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The lattice degree of freedom has been utilized to pursue exotic functionalities in complex oxide
heterostructures via various external stimuli, such as light, electric field, and magnetic field. Here,
the epitaxial heterostructures composed of photostrictive SrRuOs; thin films and ferroelectric
0.7Pb(Mg;,3Nb,,3)03-0.3PbTiO; single-crystal substrates are fabricated to investigate the light and
electric field co-control of lattice order in resistance switching. The electric-field-induced strain-
mediated electroresistance response can be effectively tuned by light illumination. This, together
with the electric-field-tunable photoresistance effect, demonstrates strong correlation between the
light and the electric field, which is essentially mediated by strain-driven lattice-orbital coupling.
Our findings provide a platform for realizing multi-field tuning of the lattice degree of freedom and
the resultant functionalities in complex oxide heterostructures. Published by AIP Publishing.
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Strongly correlated complex oxides have attracted much
attention for decades due to many intriguing physical
phenomena, such as high temperature superconductivity,
colossal magnetoresistance effect, electroresistance (ER)
effect, magnetoelectric effect, photostrictive effect, and
two-dimensional electron gas.'® By controlling lattice,
charge, spin, and orbital degrees of freedom in these oxides
with various external stimuli, such as electric field, magnetic
field, light, and strain, exotic functionalities are highly
desired in the pursuit of low-power consumption, environ-
mentally friendly, and multifunctional electronic devices. Of
these degrees of freedom, the lattice degree of freedom is
currently being extensively investigated since its energy
scale is several orders of magnitude larger than others, offer-
ing a better design and control of new functionalities. As one
of the most fascinating correlated materials, ferromagnetic
metal SrRuO; (SRO) possesses attractive physical proper-
ties, such as exchange bias,’ vertical hysteretic shift,? mag-
netocrystalline anisotropy,” and anomalous Hall effect,'® for
potential applications in spin valves and magnetic tunnel
junctions.'" The lattice degree of freedom in SRO films has
been identified as the main factor to modify their physical
properties by using external fields. For example, Herklotz
et al.'? and Zhou er al."* in situ imposed an in-plane com-
pressive strain to SRO films epitaxially grown on the ferro-
electric Pb(Mg;,3Nb,/3)O3-PbTiO;3 single crystals via the
piezoelectric response and achieved lattice strain-mediated
electric-field control of magnetic and electrical properties. In
addition, SRO exhibits a striking dynamic visible-light-induced
lattice variation, which arises from the non-equilibrium photo-
population.*"” The light-induced photostrictive effect in SRO
well exceeds that in multiferroic BiFeOs'® with a response
time of 500 fs,'> suggesting possible ultrafast photoelastic
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applications. This means that the light (or photos) can be
introduced as an external control parameter to adjust the
strain-coupled physical properties of SRO-based epitaxial
heterostructures through the photostrictive effect. Actually,
Schmising et al.** observed 2% and 100% changes of lattice
tetragonality and polarization of a PbZr,,TipgO3 sublayer
in a PbZr(,TiygO03/SRO superlattice system, respectively,
via the optical-excited expansion of the SRO sublayer. Liu
et al."” also reported light-induced magnetization changes
in vertical heteroepitaxial CoFe,0O4-SRO nanocomposites.
However, while most of these studies have focused on in
situ dynamic tuning of the lattice-coupled physical proper-
ties of SRO-based heterostructures using single electric field
or light, rare attention has been paid to exploring multi-field
combined control of the lattice degree of freedom and
lattice-driven functionalities. There is no doubt that a sys-
tematic investigation of co-effects of the electric field and
light on lattice distortion and physical properties of SRO-
based heterostructures would help to shed further light on
the strain effects and the coupling mechanism of the electric
field and the light, as well as the design of energy-efficient
multifunctional electronic and optical devices based on
complex oxide heterostructures.

Motivated by this, we epitaxially grew photostrictive SRO
thin films on ferroelectric 0.7Pb(Mg;,3Nb;/3)O03-0.3PbTiO;
(PMN-PT) single-crystal substrates and in situ manipulated the
strain state of the SRO films through the electric-field-induced
ferroelectric domain switching and the light-induced
photostrictive effect, respectively. We paid particular attention
to electrically and optically co-controlled strain-mediated resis-
tance switching and the mutual interaction between the electric
field and the light. Our study paves the way for performing
electrically and optically co-coupled functionalities in heteroe-
pitaxial complex oxide systems.

