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The piezoelectricity of a multiferroic BiFeO3 thin film deviates from its low-field linear response in

electric fields higher than 150 MV/m. Time-resolved synchrotron x-ray microdiffraction reveals a

low-field piezoelectric coefficient of 55 pm/V and a steeper increase in strain at higher fields, with

an effective piezoelectric coefficient of 86 pm/V. The strain reaches 2% at 281 MV/m, a factor of

1.3 higher than expected based on an extrapolation from low fields. The peak intensity of the

BiFeO3 (002) Bragg reflection decreases throughout the high-electric-field regime, accompanied by

increased diffuse scattering, consistent with lattice softening lattice near a field-induced phase

transition. VC 2012 American Institute of Physics. [doi:10.1063/1.3683533]

High electric field phenomena are crucially important to

the fundamental properties and applications of electronic

materials based on thin films and nanostructures, where

external voltages can easily lead to fields higher than 100

MV/m. In complex oxides, such as the multiferroic BiFeO3,

high electric fields have the potential to modify electronic

and electromechanical properties via the nonlinear field-

dependence of dielectric susceptibility and through field-

induced structural phase transitions.1,2 Calculations show

that a tetragonal phase of BiFeO3 can be energetically favor-

able in comparison with the bulk rhombohedral phase when

an electric field is applied along a pseudocubic h001i crystal-

lographic direction.2 Distinct piezoelectric, dielectric, and

mechanical properties are a universal consequence of the

softening of the lattice near such phase transitions.3,4

Enhanced piezoelectricity has been reported in BiFeO3 thin

films in which large compressive biaxial strain or doping

with rare earths places the system near the structural phase

transition.5,6 Jang et al.7 report that a strain-induced polariza-

tion rotation mechanism is responsible for a large change in

the out-of-plane polarization of (001) BiFeO3 with biaxial

strain, while the spontaneous polarization itself remains

almost constant. The field-driven rhombohedral-to-tetragonal

phase transition in BiFeO3 can be produced by a moderate

electric field of 176 MV/m in layers grown under epitaxial

constraints where rhombohedral and tetragonal phases coex-

ist at zero field.8 When epitaxial conditions yield purely

rhombohedral BiFeO3, however, the rhombohedral structure

is more stable and the production of the field-induced tetrag-

onal phase has not been experimentally demonstrated.

In this letter, we show that a rhombohedral BiFeO3 layer

exhibits electromechanical phenomena in high electric fields

that are consistent with the proximity of the rhombohedral-

to-tetragonal phase transition. The piezoelectric strain meas-

ured using time-resolved x-ray diffraction is proportional to

the applied electric field up to 150 MV/m, and increases

more rapidly at higher fields. The diffuse component of the

scattered x-rays increases at high electric fields, and the peak

intensity of Bragg reflections simultaneously decreases. The

increase of piezoelectricity and diffuse scattering are consist-

ent with the softening of phonon modes in BiFeO3 at high

electric fields near the phase transition. The fields reached in

these experiments, however, are not sufficient to yield a tran-

sition to the tetragonal phase.

A 54 nm-thick BiFeO3 layer with (001)-pseudocubic ori-

entation was prepared on a 50 nm-thick single crystal

SrRuO3 bottom electrode on a (001)-oriented SrTiO3 sub-

strate by off-axis magnetron sputtering.9,10 Thin-film capaci-

tors were formed by depositing Pt top electrodes with

diameters of 25 and 50 lm onto the BiFeO3 layer. Applying

short-duration voltage pulses produces electric fields that can

briefly exceed the low-frequency breakdown field without

damaging the sample.11 Time-resolved x-ray microdiffrac-

tion experiments were conducted at station 7IDB of the

Advanced Photon Source (APS, Argonne, IL) and at beam-

line BL13XU at SPring-8 (Harima, Japan).12 At the APS,

10 keV photons were focused to a spot size of 100-200 nm

with a Fresnel zone plate and diffracted x-rays were detected

by either an avalanche photodiode (APD) or a pixel array de-

tector. At Spring-8, 12.3 keV photons were focused to

2.5 lm with a refractive lens and diffracted x-rays were

detected using an APD.

Fig. 1(a) shows the evolution of the BiFeO3 (002) Bragg

reflection during a 12 ns-duration electric field pulse with a
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magnitude of 102 MV/m. The diffracted intensity shifts to

lower wavevector qz during the electric field pulse due to the

expansion of the lattice along the surface-normal z direction,

and returns to its initial value when the field is turned off.

The initial piezoelectric expansion has an exponential time

dependence with a time constant of 1.4 ns arising from the

charging of the BiFeO3 capacitor. The resistive factor in the

charging time constant is dominated by the sheet resistance

of the SrRuO3 bottom electrode. Based on the time response

observed in Fig. 1(a), a fixed delay long after the initial

expansion was chosen to perform a structural study of

BiFeO3 under a range of applied electric fields.

