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Biaxial strain induces a phase transition from a pseudo-rhombohedral (R) to pseudo-tetragonal
(T) phase in BiFeO3 (BFO) thin films. Using optical second harmonic generation, we measure the
nonlinear optical dij coefficients at a fundamental wavelength of 1550 nm for R and T-BFO
thin films. A large increase of the dij magnitudes is observed for T-BFO in comparison to R-BFO.
The dij magnitudes for T-BFO were measured to be: jd33 j ¼ 18:1 6 2:4; jd31 j ¼ 60:868:1, and
jd15 j ¼ 47:064:2, and for R-BFO: jd33 j ¼ 15:162:1; jd31 j ¼ 8:561:2; jd15 j ¼ 0:960:1, and
jd22 j ¼ 18:762:6 ðpm=VÞ. The strain-enhanced nonlinear optical properties of T-BFO thin films
C 2013 AIP Publishing LLC.
make them potentially useful for optical applications. V
[http://dx.doi.org/10.1063/1.4812978]
BiFeO3 (BFO) is one of the most intensely studied multiferroic materials due to the coexistence of a strong ferroelectric polarization (Ps  90 lC=cm2 ) and weak ferromagnetism
(0:02 lB /unit cell) at room temperature.1–3 Recently, BFO
has also been recognized as a promising candidate for many
photonic applications ranging from terahertz wave generation,4,5 electro-optical modulation,6 infrared detection,7 photoconduction,8,9 and ultrafast devices.10 It has been shown
that a structural phase transition from a pseudo-rhombohedral
(R) to pseudo-tetragonal (T) phase occurs at   4:5% compressive strain,11–14 where increased ferroelectric polarization
and electromechanical responses have been reported.15,16
Using optical second harmonic generation (SHG) analysis,
we observe enhanced nonlinear optical (NLO) properties in
T-BFO thin films. As future photonic applications for BFO
thin films are realized, the investigation of strain-enhanced
nonlinear optical properties could play a vital role for optimizing material performance and functionality.
In previous works, the nonlinear optical dij coefficients
of R-BFO have been reported, although there are discrepancies in the literature. Using density functional theory, Ju
et al. calculated the spectroscopic dij values for bulk BFO17
and strained T-BFO18 systems, which we will henceforth
refer to as theory. Kumar et al.19 reported dij values of a
R-BFO thin film at a fundamental wavelength of 800 nm that
are not consistent with theory, which can be attributed to an
incorrect SHG model (Eq. (4) in Ref. 19). Yokota et al.20
measured the dij coefficient ratios for bulk BFO at 1064 nm,
however, their reported values are also inconsistent with
theory. There are no reports on the measured dij coefficient
values for T-BFO thin films. In order to address these discrepancies in the literature, we formulate a method to accurately measure the coefficients for a thin film/substrate
system, and we report dij coefficient values at 1550 nm for
both R and T-BFO films which are consistent with theory.
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The films studied here were grown by reactive
molecular-beam epitaxy,11 with well defined orientations of R
and T-BFO on (111) SrTiO3 (STO) and (110) YAlO3 (YAO)
substrates with lattice misfit strains of 1.1% and 6.9%,
respectively. The orientation of the 25 nm thick R-BFO film
is ð111Þp BFO k ð111ÞSTO and ½110p BFO k ½110STO, with
the crystal physics axes defined as: z1 ¼ ½110p ; z2 ¼ ½112p ,
and z3 ¼ ½111p , where subscript p denotes the pseudo-cubic
indices. The orientation of the 25 nm thick T-BFO film is
ð001ÞBFO k ð110ÞYAO and ½010BFO k ½110YAO, with the
crystal physics axes defined as: z1 ¼ ½100; z2 ¼ ½010, and
z3 ¼ ½001. X-ray diffraction measurements, shown in Fig. S.1
of the supplementary material,21 yield a lattice parameter of
ap ¼ 3:958 6 0:002 Å for R-BFO, and lattice parameters
c ¼ 4.670 6 0.001 Å and a ¼ 3.751 6 0.002 Å for T-BFO. We
ignore the small monoclinic distortions of the films and treat
them as pure tetragonal (4mm point group symmetry) and
rhombohedral (3m point group symmetry) phases for our
analysis, which we show later to be justified. Piezoresponse
force microscopy measurements indicate that the films are
single-domain, which is consistent with other reports.11,22,23
Optical SHG is a process where light at frequency x
(electric field Ex ) is converted into light at frequency 2x by a
nonlinear material, through the creation of a nonlinear polarization, Pi;2x / dijk Ej;x Ek;x , where dijk is the nonlinear optical coefficient tensor, which can be expressed as dij in Voigt
notation.24 To accurately measure the dij coefficient values of
a nonlinear material, the refractive index (n) and extinction
coefficient (k) at the fundamental and SHG wavelengths must
be precisely known. Spectroscopic ellipsometry measurements were performed to determine these values. The onset
of absorption for the R and T-BFO films occurs at approximately 577 nm and 588 nm, respectively, which are near other
values reported for BFO thin films.19,26 Absorption adds additional complications to the SHG modeling, therefore, we
chose a fundamental wavelength of 1550 nm (frequency x)
where the corresponding SHG wavelength at 775 nm (frequency 2x) is far from resonance for both films ðk < 102 Þ.
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The refractive indices for the R and T-BFO films at x ð2xÞ
are nRx ¼ 2:72 ðnR2x ¼ 2:85Þ and nTx ¼ 2:54 ðnT2x ¼ 2:63Þ,
respectively. The Mueller matrix spectra collected for both
films indicate relatively weak optical anisotropy and are
treated as being optically isotropic in our analysis.
SHG experiments were performed using a 1550 nm fundamental laser beam (120 fs pulse width, 1 kHz repetition
rate) which was generated from a Spectra-Physics Ti:sapphire
pumped OPA-800C. The fundamental beam power used for
these experiments was approximately 1.5 W/cm2 for a beam
waist diameter of 50 lm. No SHG signal was detected from
the STO or YAO substrates at this incident power. The experimental geometry is shown in Fig. 1, where the linearly polarized fundamental electric field, Ex , is rotated by an angle /
and incident to the film normal at an angle h in the x–z plane.
The p-polarized ðkÞ transmitted SHG field is denoted as E2xk .
Note that p-polarized refers to the component of the electric
field which is parallel to the plane of incidence (x–z plane)
and the s-polarized component is perpendicular to the plane
of incidence (y-axis). We employ two experimental configurations for our SHG characterization: (1) tilt-scans, where / is
fixed and the sample is rotated by 6h, and (2) polar-plots,
where h is fixed and / is rotated by 3608. The R-BFO film
has two unique sample tilt axes due to the anisotropy between
the z1 and z2 crystal physics axes for 3m point group symmetry, where we define the two unique sample tilt configurations
as (1) z1 ¼ y; z2 ¼ x; z3 ¼ z, henceforth abbreviated as R1,
and (2) z1 ¼ y; z2 ¼ x; z3 ¼ z, abbreviated as R2. The
T-BFO film has only one unique sample tilt axis since z1 and
z2 are symmetrically equivalent in 4mm point group symmetry, and we define the sample tilt configuration as z1 ¼ x;
z2 ¼ y; z3 ¼ z, abbreviated as T1.
First, we determine the dij coefficient ratios ðKij
¼ dij =d15 Þ of the BFO films through transmission SHG polarimetry analysis. A series of tilt scans and polar plots were collected in the configurations described above for the R and
T-BFO films, shown in Figs. 2 and 3, respectively.
Theoretical fitting of the SHG data was performed using an
analytical model for the p-polarized transmitted SHG intensity
for an isotropic nonlinear thin film (denoted as superscript f)
on a substrate, which is defined as27