SRO thin films (~35 nm thick) were fabricated on ferro-
electric (001)-oriented PMN-PT single-crystal substrates
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FIG. 1. Schematic of the experimental setups for in situ measurements of
film resistance (a) and out-of-plane strain (b), respectively. (c) XRD 0-20
scan of the SRO/PMN-PT structure. The left inset shows XRD ¢ scans taken
on the SRO(101) and PMN-PT(101) diffraction peaks. The right inset shows
a schematic of in-plane lattice arrangements for the orthorhombic SRO unit
cell on the PMN-PT substrate.

using the pulsed laser deposition technique. The deposition
was conducted in pure oxygen of 150 mTorr at 680°C
followed by in situ annealing in pure oxygen of 1atm for
30min to reduce oxygen deficiencies. The crystal structure
and the in-plane epitaxial relationship between the film and
the substrate were examined by 0-20 linear scan and ¢-scan,
respectively, using a high resolution Bruker D8 Discover
X-ray diffractometer (XRD) equipped with Cu K,,; radiation
source (4 = 1.5406 1&). A Keithley 6487 voltage source was
employed to supply an electric field applied across the PMN-
PT substrate along the [001] crystal direction through the
metallic SRO film and the thermal-evaporated bottom silver
electrode. A semiconductor laser with a wavelength of
650nm, a power density of 5 mW/cm?, and a spot size of 50
,um2 served as the light illumination source. Figures 1(a) and
1(b) display the schematic of the experimental setups for in
situ measurements of resistance under the electric field and
light illumination (using the standard four-probe method)
and out-of-plane strains of the SRO film and the PMN-PT
substrate (using in situ XRD 0-20 scans), respectively.
Figure 1(c) shows the XRD 0-20 scan pattern of the
SRO film grown on the PMN-PT substrate. The SRO film
has no impurity phases and is highly c-axis oriented. XRD
¢-scans taken on the SRO (101) and PMN-PT (101) diffrac-
tion peaks yield two sets of fourfold symmetrical diffrac-
tion peaks recurring every 90° at the same azimuthal ¢
angle [see the left inset of Fig. 1(c)]. This result clearly
describes the epitaxial relationship of (001)srol||(001)pyn-
pr and [100]sro||[100]pyw.pr in the pseudocubic form,
indicative of a cube-on-cube heteroepitaxy. A schematic
diagram of the in-plane lattice arrangements for the ortho-
rhombic SRO unit cell on the PMN-PT substrate is shown
in the right inset of Fig. 1(c). The initial strain state of the
SRO film can be determined by analyzing its main peak in
the XRD scan curve. The estimated out-of-plane lattice
constant ¢ (~3.905 A) is smaller than the bulk value
(~3.93 A),"! suggesting that the SRO film suffers an out-of-
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FIG. 2. (a) Electric-field-induced relative resistance change AR/R of the
SRO film as a function of E applied across the PMN-PT at T=296K. (b)
XRD 0-20 scans for the PMN-PT(002) substrate and the SRO(002) film in
the P¥ and P, states. (c) AR/R as a function of bipolar E. (d) XRD 6-20
scans in the P, and P; states. Insets: corresponding schematic of the
polarization vectors in the rhombohedral phase in the P?, P,ﬂ and P states
for the PMN-PT, respectively.

plane compressive strain (—0.63%). Using Poisson’s
relation de.. = —2v/(1 — v)de. " and Poisson’s ratio vsgo
=0.28,'? the in-plane tensile strain of the SRO film is cal-
culated to be 0.81%, which is consistent with the smaller
lattice constants of the SRO bulk than those of the PMN-PT
substrate (a ~ b ~ ¢ ~ 4.02 A).

To explore the electric field effect on the SRO/PMN-PT
heterostructure, we measured the relative change of resis-
tance (AR/R) of the SRO film as a function of the electric
field applied across the PMN-PT substrate in Fig. 2(a). It
was found that the film resistance exhibits a nonlinear abrupt
drop near Ec (~2kV/cm) of the PMN-PT substrate, imply-
ing the potential relation between the film resistance and the
strain state of the substrate. /n situ XRD measurements [see
Fig. 2(b)] clearly show that after ferroelectric poling by
applying a large positive electric field (e.g., E=8kV/cm),
both the PMN-PT(002) and the SRO(002) diffraction
peaks shift to lower 260 angles, revealing an expansion along
the out-of-plane direction accompanied by an effective
in-plane contraction of both the PMN-PT and the SRO. The
electric-field-induced out-of-plane tensile strain can be cal-
culated to be 0.102% and 0.212% for the SRO film and the
PMN-PT substrate, respectively. Using Poisson’s relation
582‘ = —21//(1 — l/)é(‘ixx, with VSRO — 0.28 and VPMN-
pr=0.5," the induced in-plane compressive strain is esti-
mated to be 0.079% and 0.106%, respectively. Thus, the
effective strain transferring coefficient o is ~75%
[ = 0&1v(sr0)/ Oexc(Pun—pr)], hinting strong transferring of
the induced in-plane strain from the PMN-PT substrate to
the SRO film. It has been reported that the poling-induced
remnant strain microscopically originates from the reorienta-
tion of ferroelectric domains in the PMN-PT single-crystal
substrate.”'* As shown in the inset of Fig. 2(a), the eight
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spontaneous polarization vectors of the rhombohedral
PMN-PT crystal randomly point along the body diagonals of
the pseudocubic cell in the initial or unpoled state (denoted
by P?), corresponding to four structural domains (rl, 12, 13,
and r4). Upon applying a large poling electric field of E
=+8kV/cm, the 180° ferroelectric switching (e.g., from r1~
to r1"), 109° ferroelastic switching (e.g., from 12 /r4~ to
r1™), and 71° ferroelastic switching (e.g., from 13~ to r1™)
take place, and, thus all the polarization vectors rotate down-
ward, pointing along the [00-1] direction (denoted by the P,
state) [see the inset of Fig. 2(b)]. As a result, an in-plane
compressive strain can be produced in the PMN-PT substrate
and transferred to the overlying SRO film after ferroelectric
poling by the electric field, giving rise to the resistance
change.

