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The non-volatile resistance states induced by converse piezoelectric effect are observed in

ferromagnetic/ferroelectric epitaxial heterostructures of (011)-La2/3Sr1/3MnO3/0.7Pb(Mg2/3Nb1/3)

O3-0.3PbTiO3 (LSMO/PMN0.7PT0.3). Three stable remnant strain states and the corresponding

resistance states are achieved by properly reversing the electric field from the depolarized direction

in ferroelectric PMN0.7PT0.3 substrate. The non-volatile resistance states of the LSMO film can be

manipulated by applied electric-field pulse sequence as a result of the large coupling between the

electronic states of LSMO film and the strain transferred from the ferroelectric substrate. The

electrically tunable, non-volatile resistance states observed exhibit potential for applications in

low-power-consumption electronic devices. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4788723]

Perovskite manganites that are rich in exotic electronic

states due to the strong coupling between electron spin,

charge, and orbital degrees of freedom have stimulated inten-

sive research activity in recent years, both as a platform for ba-

sic physics and for potential applications in spintronic

devices.1–4 In particular, La2/3Sr1/3MnO3 (LSMO) is an attrac-

tive material as it displays colossal magnetoresistance,5 half-

metallicity,5 and room temperature ferromagnetism.6 The

transport and magnetic properties of LSMO epitaxial films can

be modulated by externally applied fields, such as electric

fields1,3 and magnetic fields.5 Moreover, recent research has

shown that inherent epitaxial strain inside LSMO films can

effectively control its electronic properties.7 It has been

reported that Curie temperature (Tc) can be controlled via

biaxial strain through the influence of the Jahn-Teller (JT)

effect in (001)-La0.7Sr0.3MnO3 epitaxial films deposited on

various substrates.8 The temperature dependence of the resis-

tivity and magnetoresistance are also strongly affected by the

tensile tetragonal distortion in LSMO thin films.9 So far, static

strain in LSMO films has been generated through the use of

different substrates. However, there is increasing interest in

dynamic strain control in LSMO films by using external elec-

tric field, as was first proposed by Schultz10 and Zheng11 et al.,
and experimentally demonstrated in (001)-La0.7Sr0.3MnO3

film grown on 0.7Pb(Mg2/3Nb1/3)O3-0.3PbTiO3 (PMN-PT)

ferroelectric substrates.10–13

However, the magnetization and resistance states of the

LSMO films developed to date return to their original state

once the external electric field is removed. Thus, producing

multiple persistent and reversible strain states in LSMO/

PMN0.7PT0.3 structure could be beneficial to non-volatile

memory applications;14–20 using an electric field to induce

remnant strain states would consume less power than compa-

rable electrical-current-driven magnetic random access

memories (MRAM).15,20 With this motivation, we have

developed a heterostructure of LSMO/PMN0.7PT0.3 that

exhibits multiple remnant strain and resistance states, which

may be switched by an electric field pulse. The coupling

between the strain and resistance states is mediated by the

double exchange interaction between Mn3þ and Mn4þ sites,

which is controllable by an electric field applied to the

LSMO/PMN0.7PT0.3 structure.

Using RF sputtering, we deposited 80 nm-thick LSMO

epitaxial films13 on a (011) PMN0.7PT0.3 single crystal sub-

strate21 with a dimension of 5 mm h0�11i� 5.5 mm h100i
� 0.55 mm h011i. The films were annealed in an O2 atmos-

phere at 850 �C to release the initial strain13 and to improve

crystallinity.13 A 300 nm-thick Au film was sputtered on the

backside of the substrate as the bottom electrode. The front-

side of the LSMO film served as the top electrode. The in-

plane strain of the sample was measured using a strain gauge

bonded on a separate PMN0.7PT0.3 substrate (5 mm h0�11i
� 5.5 mm h100i� 0.7 mm h011i). The epitaxial nature of the

LSMO film was confirmed using the high resolution syn-

chrotron radiation X-ray diffraction (XRD) device on Hefei

Light Source and Shanghai Synchrotron Radiation Facility.13

To check the initial strain in the LSMO film, we performed

reciprocal space mapping around the (103) peaks. Fig. 1(a)

shows the (103) diffraction peak of the LSMO/PMN0.7PT0.3

a)Authors to whom correspondence should be addressed. Electronic addresses:

cgao@ustc.edu.cn and gang_xiao@brown.edu.

