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The electric-field-tunable resistance switching in elastically coupled SrRuO3 thin films grown on

(111)-oriented 0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 ferroelectric-crystal substrates has been investigated.

During the ferroelectric poling process, the resistance evolution tracks the electric-field-induced

in-plane strain of the film efficiently, revealing strain but not the electrostatic charge-mediated

coupling mechanism. Using 109� and 71� ferroelastic domain switching of the substrate, multiple

reversible and nonvolatile resistance states can be achieved at room temperature, which is closely

related to the relative proportion of in-plane polarization vectors and induced distinct in-plane strain

states after domain switching. Our findings provide an approach to elucidate electrically driven

domain switching dynamics and design energy efficient, high-density spintronic memory devices.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4983018]

A central challenge in altering the magnetic and elec-

tronic phases in correlated oxide systems lies in finding an

energy efficient way to collect reversible and nonvolatile

states by voltage control, due to their promising applications

in next-generation nonvolatile hybrid spintronic devices.1–6

Among the popularly known correlated oxides, ferromag-

netic metal SrRuO3 (SRO) has attracted ever-increasing

attention for decades due to its striking magnetic and electri-

cal properties such as exchange bias,7 vertical hysteretic

shifts,8 magnetocrystalline anisotropy,9 and anomalous Hall

effects10 and for its potential applications in spin valves,

magnetic recording media, and magnetic tunnel junctions.11

It is well-known that multiferroic heterostructures composed

of ferromagnetic and ferroelectric layers have been extended

as a knob to in situ manipulate charge and/or the lattice-

coupled physical properties of the ferromagnetic layer by

using a voltage across the ferroelectric layer due to the

strong magnetoelectric coupling effect. For example, Ahn

et al.12,13 observed 9% change in resistance through the volt-

age induced charge accumulation/dissipation at the interface

of the SRO/Pb(Zr0.52Ti0.48)O3 heterostructure, whereas the

SRO film is required to be ultrathin (30 Å thick) due to an

infinitesimal Debye screening length. Additionally, Herklotz

et al.14 and Zhou et al.15 in situ applied in-plane compressive

strains to SRO films grown on the Pb(Mg1/3Nb2/3)O3-PbTiO3

(PMN-PT) ferroelectric substrates using piezo responses

and realized strain-mediated voltage control of magnetic and

transport properties. However, the lattice strain states produced

by the linear converse piezoelectric effect cannot retain upon

removal of the driving voltage, and thus, the modulation of

physical properties is volatile. Fortunately, several exceptions

have been reported, e.g., on Co40Fe40B20/PMN-PT(001),16

Fe60Co20B20/PMN-PT(011),17 Fe3O4/PMN-PT(011),18 VOx/

PMN-PT(011),19 and La2/3Ba1/3MnO3/PMN-PT(011)20 hetero-

structures, and voltage-impulse-induced nonvolatile tuning of

physical parameters including ferromagnetic resonance fre-

quency and metal-insulator transition temperature can be

achieved using non-linear lattice strain effects originating from

the non-180� ferroelectric polarization reorientation. There is

no doubt that an in-depth understanding of electrically driven

domain switching dynamics and selective control of the polari-

zation switching pathway will help to obtain electrically tun-

able nonvolatile switching of lattice-sensitive order parameters

in a stable and reversible manner, which is also indispensable

from a device application point of view.

In this work, we fabricated epitaxial SRO thin films on

(111)-oriented 0.7Pb(Mg1/3Nb2/3)O3–0.3PbTiO3 (PMN-PT)

ferroelectric single-crystal substrates. A unique ferroelastic

switching (109� and 71�) pathway in PMN-PT(111) was

exploited to produce distinct lattice strain states by rotating

the polarization vectors between the out-of-plane and in-

plane directions by reversing an electric field with appropriate

magnitude (less than the coercive field of PMN-PT). Using

this reversible ferroelastic strain effects, multiple stable

nonvolatile resistance states can be generated at room temper-

ature. Our approach offers an energy efficient way to design

prototype devices for nonvolatile information storage.