Two-dimensional slices of reciprocal space acquired

before the application of the electric field and at 17 ns after

the onset of a 20-ns pulse with magnitude E¼ 217 MV/m

are shown in Fig. 1(b). The center of the BiFeO3 (002)

reflection shifts from qz¼ 3.084 Å�1 at E¼ 0 to

qz¼ 3.039 Å�1 at E¼ 217 MV/m, a tensile strain of 1.46%.

There is no change of the apparent in-plane wavevector qx of

the BiFeO3 reflection between E¼ 0 and E¼ 217 MV/m,

Fig. 1(b), indicating that the BiFeO3 layer is not tilted during

the applied electric fields. A secondary peak at the zero-field

wavevector of the (002) reflection, as at E¼ 178 MV/m in

Fig. 2(a) and E¼ 217 MV/m in Fig. 1(b), arises from the

illumination of an area of the sample outside the top elec-

trode by an unfocused portion of the incident x-ray intensity.

The electric field dependence of the piezoelectric strain

was measured using a series of intensity vs. qz scans similar to

Fig. 2(a). The piezoelectric strain is plotted in Fig. 2(b) as a

function of the magnitude of the electric field pulses. In the

low-field regime, below 150 MV/m, the strain is proportional

to E, with a piezoelectric coefficient of 55 pm/V. The linearity

of this response and the value of the piezoelectric coefficient

are consistent with previous observations of coefficients of

50-60 pm/V in both bulk BiFeO3 ceramics and in rhombohe-

dral thin films.13–15 The strain deviates from the linear piezo-

electricity in electric fields higher than 150 MV/m. At the

highest field we have probed, E¼ 281 MV/m, the piezoelec-

tric strain in the BiFeO3 thin film is 2.04%, a factor of 1.3

larger than the value predicted by extrapolating the low-E pie-

zoelectric coefficient.

The peak intensity of the BiFeO3 (002) Bragg reflection

is reduced at high E, and the diffuse intensity near the Bragg

peak increases. Fig. 3(a) shows a scan through the BiFeO3

(002) reflection along the [110] direction of reciprocal space,

illustrating the relative increase in diffuse scattering between

E¼ 0 and E¼ 230 MV/m. Note that the peak intensity of the

Bragg reflection in Fig. 3(a) is normalized to 1 for each elec-

tric field to facilitate the comparison of the diffuse compo-

nents. The variation of the peak intensity of the (002)

reflection is shown as a function of E in Fig. 3(b). At higher

FIG. 1. (Color online) (a) Intensity near the BiFeO3 (002) Bragg reflection

as a function of time and wavevector qz during an electric field pulse with

magnitude 102 MV/m and duration 12 ns. (b) Maps of diffracted intensity as

a function of qz and in-plane wavevector qx near the BiFeO3 (002) Bragg

reflection at zero field (left) and 217 MV/m (right). The SrRuO3 (002) reflec-

tion at qz¼ 3.173 Å�1 is cut off at high qz and low qx as a result of the angu-

lar range of the measurement.

FIG. 2. (Color online) (a) Intensity vs. wavevector qz for the (002) BiFeO3

Bragg reflection at zero field (circles) and 178 MV/m (squares). (b) Piezo-

electric strain as a function of electric field. The solid and dashed lines are

linear fits for electric fields less than 150 MV/m and greater than 150 MV/m,

respectively.
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E, the peak intensity of the Bragg reflection falls to 30% of

its zero-field value at an electric field of 281 MV/m. The

angular width of the Bragg reflection is unchanged in the

high fields.

The relative intensities of the diffuse scattering and

Bragg reflection can be quantified by partitioning the line of

reciprocal space shown in Fig. 3(b) into two regions: a Bragg

region in which the projection of the wavevector onto [110],

Dqxy, is less than 2.5� 10�4 Å�1, and a diffuse region with

Dqxy between 0.002 and 0.008 Å�1. The ratio of the inte-

grated intensities in these two regions as a function of E is

shown in Fig. 3(b). At E¼ 230 MV/m, the intensity of the

diffuse scattering in this narrow one-dimensional section of

reciprocal space has increased by 30% relative to the Bragg

peak. Integration over the full three-dimensional volume of

reciprocal space near the BiFeO3 (002) reflection shows that

the total scattered intensities at E¼ 0 and E¼ 217 MV/m are

equal within 6%. The variation in total intensity is smaller

than the systematic uncertainty associated with the experi-

mental integration over reciprocal space and we thus con-

clude that the intensity is conserved within the limits of the

precision of our experiment. The conservation of the total in-

tensity is consistent with a redistribution of scattered inten-

sity from the Bragg peak into the diffuse component.