0003-6951/2013/102(3)/033501/4/$30.00 VC 2013 American Institute of Physics102, 033501-1

APPLIED PHYSICS LETTERS 102, 033501 (2013)

 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.148.252.35 On: Tue, 15 Oct 2013 21:33:19

http://dx.doi.org/10.1063/1.4788723
http://dx.doi.org/10.1063/1.4788723
http://dx.doi.org/10.1063/1.4788723
http://dx.doi.org/10.1063/1.4788723
http://dx.doi.org/10.1063/1.4788723
http://dx.doi.org/10.1063/1.4788723
http://dx.doi.org/10.1063/1.4788723
http://dx.doi.org/10.1063/1.4788723
http://dx.doi.org/10.1063/1.4788723
http://dx.doi.org/10.1063/1.4788723
http://dx.doi.org/10.1063/1.4788723
mailto:cgao@ustc.edu.cn
mailto:gang_xiao@brown.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4788723&domain=pdf&date_stamp=2013-01-22


epitaxial film used for our study. From Fig. 1(a), the in-plane

(QX) and out-of-plane (QZ) lattice constants (a and c) of the

LSMO film were calculated to be 0.388 nm, which is close to

the bulk pseudocubic lattice constant (0.387 nm) of LSMO

(at a Sr-doping of 0.33).9 Therefore, the initial strain due to

lattice mismatch and thermal treatment could be neglected

reasonably in this paper.

We measured the resistance of the LSMO film along the

in-plane [100] direction as we subjected the substrate to a

biasing electrical field (voltage), using a field-effect transport

device10,22 as shown in Fig. 1(b). The positive polarized state

is defined to lie along the direction from the bottom to the

top electrode. Fig. 2 shows the relative resistance change

DR/R along the [100] direction of the LSMO film and the in-

plane strains (½0�11� and [100]) in the substrate as functions

of the applied, cycling bipolar electric field. It can be seen

that the resistance change is intimately related to the induced

strains in the film. The magnitude of the resistance change

(DR/R� 1%) in the top of Fig. 2 is comparable to what has

been observed by others in similar structures.10,11 We

observed giant tensile strain values along the ½0�11� direction

(on the order of 1500 ppm) at the coercive fields, Ec1

�þ1.3 kV/cm and Ec2 � �1.7 kV/cm, as shown in the mid-

dle of Fig. 2, indicating the high quality of the ferroelectric

substrate. The compressive strain values along the [100]

direction are smaller at about �600 ppm as shown in the bot-

tom of Fig. 2. Here, the observed double strain peaks around

Ec1 and Ec2 were caused by rotation of the polarization vec-

tor.15,23 In both cases, when the external electric field is

reduced to zero, there are no remnant strain states. Conse-

quently, there are no remnant resistance states either.

Next, we cycled the electric field between the maximums

of �3 kV/cm and þ1.3 kV/cm, which are just below the coer-

cive field Ec1. As shown in Fig. 3, hysteresis loops with a rem-

nant strain state at zero field were created, with the ½0�11�
strain at þ1200 ppm and the [100] strain at �380 ppm. We

will refer to this field cycling as negative cycling below.

FIG. 1. (a) Reciprocal space mapping

(103) diffraction peaks of (011)-LSMO/

PMN0.7PT0.3 epitaxial heterostructures. (b)

The schematic of the resistance measure-

ment with the field-effect configuration.

FIG. 2. The resistance change (up) is a function of electric field. The strains

along the ½0�11� (middle) and [100] (bottom) directions vs electric field with

saturated poling of the PMN0.7PT0.3 substrate. DR/R ¼ ((R(E)-R(0))/R(0),

where R(E) and R(0) are the resistance of the LSMO film under an electric

field E and zero, respectively.

FIG. 3. The strains states along the [100] and ½0�11� direction with partially

positive poling from negatively poled state of the PMN0.7PT0.3 substrate.

The arrows show the cycling direction of the electric field.
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Similarly, we cycled between the maximum positive field and

a negative field close to Ec2 (to be referred to as positive cy-

cling). We obtained similar hysteresis loops (not shown).