SRO films (�28 nm thick) were prepared on (111)-

oriented PMN-PT single-crystal substrates by pulsed laser

deposition. The growth was carried out under 15 Pa oxygen

pressure at 700 �C, followed by in situ annealing in 1 atm O2

for 30 min to reduce oxygen deficiencies and to improve

crystallinity. The film crystal structure was characterized

using a high resolution Bruker D8 Discover X-ray diffrac-

tometer (XRD) attached with a Cu Ka1 radiation source

(k¼ 1.5406 Å). Figure 1(a) illustrates the schematic of the

experimental setups for in situ measurements of resistance

(using the standard four-probe method) and out-of-plane

strain of SRO films (using in situ XRD h-2h scans). The

electric-field-induced in-plane strain of the PMN-PT

substrate was measured using a strain gauge bonded on the

substrate surface with epoxy [see Fig. 1(b)]. The ferroelectric

domain switching and ferroelastic domain switching were
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conducted by vertically applying a dc electric field across

the PMN-PT substrate through the metallic SRO film and

the thermal-evaporated bottom silver electrode. The

domain switching dynamics at the surface of the PMN-PT

substrate were analyzed by piezoresponse force micros-

copy (PFM).

Figure 1(c) presents the XRD h-2h scan pattern of the

as-grown SRO/PMN-PT heterostructure. We found that the

SRO film has no impurities and is highly (111)-oriented.

The in-plane epitaxial relationship between the film and the

substrate was assessed by performing XRD /-scans, which

were taken on the (110) diffraction peaks of the SRO film

and the PMN-PT substrate, respectively. As depicted in Fig.

1(d), two sets of trifold symmetrical diffraction peaks recur-

ring every 120� were observed at the same azimuthal / angle,

clearly signaling the good “cube-on-cube” epitaxial nature of

the SRO film on the PMN-PT substrate. A schematic diagram

of the in-plane lattice arrangements of the orthorhombic SRO

unit cell on the pseudocubic PMN-PT substrate is shown in

the inset of Fig. 1(c). The out-of-plane lattice spacing d111 of

the SRO film (�2.256 Å) is smaller than that of the bulk

value (�2.269 Å),11 which means that the SRO film suffers

an in-plane tensile strain and an out-of-plane compressive

strain (-0.57%). This result is consistent with the smaller lattice

parameters of the SRO bulk (a�b�c�3.93 Å)11 compared

with those of the PMN-PT substrate (a�b�c�4.02 Å).

The impact of electric-field-induced ferroelectric poling

of the PMN-PT substrate on the electronic transport property

of the SRO film is displayed in Fig. 2(a), where the electric-

field-induced relative resistance variation DR=R follows the

electric-field-induced out-of-plane tensile strain dezzðSROÞ of

FIG. 1. Schematic of the experimental setups for in situ measurements of

film resistance, out-of-plane strain (a) and in-plane strain (b) of the PMN-PT

substrate, respectively. (c) XRD h-2h scan of the SRO/PMN-PT structure.

The inset shows a schematic of in-plane lattice arrangements for the ortho-

rhombic SRO unit cell on the PMN-PT(111) substrate. (d) XRD / scans

taken on the SRO(110) and PMN-PT(110) diffraction peaks.

FIG. 2. (a) DR=R and electric-field-induced out-of-plane strain dezzðSROÞ of the SRO films as a function of E. Insets (a) and (b) show the out-of-plane and

in-plane PFM phase images of the PMN-PT substrate, respectively. (b) DR=R and dezzðSROÞ as a function of positive E applied to the positively poled PMN-PT

substrate. (c) XRD h-2h scans for the PMN-PT(222) substrate and the SRO(222) film under the P0
r and Pþr states, respectively. (d) Schematic of the polariza-

tion vectors in the rhombohedral phase under P0
r and Pþr states for the PMN-PT.
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the film effectively during the poling process along the thick-