The enhanced piezoelectricity, reduced Bragg-peak in-

tensity, and increased diffuse scattering at high fields in

BiFeO3 are consistent with the softening of phonon modes in

the proximity of the rhombohedral-to-tetragonal phase tran-

sition. Increased piezoelectricity is caused by the divergence

of both the dielectric and electromechanical properties, as in

low-field measurements of systems with compositions near

phase boundaries.3 The piezoelectric coefficient of BiFeO3 is

as large as 115 pm/V in thin films with a mixture of rhombo-

hedral and tetragonal phases.5 In the present case, the effec-

tive piezoelectric coefficient for differential increases in

electric fields above 150 MV/m is 86 pm/V, as shown in Fig.

2(b). A similar experiment has probed the piezoelectricity of

tetragonal Pb(Zr0.2Ti0.8)O3, a composition firmly on the tet-

ragonal side of the morphotropic phase boundary in that sys-

tem.11 Because the rhombohedral-to-tetragonal transition

was not available via a tensile expansion of Pb(Zr0.2Ti0.8)O3,

neither the decrease in the peak intensity of the Bragg reflec-

tion nor the large increase in piezoelectricity was observed

for fields up to 500 MV/m.11

The increase in the diffuse component of the scattered

x-ray intensity is consistent with increased thermal diffuse

scattering from a larger thermally excited population of pho-

nons in modes softened by the proximity of the phase transi-

tion. The x-ray diffuse scattering intensity increases near

structural phase transitions, as previously observed in SrTiO3

and TiSe2.16,17 Unstable soft modes in phase transitions

between the BiFeO3 rhombohedral and tetragonal phases are

near-zone-center phonon modes that can be expected to con-

tribute to diffuse scattering in the range shown in Fig. 3(a).18

The increased high-field piezoelectricity of BiFeO3

occurs at lower electric fields than that which would be

required to drive the BiFeO3 layer through the field-induced

phase transition. The results here are similar to the different

low- and moderate-field regimes of the piezoelectricity of

the relaxor ferroelectric Pb(Zn,Nb)O3-PbTiO3 system, these

termed the A and B stages, and thought to correspond to the

proximity of the tetragonal phase.19 In the event of a field-

induced phase transition between rhombohedral and tetrago-

nal phases, one would also expect to observe the appearance

of diffracted intensity from the tetragonal phase. We have

searched for additional reflections at E¼ 230 MV/m in the

reciprocal space region where diffraction from the tetragonal

phase has been reported, and found no sign of the tetragonal

structure. We conclude that the field-induced phase transition

requires an electric field higher than the maximum field we

have probed. An alternative explanation based on popula-

tions of polarization domains switching at high fields, as

reported for Pb(Zr,Ti)O3,20 would require a large population

of small polarization domains, but cannot be completely

ruled out.

Previous studies of BiFeO3 layers grown on substrates

inducing large compressive strains can be used to estimate

the field required for a rhombohedral-to-tetragonal transition

in BiFeO3 on SrTiO3. A mixture of tetragonal and rhombo-

hedral structures has been observed at a tetragonality of

1.07.8 Expanding a BiFeO3 thin film on SrTiO3 to this point

requires an out-of-plane strain of 2.5%. By slightly extrapo-

lating our measurements, we predict that this 2.5% strain

will be reached at an electric field of 340 MV/m. Attempting

FIG. 3. (Color online) (a) Intensity as a function of the in-plane wavevector

Dqxy for the BiFeO3 (002) Bragg reflection at zero field (circles) and 230

MV/m (squares). Here, Dqxy is the projection of the scattering wavevector

onto the pseudocubic [110] direction (inset). (b) The peak intensity of

BiFeO3 (002) Bragg reflection normalized to its zero-field value (upper

panel), and the ratio of the diffuse and Bragg components of the scattering

integrated over the ranges specified in the text (lower panel). The error bars

are derived from counting statistics in the intensity integration.
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to reach this condition by increasing the field beyond the

maximum of 281 MV/m, shown here, resulted in a rapid deg-

radation of the BiFeO3 capacitors, including visible changes

in the top electrode structure and electrical breakdown.

Based on this estimate, however, we find that the fields we

have already reached are close to the phase transition and

that the required fields are within the range of present experi-

mental tools. It may be difficult to reach and exploit the full

rhombohedral-to-tetragonal phase transition in high-

repetition rate experiments, which we hypothesize will be

accompanied by the dissipation of mechanical energy. High

electric fields will, however, now provide the means to tune

and test the properties of BiFeO3 through a wide range of

responses without artifacts associated with variations in sam-

ple fabrication across a wide range of substrates.
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