FIG. 1. SHG polarimetry geometry showing the linearly polarized fundamental field, Ex , rotated by an angle / and incident to the film normal by an
angle h in the x–z plane, and the p-polarized (k) SHG field, E2xk .
Also shown are the orientations of the film crystal physics axes (z1, z2, z3)
for the R1 ðz1 ¼ y; z2 ¼ x; z3 ¼ zÞ; R2 ðz1 ¼ y; z2 ¼ x; z3 ¼ zÞ, and
T1 ðz1 ¼ x; z2 ¼ y; z3 ¼ zÞ configurations.
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FIG. 2. SHG polarimetry data of R-BFO at 1550 nm showing the transmitted
p-polarized SHG intensity in the R1 and R2 configurations for the (a) tilt
R1
R2
ðh; / ¼ 0 Þ (blue circles), I2xk
ðh; / ¼ 0 Þ (red squares), where
scans, I2xk
R2
R1
is scaled by a factor of 5 for comparison, and polar plots, (b) I2xk
ð/Þ
I2xk
R2
and (c) I2xk
ð/Þ at h ¼ þ45 (red circles) and h ¼ 45 (green triangles).
Theoretical fits are shown as black lines.

f
f 2
I2xk
¼ ðIx Þ2 ð2pL=kx Þ2 ðdeff
Þ Hf ;