ness direction. The nonlinear abrupt evolution in both

film resistance and dezzðSROÞ near EC (�2.2 kV/cm) of the

PMN-PT substrate discloses the intimate correlation between

the electronic transport and the strain state of the film. We

note that after applying a sufficiently large positive dc elec-

tric field (e.g., E¼ 10 kV/cm) across the SRO/PMN-PT

heterostructure, both the PMN-PT(222) and SRO(222)

diffraction peaks shift to lower 2h angles as evidenced by

in situ XRD measurements [see Fig. 2(c)], implying that

in-plane (out-of-plane) lattices of both the PMN-PT and the

SRO contract (expand) after positive poling. Previous

experiments have demonstrated that the poling-induced

remnant strain microscopically stems from the reorientation

of ferroelectric domains in the PMN-PT single-crystal

substrate.16–20 Consequently, we measured the PFM phase

images of the PMN-PT(111) substrate during domain switch-

ing and presented the results in the insets (a) and (b) of

Fig. 2(a). As shown in Fig. 2(d), the eight spontaneous polar-

ization vectors of the rhombohedral PMN-PT(111) crystal

randomly point along the body diagonals of the pseudocubic

cell in the initial or unpoled state (denoted by P0
r ), corre-

sponding to four structural domains (r1, r2, r3, and r4) with a

mixture of out-of-plane and in-plane polarization components

[see insets (a) and (b) of Fig. 2(a)]. Upon applying a poling

voltage ofþ8 V on the tip, the 180� ferroelectric switching

(from r1þ to r1–), 109� ferroelastic switching (from r2þ/r4þ/

r3– to r1–), and 71� ferroelastic switching (from r2–/r4–/r3þ to

r1–) take place, and thus, all the polarization vectors rotate

downward in the poled area (green box), pointing along the

[-1–1–1] direction with no in-plane component (denoted by

the Pþr state) [see Fig. 2(d)]. This polarization switching path-

way under the vertically applied voltage impulse can also be

determined by in situ XRD measurements. As can be seen in

Fig. 2(c), the PMN-PT(222) reflection changes from three

peaks to two peaks after positive poling, where the peak

corresponding to the r2/r3/r4 domain structures almost disap-

pears, and the relative intensity of the peaks corresponding to

the r1 domain structure increases remarkably. All these data

explicitly establish the effectiveness of electrically tunable

ferroelectric and ferroelastic domain switching whether for

local regions (micrometer size) or whole area (millimeter

size) of the sample.

To gain deeper insights into the interaction between the

electronic transport and the lattice strain, we applied a posi-

tive electric field E to the positively poled (Pþr ) PMN-PT sub-

strate at room temperature (T¼ 300 K) and simultaneously

recorded the induced relative resistance change DR=R and

out-of-plane tensile strain dezzðSROÞ of the film in Fig. 2(b).

One can see that DR=R decreases linearly with increasing E
from 0 to 10 kV/cm, which could be attributed to the con-

verse-piezoelectric-effect-induced linear contraction (expan-

sion) of the film in-plane (out-of-plane) lattice rather than the

domain switching mediation.21 Due to the linear electric field

dependence, DR=R and dezzðSROÞ can be expressed as DR=R
¼ �aE and dezzðSROÞ ¼ cE, respectively. Here, a and c are con-

stants. Using the Poisson relation dezz ¼ �2�=ð1� �Þdexx,22

where � is the Poisson ratio, the quantitative relationship

between the DR=R and the induced in-plane strain of the

film can be obtained and expressed as DR=R ¼ ða=cÞ
ð2v=1� vÞdexxðSROÞ. This resistance-strain relationship

proves that the relative resistance evolution in the SRO film

is proportional to the induced in-plane compressive strain in

the film.

