https://dx.doi.org/10.1103/PhysRevB.95.245303
https://dx.doi.org/10.1103/PhysRevB.95.245303
https://dx.doi.org/10.1103/PhysRevB.81.024109
https://dx.doi.org/10.1103/PhysRevB.81.024109
https://dx.doi.org/10.1038/srep00587
https://dx.doi.org/10.1038/srep00587
https://dx.doi.org/10.1103/PhysRevLett.107.225501
https://dx.doi.org/10.1103/PhysRevLett.107.225501
https://dx.doi.org/10.1021/acs.nanolett.7b01650
https://dx.doi.org/10.1021/acs.nanolett.7b01650
https://dx.doi.org/10.1016/j.ssc.2012.07.011
https://dx.doi.org/10.1038/srep03657
https://dx.doi.org/10.1038/srep03657
https://dx.doi.org/10.1038/srep06173
https://dx.doi.org/10.1038/srep06173
https://dx.doi.org/10.1038/s41699-018-0055-5
https://dx.doi.org/10.1038/s41699-018-0055-5
https://dx.doi.org/10.1038/s41699-018-0055-5
https://dx.doi.org/10.1002/pssr.201800216
https://dx.doi.org/10.1002/pssr.201800216
https://dx.doi.org/10.1002/adma.201700071
https://dx.doi.org/10.1002/adma.201700071
https://dx.doi.org/10.1002/adma.201700071
https://dx.doi.org/10.1063/1.4886096
https://dx.doi.org/10.1063/1.4886096
https://dx.doi.org/10.1021/nn101950n
https://dx.doi.org/10.1021/nn101950n
https://dx.doi.org/10.1021/nl502669v
https://dx.doi.org/10.1021/nl502669v
https://dx.doi.org/10.1021/acsnano.5b04339
https://dx.doi.org/10.1021/acsnano.5b04339
https://dx.doi.org/10.1063/1.3619816
https://dx.doi.org/10.1063/1.3619816
https://dx.doi.org/10.1063/1.3626854
https://dx.doi.org/10.1063/1.3626854
https://dx.doi.org/10.1063/1.3467450
https://dx.doi.org/10.1063/1.3467450
https://dx.doi.org/10.1103/PhysRevLett.105.166602
https://dx.doi.org/10.1103/PhysRevB.91.235312
https://dx.doi.org/10.1103/PhysRevB.91.235312
https://dx.doi.org/10.1088/0957-4484/22/27/275702
https://dx.doi.org/10.1088/0957-4484/22/27/275702
https://dx.doi.org/10.1088/0957-4484/22/27/275702
https://dx.doi.org/10.1021/nl102756r
https://dx.doi.org/10.1021/nl102756r
https://dx.doi.org/10.1021/nl102756r
https://dx.doi.org/10.1038/s41598-017-03264-0
https://dx.doi.org/10.1038/s41598-017-03264-0
https://dx.doi.org/10.1103/PhysRevLett.121.235701
https://dx.doi.org/10.1103/PhysRevLett.121.235701
https://dx.doi.org/10.1103/PhysRevApplied.8.054004
https://dx.doi.org/10.1103/PhysRevApplied.8.054004
https://dx.doi.org/10.1103/PhysRevApplied.8.054004
https://dx.doi.org/10.1063/1.4953226
https://dx.doi.org/10.1063/1.4953226
https://dx.doi.org/10.1063/1.4953226
https://dx.doi.org/10.1063/1.1329672
https://dx.doi.org/10.1063/1.1329672
https://dx.doi.org/10.1063/1.1329672
https://dx.doi.org/10.1063/1.1323224
https://dx.doi.org/10.1063/1.1323224
https://dx.doi.org/10.1063/1.1323224
https://dx.doi.org/10.1063/1.3553716
https://dx.doi.org/10.1063/1.3553716
https://dx.doi.org/10.1103/PhysRevB.59.1758
https://dx.doi.org/10.1103/PhysRevB.59.1758
https://dx.doi.org/10.1103/PhysRevB.50.17953
https://dx.doi.org/10.1016/0022-3093(95)00355-X
https://dx.doi.org/10.1103/PhysRevB.54.11169
https://dx.doi.org/10.1103/PhysRevB.54.11169
https://dx.doi.org/10.1103/PhysRevLett.77.3865
https://dx.doi.org/10.1103/PhysRevLett.77.3865
https://dx.doi.org/10.1016/0009-2614(80)80396-4
https://dx.doi.org/10.1016/0009-2614(80)80396-4
https://dx.doi.org/10.1016/j.commatsci.2005.04.010
https://dx.doi.org/10.1016/j.commatsci.2005.04.010
https://arxiv.org/abs/1908.08269
https://dx.doi.org/10.1107/S0021889808012016
https://dx.doi.org/10.1107/S0021889808012016
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c15458?ref=pdf