(1)

where L is the film thickness, kx and Ix are the wavelength
and intensity of the fundamental laser beam, respectively,
and Hf accounts for the transmittance and reflectance of the
fundamental and SHG fields in the film, which is explicitly
f
term is the
defined in the supplementary material.21 The deff
effective d coefficient, which is dependent on the form of the
dijk tensor and the orientation of the fundamental electric field
with respect to the crystal physics axes of the film, and is
f
0 ^ ^
0
e j;x e k;x . Here, dijk
¼ ^e 2xk  dijk
is the transdefined as deff
formed dijk tensor in the x, y, z coordinate system, and the
polarization unit vectors are given by ^e 2xk ¼ ðcos h2x ; 0;
af
af
sin h2x Þ, and ^e x ¼ ðtaf
xk cos / cos hx ; tx? sin /; txk cos /
sin hx Þ. The transmission (t) fresnel coefficients for p-polarized and s-polarized ð?Þ light at the air/film (af) interface are
af
defined as taf
xk ¼ 2cosh=ðcoshx þnx coshÞ, and tx? ¼ 2cosh
=ðnx coshx þcoshÞ, where hx ðh2x Þ are the refracted angles
of the fundamental (SHG) inside of the film. We define irref
as a function of the Kij parameters
ducible expressions of deff
for the R1, R2, and T1 film configurations, where we use the
notation f ! ðR1 ;R2 ;T1 Þ, which are given by

FIG. 3. SHG polarimetry data of T-BFO at 1550 nm, showing the transmitted
p-polarized SHG intensity in the T1 configuration for the (a) tilt scan,
T1
T1
ðh; / ¼ 0 Þ (blue circles), and polar plots, (b) I2xk
ð/; h ¼ 45 Þ (red
I2xk
T1

circles), and (c) I2xk ð/; h ¼ 30 Þ (green triangles). Theoretical fits are shown
as black lines.
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2
R1
2
2
af 2
2
deff
=d15 ¼ cos h2x f½taf
xk  ðK22 cos hx  sin 2hx Þcos /  ½tx?  K22 sin /g
2
2
2
2
af 2
2
sin h2x f½taf
xk  ðK31 cos hx þ K33 sin hx Þcos / þ ½tx?  K31 sin /g;
2
R2
2
af
af
2
=d15 ¼ cos h2x f½taf
deff
xk  sin 2hx cos / þ ½txk ½tx? K22 cos hx sin /g

(2)

2
2
2
2
af 2
2
sin h2x f½taf
xk  ðK31 cos hx þ K33 sin hx Þcos / þ ½tx?  K31 sin / g;
2
T1
2
af 2
2
2
=d15 ¼ cos h2x f½taf
deff
xk  sin 2hx cos /g  sin h2x f½txk  ðK31 cos hx þ K33 sin

The Kij parameters were extracted from theoretical fits
according to Eq. (1) to the SHG polarimetry data. The fits
yield the following Kij values for R-BFO: K33 ¼ 17:3 6 1:7,
K31 ¼ 9:761:0, and K22 ¼ 21:4 6 2:1 and for T-BFO:
K33 ¼ 0:460:04 and K31 ¼ 1:360:1. We note that other
Kij parameter solution sets exist which yield satisfactory fits
to experimental data; having estimates of the NLO coefficient values via theoretical calculations a priori is helpful in
identifying the correct parameter solution set.
As seen from Eqs. (1) and (2), for a p-polarized inciR2
T1
and I2xk
go to zero at normal incident field ð/ ¼ 0 Þ; I2xk

dence ðh ¼ 0 Þ, and should also be symmetric about h ¼ 0 ,
which is clearly observed in the tilt scans shown in
Fig. 2(a) (red squares) and Fig. 3(a) (blue circles) for the R
and T-BFO films, respectively. Any significant monoclinicity in the films would result in non-zero SHG intensities at
normal incidence and asymmetric tilt scans.25 This indicates that the films studied here behave like pure rhombohedral and tetragonal phases.
Next, we measure the absolute magnitude of the
r;f
, of the films with respect
reflected effective d coefficient, deff
to a congruently grown z-cut LiNbO3 (LNO) reference crystal with well known linear and nonlinear optical properties.28
This measurement is made in reflection geometry since we
can avoid having to precisely know the thickness of the reference crystal, where small errors in the reference thickness
can result in large errors of the measured dij values of the
film.27 By wedging and roughening the backside interface of
the reference crystal, the collinear back reflections from that
interface are diverted and scattered, where only the SHG
reflected from the incident interface is allowed to propagate,
and the thickness parameter does not need to be considered.
Following the boundary-condition approach outlined in
Ref. 27, we derive expressions for the p-polarized reflected
SHG intensity for an isotropic nonlinear thin film/substrate
system and the p-polarized reflected SHG intensity from
a single interface of a birefringent nonlinear reference
(denoted as superscript ref), which are defined as
r;f
r;f 2
¼ ðIxf Þ2 ð2pL=kx Þ2 ðdeff
Þ Pf ;
I2xk
r;ref
r;ref 2
I2xk
¼ ðIxref Þ2 ðdeff
Þ Xref ;