Figure 3(a) shows the resistance of the SRO film in

response to the in situ electric field with different switching

pathways at room temperature. Upon cycling a large bipolar

electric field with an amplitude of E¼ 8 kV/cm, the film

resistance exhibits a butterfly-like loop with respect to the

electric field (cyan curve). Nevertheless, when cycling a

small unipolar electric field [e.g., E¼ 2 kV/cm<ECðPMN�PTÞ],
a hysteresis-like loop of ðDR=RÞstrain to E was observed (peak

FIG. 3. Electric-field-induced relative

resistance evolution (a) of the SRO

film and in-plane strain (b) of the

PMN-PT substrate as a function of

bipolar and unipolar E applied across

PMN-PT at T¼ 300 K. (c) and (d)

XRD h-2h scans for the PMN-PT(222)

substrate and the SRO(222) film under

Pþr and P==r states, respectively. (e)

Schematic of the polarization vectors

in the rhombohedral phase from the Pþr
state to the P==r state for the PMN-PT.
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curve). Here, ðDR=RÞstrain is defined as ðDR=RÞstrain ¼ ½RðEÞ
�RðPþr Þ�=RðPþr Þ. In-plane strain measurements [see Fig.

3(b)] reveal that the electric-field-induced in-plane strain

curves (dexxðSubÞ versus E) of the PMN-PT substrate have sim-

ilar patterns (butterfly-like or hysteresis-like loops) as those

of the resistance curves (ðDR=RÞstrain versus E) of the SRO

film whether by sweeping bipolar or unipolar electric fields.

This finding provides the direct evidence of the strain-

induced nature of the resistance modulation. Considering the

infinitesimal screening length (1–2 Å) of the electron in SRO

films,12 it is reasonable to preclude the electrostatic charge-

mediated coupling mechanism in our 28 nm-thick SRO film.

Notably, once applying a small negative electric field of

E¼�2 kV/cm [jEj<ECðPMN�PTÞ] to the positively poled (Pþr )

PMN-PT substrate (i.e., O’ state), the polarization switching

pathways include 109� ferroelastic switching from r1– to r2þ/

r4þ/r3– and 71� ferroelastic switching from r1– to r2–/r4–/r3þ

[see Fig. 3(e)], giving rise to the polarization vectors switch-

ing from the downward to the in-plane direction (denoted by

P==r ). In this scenario, an in-plan tensile strain (corresponding

to B’ state) was produced after the removal of the control

voltage due to the stability of the remnant in-plane polariza-

tion of PMN-PT(111). Accordingly, the film resistance

evolves from O to A then to the B state (ðDR=RÞstrain�0.3%).

In situ XRD measurements were performed to further investi-

gate the structural evolution of the SRO/PMN-PT hetero-

structure during domain switching. As shown in Figs. 3(c)

and 3(d), upon the polarization, the direction was rotated

from the Pþr state to the P==r state, and the PMN-PT(222)

reflection splits from two peaks to three peaks. The relative

intensity of the peaks corresponding to the r1 domain struc-

ture decreases considerably and the peak corresponding to

the r2/r3/r4 domain structures reappears, directly confirming

the above-mentioned 109� and 71� ferroelastic switching

pathways. Moreover, both the PMN-PT(222) and SRO(222)

diffraction peaks shift to higher Bragg angles upon polariza-

tion switching, suggesting an out-of-plane lattice contraction

accompanied by an effective in-plane lattice expansion of

both the PMN-PT and the SRO. We calculated the decreased

out-of-plane compressive strain in the SRO film as 0.06%.

According to the Poisson relation dezz ¼ �2�=ð1� �Þdexx

and � ¼ 0.28,14 the increased in-plane tensile strain is

estimated to be 0.077%. Therefore, the room temperature

gauge factor b [b¼ðDR=RÞstrain=dexxðSROÞ] is calculated to be

390%, which is comparable to the value of the CaMnO3/

PMN-PT structure23 for which there is also no Jahn-Teller

distortion of BO6 octahedra. The observed in-plane tensile

strain induced enhancement of the film resistance can be

explained in terms of stain-induced reduction in the orbital

overlap between the Ru 4d orbitals and O 2p orbitals by

adjusting the octahedral rotations.24,25 The weakened orbital

hybridization narrows the one electron bandwidth and thus

enhances the electron correlation effect, thereby increasing

the film resistance. Afterwards, by applying positive

E¼þ2 kV/cm to the metastable PMN-PT substrate (i.e., P==r

state), the in-plane polarization of the substrate was switched

back to the downward direction (i.e., the Pþr state). The film

strain and resistance can also recover to the initial O’ and O

states, respectively, once the applied voltage is switched off.