Taken together, this technique is called ferroelectric domain

engineering for creating the non-volatile remnant strain states

in ferroelectric materials.15,18,23 This unique and giant rem-

nant strain mainly originates from the non 180� ferroelectric

polarization reorientation in [011]-poled relaxor ferrolectrics

PMN1�xPTx (x� 0.28–0.33, around the morphotropic phase

boundary (MPB)).18,23

Correspondingly, we show the resistance hysteresis

loops for both negative and positive field cycling are shown

in Fig. 4(a). These results exhibit several key features. First,

the initial resistance state, denoted as “0” in Fig. 4(a),

remains the same regardless of positive or negative field sat-

uration. Second, there exist two remnant resistance states

(see states “1” and 2” in Fig. 4(a)) that have resistances dif-

ferent from that of the “0” state. Interestingly, the resistance

memory effect shown in Fig. 4(a), although qualitatively

similar, depends on the type of cycling (negative or positive).

All three fixed resistance states, “0,” “1,” and “2,” can be

accessed by manipulating the field cycling.

The hysteretic resistance behavior in Fig. 4(a) is a result

of the total in-plane strain of the PMN0.7PT0.3 substrate. Here,

the total in-plane strain is defined as the sum of strains along

the tow perpendicular directions [100] and ½0�11� as shown in

Fig. 3. Under the volume conservation assumption of unit cell,

total in-plane strain is a measure of the out-of-plane strain.

Fig. 4(b) shows the total in-plane strain for both the negative

and positive field cycling. Qualitatively, the relative resistance

change depends on the total in-plane strain. A positive total

strain leads a positive relative resistance change, and vice

versa. Also, the three remnant strain states (“A,” “B,” and

“C”) yield three remnant resistance states (“0,” “1,” and “2”).

The strain-induced resistance modulation shown in Fig.

4(a) can be understood in terms of the intrinsic double-

exchange interaction, which is strongly influenced by the in-

plane strain. A positive strain increases the Mn-O bond

length and decreases the itinerant electron hopping strength

between the Mn3þ and Mn4þ sites,22,24–26 thereby enhancing

the resistivity of the LSMO film.25,26

The remnant strain and resistance states observed in our

composite structures have important implications for non-

volatile memory applications.27 Based on Figs. 4(a) and 4(b),

we can change the remnant resistance state of the LSMO film

by applying an electric field pulse to the structure. For exam-

ple, as shown in Fig. 5(a), by applying a sequence of (larger)

positive electric field pulses and (smaller) negative pulses,

corresponding binary “0,” “1” resistance states can be gener-

ated or stored. Similarly, in Fig. 5(b), a sequence of (larger)

FIG. 4. (a) The resistance change hysteresis under the negatively and positively partially poled states. The right axis shows the corresponding resistance. The

gray solid circles mark the remnant resistance states “0,” “1,” and “2.” (b) The corresponding total in-plane strain hysteresis by cycling negative and positive

electric field. The remnant strain states “A,” “B,” and “C” are also marked.

FIG. 5. (a) The non-volatile resistance states “0” and “1” are switched by a sequence of larger positive pulses (up) field þ3.27 kV/cm and �1.72 kV/cm. (b)

The non-volatile resistance states “0” and “2” are switched by a sequence of stronger negative pulses �3.27 kV/cm and þ1.31 kV/cm. (c) The ternary non-

volatile resistance states “0,” “1,” and “2” are switched among each other under the designed pulsing sequence (up) combined by þ3.27 kV/cm, �1.72 kV/cm,

�3.27 kV/cm, and þ1.31 kV/cm.
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negative pulses and (smaller) positive pulses generates binary

“0,” “2” resistance states. Finally, as shown in Fig. 5(c), a tai-

lored pulse sequence allows us to encode ternary resistance

states of “0,” “1,” and “2”. Therefore, our composite structure

can store non-volatile information in the form of electric

field-induced remnant strain, and read the same information

from the remnant resistances. Crucially, the information

extraction process is not destructive to the existing remnant

state, unlike non-volatile ferroelectric random access memory

(FeRAM).28

In summary, the remnant strain states of the LSMO/

PMN0.7PT0.3 epitaxial heterostructure are obtained by ferro-

electric domain engineering. The corresponding remnant re-

sistance states are found to be reversible and non-volatile,

and can be switched among the ternary states “0,” “1,” and

“2” with the application of a pulsed electric field sequence.

The modulation of the resistance of an LSMO film by an

electric field is attributed to the varying hopping strength of

itinerant electrons between the Mn3þ and the Mn4þ sites as

influenced by the induced strain. Our results provide the basis

for one form of nonvolatile solid-state memory, in which in-

formation is stored in an electric field-induced remnant strain

and read by inferring the remnant electrical resistance state.
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