2
2
hx Þcos2 / þ ½taf
x?  K31 sin / g:

r;f
0
ðR1 ; R2 Þ apply. In the reflected geometry, deff
¼ ^e r2xk  dijk
r
^e j;x ^e k;x , where e^2xk ¼ ðcos h2x ; 0; sin h2x Þ. Therefore,
r;f
is identical to the expressions in Eq. (2) except that the
deff
sign in front of the cos h2x term is reversed. Taking the ratio
r;f
of the two expressions in Eq. (3), we can solve for deff
as
r;f
r;ref
r;f
r;ref
jdeff
j ¼ jdeff
ðkx =2pLÞðIxref =Ixf ÞðI2xk
Xref =I2xk
Pf Þ1=2 j: (4)
r;LNOðR Þ

r;R1
r;T1
1
; I2x
, and I2x
at
We measured the values of I2x


h ¼ 45 and / ¼ 0 , where the fundamental intensity at the
film and reference interfaces was kept constant between subf
ref
¼ Ixk
Þ by mounting the samples
sequent measurements ðIxk
with their incident interfaces lying in the same plane, and by
translating the samples parallel to the rotation axis. Then, by
substituting these measured intensity values and the known
linear optical properties of the films and reference into Eq.
r;R1
j
(4) (at h ¼ 45 ; / ¼ 0 ), we find that for R-BFO, jdeff
r;T1
¼ 3:660:3 pm=V, and for T-BFO, jdeff j ¼2:660:2 pm=V.
With subsequent use of Eq. (2) and the already determined
Kij values, we calculate jd15 j¼ 0:960:1pm=V for R-BFO and
jd15 j¼47:064:2 pm=V for T-BFO, where the absolute magnitudes of the other dij coefficients can be directly calculated
from the Kij parameters. Note that only the absolute magnitudes of the dij coefficients can be determined using this technique; only the signs of the dij coefficient ratios ðKij Þ can be
unambiguously resolved. According to the theoretical calculations by Ju et al., d15 ¼1:0pm=V for bulk BFO17 and
d15 ¼53:0 pm=V for T-BFO.18 Using the d15 sign conventions
from theory, we have listed in Table I the measured dij coefficients for R and T-BFO from this work along with the theoretical values29 for comparison, which are in very good
agreement.
For the T-BFO film, we observe a large increase of the dij
magnitudes with respect to R-BFO, where the largest T-BFO

TABLE I. Nonlinear optical dij (pm/V) coefficient values from this work
and theoretical values reported by Ju et al. for R and T-BFO thin films at
1550 nm.

(3)

where Pf and Xref account for the reflectance and transmittance of the fundamental and SHG fields in the film and reference, respectively (complete definitions are provided in the
r;ref
is the reflected effective
supplementary material21) and deff
d coefficient of the reference. The z-cut LNO reference crystal
has the same point group symmetry (3m) and crystal physics
axes orientation as R-BFO, so the same configurations

Rhombohedral 3m

Tetragonal 4mm

dij

This work

Theorya

This work

Theoryb

d33
d31
d15
d22

15.1 6 2.1
8.5 6 1.2
0.9 6 0.1
18.7 6 2.6

19.1
10.7
1.0
21.4

18.1 6 2.4
60.8 6 8.1
47.0 6 4.2
…

18.6
66.1
53.0
…

a

Reference 17.
Reference 18.

b
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coefficient ðjd31 j ¼ 60:868:1 pm=VÞ is approximately
325% greater than the largest R-BFO coefficient ðjd22 j
¼ 18:7 6 2:6 pm=VÞ. The large dij magnitudes of both R
and T-BFO films rival standard nonlinear optical materials
such as LiNbO3 (jd33 j ¼ 27:2 pm=V at 1064 nm), KNbO3
(jd33 j ¼ 19:6 pm=V at 1064 nm), and BaTiO3 (jd31 j
¼ 14:4 pm=V at 1064 nm).28 The strain-enhanced dij magnitudes in T-BFO films found here are consistent with other
reported property enhancements such as an increased polarization and strong electromechanical responses,11,15 which is
believed to arise from the strain-induced super-tetragonality
in the T-BFO system.12,16
In summary, we report the measured nonlinear optical
dij coefficients at 1550 nm for R and T-BFO thin films which
are consistent with theory, and we have also outlined a general experimental method to measure these values for a thin
film/substrate system. We observe a large increase in the dij
coefficient magnitudes for the T-BFO film in comparison to
R-BFO, where both the R and T-BFO films strongly challenge the standard nonlinear optical materials currently used
today. The large dij magnitudes and low optical absorption in
T-BFO films make them potentially useful for optical applications and device integration, where the ability to straintune thin films provides an encouraging route for enhancing
the nonlinear optical performance of materials.
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