It is thus speculated that these two stable and switchable rem-

nant strain (O’ and B’) states will facilitate realizing nonvola-

tile resistance tuning by reversing the control voltage in the

vicinity of ECðPMN�PTÞ in this system.

Aside from the resistance switching between the O and

B states, any intermediate resistance state between them is

reachable by precisely adjusting the amplitude of sweeping

electric fields [see Fig. 4(a)], which could be linked by dif-

ferent remnant in-plane strain states of the substrate.17,20,26,27

From the inset of Fig. 4(a), as the amplitude of the sweeping

electric field is decreased from E¼ 2.0 kV/cm to 0.8 kV/cm,

the relative intensity of the peak corresponding to the r2/r3/

r4 domain structures is reduced significantly but not to zero,

indicating that the corresponding 109� ferroelastic switching

from r1– to r2þ/r4þ/r3– and 71� ferroelastic switching from

r1– to r2–/r4–/r3þ become weakened gradually. Obviously,

the relative proportion of in-plane polarization vectors

switched from the [-1-1-1] direction is reduced, leading to

the decrease in the remnant in-plane tensile strain of PMN-

PT(111). Therefore, the multiple stable resistance states

indeed arise from ferroelastic domain switching-induced

distinct remnant strain states of the substrate. Based on Fig.

4(a), we construct ferroelastic-strain driven five reversible

and nonvolatile resistance states (“0” to “4” states) by apply-

ing appropriate electric field pulses to the device, as shown

FIG. 4. (a) Resistance hysteresis loops

with different amplitudes of the sweep-

ing electric field as stated. The inset

shows XRD h-2h scans for the PMN-

PT(222) substrate under the corre-

sponding remnant states. (b) and (c)

The nonvolatile resistance switching of

the SRO film by a sequence of pulse

electric fields at T¼ 300 K.
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in Figs. 4(b) and 4(c). We note that a reset step by applying

appropriate positive electric field pulses is required to set the

polarization vectors to the fully downward direction with the

minimum resistance, before writing to different higher resis-

tances. This is to refresh the initial state to ensure that the

finial state reached by every selective negative electric field

pulse is reproducible.17,20,26,27 Under such circumstances,

our device allows to store nonvolatile information in the

form of voltage-induced remnant strain states and read out

the same information from the remnant resistance states in a

nondestructive manner. The domain-engineered ferroelastic

switching offers a promising approach for designing low

power consuming nonvolatile memory devices.

In summary, we reported a comprehensive study of ferro-

electric and ferroelastic domain switching-induced in situ
lattice strain on the electronic transport properties in the SRO/

PMN-PT(111) multiferroic heterostructures. The ferroelectric

poling of the PMN-PT substrate enables the contraction of the

film in-plane lattice, which, in turn, moderately manipulates

the electronic transport of the SRO film through adjusting

orbital hybridization between the Ru 4d orbitals and O 2p
orbitals. The quantitative relationship between the resistance

evolution (DR=R) and the induced in-plane strain of the film

can be analyzed using the converse piezoelectric effect. The

multiple well-separated nonvolatile resistance states can be

reversibly switched by precisely selecting the vertically applied

voltage pulses, which is deeply associated with the ferroelastic

domain switching-induced dissimilar in-plane strain states near

the coercive field of the substrate. This work provides a frame-

work for exploring electrically controlled nonvolatile tuning

of lattice-coupled order parameters and delivering next-

generation reconfigurable, energy efficient spintronic mem-

ory devices using domain engineering.
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