A more direct visualization of the strain effect is illus-
trated in Fig. 2(c), where AR/R was plotted against bipolar
electric field E applied to the PMN-PT substrate. With the
increase in the negative reverse E, a non-180° polarization
reorientation occurs near the coercive field,”* causing a large
jump in resistance near Ec. The Ec value of the PMN-PT
can be referred to our earlier work?>-° and the reports by Jie
et al?” and Chen et al®® With a further increase in the
reverse E (E>|-E¢|), the polarization undergoes another non-
180° reorientation,” accompanied by a sharp drop in the
resistance. This two-stage polarization reorientation process
leads to a 180° polarization switching for all domains, i.e.,
the polarization vectors point along the [001] direction
(denoted by the P, state) [see the inset of Fig. 2(d)]. Under
such circumstance, no remnant strain was generated in the
PMN-PT substrate from the P,.+ to the P, state, as reflected
by the same peak position of the PMN-PT(002) reflections
for these two polarization states in Fig. 2(d). Consequently,
both the strain state and the resistance of the SRO film were
not modulated after polarization reversal. Moreover, the
AR /R versus E curve discloses a typical butterfly-like shape,
resembling the butterfly-like strain curves of the PMN-
PT.?>2® This finding further confirms the strain-induced
nature of the resistance evolution. Considering the infinitesi-
mal screening length (1-2 1&) of the electron in SRO films,*
it is reasonable to preclude the electric-field-induced electro-
static charge-mediated correlation mechanism in our 35 nm-
thick SRO film.

Figure 3(a) shows the electroresistance (ER) effect of
the SRO/PMN-PT heterostructures in the dark and under
light illumination at room temperature. Here, ER is defined
as ER = [R(E) —R(0)]/R(0). Upon applying a positive elec-
tric field E to the positively poled (P;") PMN-PT substrate,
ER decreases linearly with increasing £ from 0 to 8kV/cm
due to the converse-piezoelectric-effect-induced linear con-
traction of the in-plane lattice of the PMN-PT rather than
domain switching mediation [see the lower left inset of Fig.
3(2)].>° As depicted in Fig. 3(b), the out-of-plane strain
0¢.(ppn—pr) Of the PMN-PT substrate indeed shows a linear
response to the electric field, as calculated from in situ
XRD measurements in the lower right inset of Fig. 3(b).
Using Poisson’s relation d¢,, = —2v/(1 — v)dée,,, the linear
dependence of the ER of the film on the induced in-plane
strain d&,(ppyv—pr) Of the substrate was obtained in the dark
and under light illumination, respectively, as shown in the
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FIG. 3. (a) The electroresistance ER of the SRO film as a function of posi-
tive E applied to the positively poled PMN-PT substrate in the dark and
under light illumination (4Z=650nm) at 7=296 K. The upper right inset
shows the ER curves of the SRO film in the dark and under light illumination
when the electric field of E =8 kV/cm was turned on and off. The lower left
inset shows schematic diagrams for the converse piezoelectric effect. (b)
Electric-field-induced out-of-plane strain dé..ppw—pr) of the PMN-PT sub-
strate as a function of E. The upper left inset shows the ER of the SRO film
as a function of in-plane strain de,pyn—pr) Of the PMN-PT substrate. The
lower right inset shows in situ XRD 0-20 scans for the PMN-PT(002) under
different electric fields.

upper left inset of Fig. 3(b). This electroresistance-strain
relationship demonstrates that the ER of the SRO film is
proportional to the induced in-plane strain in the film. The
presence of negative electroresistance of the film can be
explained in terms of piezoelectric strain-driven lattice
contraction-induced enhancement of the orbital overlap
between the Ru 4d orbitals and O 2p orbitals by adjusting
the octahedral rotations.”'** The enhanced orbital hybridi-
zation widens the one electron bandwidth and thus reduces
the electron correlation effect, thereby decreasing the film
resistance. It should be noted that the ER of the film is con-
siderably reduced over the whole electric-field (or in-plane
strain) range after light illumination. The relative change in
ER, AER/ER = (ERyax — ERjigit) /ERark, increases contin-
uously with the increasing electric field and reaches a maxi-
mal value of 8.2% at E=8kV/cm, signaling the high
sensitivity of the ER effect to the light at high electric
fields. The significant impact of light on electroresistance is
also evident in the upper right inset of Fig. 3(a), where ER
was plotted against time in the dark and under light illumi-
nation when the electric field of £E=8kV/cm was turned on
and off. Such an optically controlled electroresistance
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response can be ascribed to the optical-excited lattice
expansion that reduces the orbital hybridization of the SRO
films, thus suppressing the converse piezoelectric effect of
the SRO/PMN-PT structure. This finding demonstrates the
effectiveness of light tunability of the lattice degree of
freedom.

The mutual interaction between the electric field and the
light is manifested not only by the light-tunable electroresist-
ance effect but also by the electric-field-tunable photoresist-
ance effect. The latter effect is shown in Fig. 4(a), where the
photo-induced variation of resistance (i.e., photoresistance)
of the SRO film was recorded by turning the light on and off
with and without the application of E=8kV/cm to the
PMN-PT at room temperature. Here, the photoresistance is
defined as PR = (Rlighr — Rdark)/Rdark~ For E:OkV/cm, a
stable and distinct light-induced enhancement of resistance
(i.e., positive photoresistance of 0.066%) was observed,
which is superior to earlier reports on SRO films.** This find-
ing can be attributed to the visible-light-induced lattice
expansion [see Fig. 4(b)] and the resulting decrease in the
orbital overlap of the SRO films.'*™"7 Under light illumina-
tion, optical absorption initially heats the electrons, and these
give up their energy to phonons to produce the strain through
direct electron-phonon interactions.'> The light-induced lat-
tice expansion can reduce orbital hybridization between the
Ru 4d orbitals and O 2p orbitals, which lowers the one elec-
tron bandwidth and enhances the electron correlation effect,
leading to the increase in the resistance. It has been demon-
strated that photo-excitation induces transient strain in
SrRuO; on a timescale of 500 fs.' In Fig. 4(a), the resistance
was recorded by turning the light on and off with an interval
of 30s. The system has returned to its equilibrium state dur-
ing the measurement period after turning the light on and
off. In addition, SRO is known to have a very large electron-
electron scattering rate and fast electron-phonon relaxation
time on the order of a few hundred femtoseconds, which is
much faster than any diffusion processes of electrons and
phonons.* When considering the structural dynamics in thin
SRO films on the timescale of a few tens of seconds, we can
thus disregard the heat diffusion. Even if light illumination
creates a little heat, the heat can also be dissipated into the
substrate mounted on the Cu plate, and the system returns to
its equilibrium state after about 10 ns. Therefore, the heating
effect can be ignored. Upon applying an electric field of
E=8kV/cm, the film resistance was reduced dramatically,

as discussed earlier. Meanwhile, the film also displays a
noticeable photostrictive effect on the resistance switching
during light illumination. Obviously, the photoresistance is
suppressed by ~11.4% as the electric field is increased from
E =0 to 8kV/cm, as illustrated in Fig. 4(c). The electrically
tunable photoresistance effect stems from the piezoelectric
strain-induced enhancement of orbital hybridization, which
suppresses the photostrictive effect of SRO/PMN-PT struc-
ture. These data together establish that the electric field
strongly correlates with the light, which is deeply mediated
by strain-driven lattice-orbital coupling.

In summary, we reported the light and electric field
co-control of lattice-coupled functionalities using the well-
designed SRO/PMN-PT epitaxial heterostructures. The
electric-field-induced converse piezoelectric effect of the
PMN-PT substrate enables the in-plane lattice contraction of
the SRO film, which, in turn, moderately reduces the film
resistance. The electroresistance response can be tuned by
8.2% under light illumination. In contrast, the visible-light-
induced lattice expansion leads to a remarkable increase in
the film resistance. Such a photoresistance effect was found
to be electrically tunable. These results reveal that the light
and the electric field strongly couple with each other, which
can be reasonably interpreted by strain/lattice distortion
modulation of orbital hybridization between the Ru 4d orbi-
tals and O 2p orbitals. This work opens a unique gate to
explore multi-field tuning of the lattice degree of freedom
and lattice-driven functionalities and design low-power con-
sumption multifunctional optical and electronic devices
based on complex oxide systems using strain engineering.
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