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Lead vanadate �PbVO3� is a multifunctional material which is both polar and magnetic. Its optical
properties, important for linear and nonlinear optical spectroscopy of the material, are presented.
Using spectroscopic ellipsometry, the refractive index and absorption versus wavelength of lead
vanadate thin films at 295 K is reported. Using optical second harmonic generation, the nonlinear
optical coefficients were determined to be d15 /d31=0.20�0.02, d33 /d31=316.0�4.4, and �d33�
=10.40�0.35 pm /V at a fundamental wavelength of 800 nm. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2943283�

The search for a single phase multiferroic material with
coupled polarization and magnetic order parameters has
attracted significant research interest in this field.1,2 Lead
vanadate, PbVO3 �PVO�, belongs to the family of ABO3 per-
ovskites and has been predicted to be an antiferromagnetic
ferroelectric with large spontaneous polarization Ps

�152 �C /cm2.3–5 The lone pair of the divalent A cation
�Pb2+� induces polarization while the transition metal B cat-
ion �V4+� gives rise to a magnetic moment.2 Linear and non-
linear optical spectroscopy provides a good tool to study the
different order parameters in such materials.6,7 For example,
using optical second harmonic generation �SHG�, a predicted
magnetic transition was recently observed at 110 K.7 The
linear and nonlinear optical constants of PVO �in bulk or thin
film state� often required for such studies have not yet been
reported. In this study, we report the wavelength dependence
of complex refractive index as well as second order nonlin-
ear optical coefficients for PVO thin films.

Epitaxial PVO �001� �tetragonal notation� thin films
were synthesized by pulsed-laser deposition �PLD� from a
target with nominal stoichiometry Pb2V2O7 in reducing en-
vironments at temperatures ranging between 450–650 °C
on single crystal substrates of �La0.18Sr0.72��Al0.59Ta0.11�O3

�001� �LSAT� �tetragonal notation� and NdGaO3�110�
�orthorhombic notation�, as described in Ref. 8. The films
studied here are epitaxial with orientation relationship
PVO�001��LSAT�001� and PVO�001� �NdGaO3�110�. The
linear optical properties of PVO films on LSAT substrate
were measured. Since LSAT is noncentrosymmetric, the non-
linear optical properties were measured on PVO films grown
on centrosymmetric NdGaO3 substrate. These �001� oriented
films have nearly single crystalline perfection, with three
well-defined crystallographic x-�100�, and y-�010� axes
within the film plane, and the z-�001� axis normal to the
plane which allows us to extract nonlinear coefficients pre-
cisely without ambiguity.

Ellipsometric spectra in �� ,�� were collected ex situ
for a PVO film prepared by PLD on LSAT at three angles of

incidence �i=45°, 65°, and 75° using a variable-angle
rotating-compensator multichannel spectroscopic
ellipsometer9,10 with a spectral range from 200 to 1670 nm.
The optical properties �n ,k� shown in Fig. 1 and the corre-
sponding dielectric function spectra ��1 ,�2� are extracted by
using a least squares regression analysis and a weighted root
mean square error,11 to fit the ellipsometric spectra to a three-
medium optical model consisting of a semi-infinite LSAT
substrate/bulk film/air ambient structure. The free parameters
correspond to the bulk film thickness and a parameterization
of the PVO dielectric function as shown in Table I. The
dielectric function parameterization of PVO consists of a
combination of a Lorentz oscillator,12 a Tauc–Lorentz
oscillator,13,14 and a constant additive term to �1 denoted by
��. The Lorentz model for dielectric function parameteriza-
tion is given by

a�Electronic mail: auk183@psu.edu.

FIG. 1. �Color online� Index of refraction �n� and extinction coefficient �k�
for PVO over a spectral range from 200 to 200 to 1670 nm. These values
correspond to a parameterized PVO dielectric function obtained by fitting
measured ellipsometric spectra in �� ,�� of a PVO film deposited on a
LSAT substrate at three angles of incidence ��i=45°, 65°, and 75°� to a
three-medium optical model consisting of a semi-infinite LSAT substrate/
bulk film/air ambient structure.
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where the parameters include an oscillator amplitude A, a
broadening parameter �, and a resonance energy E0. The
corresponding parameterization for the Tauc–Lorentz model
is given by
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where the parameters include those of the Lorentz oscillator
with the addition of the Tauc gap Eg.

We obtain the linear complex indices from this model to

be Ñf
�=2.151+0.080i and Ñf

2�=2.420+0.287i for corre-
sponding wavelengths of 800 and 400 nm, respectively. It
should be noted that although PVO is uniaxially anisotropic,
only the optical properties of the ordinary index of refraction
have been obtained for this film. The optical axis of PVO
epitaxially grown on LSAT is perpendicular to the surface, in
which case the contributions to the ellipsometric spectra
from the projection normal to the surface are small and a
good estimate of the optical properties in the ordinary pro-
jection can be obtained.15

The crystal symmetry of epitaxial PVO�001� films has
been shown to be point group 4mm using optical SHG and
diffraction techniques.7 Optical SHG �Ref. 16� involves the
conversion of light �electric field E�� at a frequency � into
an optical signal at a frequency 2� by a nonlinear medium,
through the creation of a nonlinear polarization Pi

2�

dijkEj
�Ek

�, where dijk represent the nonlinear optical coeffi-
cients. PVO film with thickness of about 120 nm grown on
NdGaO3�110� substrates was used for this study. NdGaO3 is
centrosymmetric �point group mmm� and does not contribute
SHG signals of its own for the incident powers used. The
SHG experiment was performed with a fundamental wave
generated from a tunable Ti-sapphire laser with 65 fs pulses
of 800 nm wavelength incident from the film side at variable
tilt angles � to the sample surface normal.

As shown in Fig. 2, the crystallographic x-z plane in the
PVO film was aligned with the incidence plane. The polar-
ization direction of incident light is at an angle � from the y
axis, which was rotated continuously using a half-wave
plate. The intensity Ij

2� of the output SHG signal at 400 nm
wavelength from the film was detected along either j= p ,s
polarization directions as a function of polarization angle �
of incident light. The resulting polar plots of SHG intensity
for p and s polarized output at tilt �=50° are shown in Figs.
2�a� and 2�b�, respectively. If the incident beam has intensity

I0 then the nonlinear polarizations for PVO�001� film with y
axis perpendicular to the plane of incidence are given by

Px
NL = I0fxfzd15 sin2 � sin 2� ,

Py
NL = I0fyfzd15 sin 2� sin � ,

Pz
NL = I0�d31�fx

2 sin2 � cos2 � + fy
2 cos2 ��

+ d33fz
2 sin2 � sin2 �� , �3�

where dij are nonlinear coefficients and f i are linear Fresnel
coefficients. The measured intensity of the p and s polarized
SHG in transmission geometry �neglecting birefringence� is
proportional to nonlinear polarization. The expected SHG
intensity expressions for p and s output polarizations in the
predicted 4mm symmetry system of PVO are

Is
2� = K1

2 sin2 2� ,

Ip
2� = �K2 sin2 � + K3 cos2 ��2, �4�

where

K1 = I0fyfz f̃ y
Tfs,ed15 sin � ,

K2 = I0fp,e� f̃ x
Tfxfzd15 sin 2� + f̃ z

Tfx
2d31 cos2 �

+ f̃ z
Tfz

2d33 sin2 �� ,

K3 = I0fp,e f̃ z
Tfy

2d31. �5�

Here, K1, K2, and K3 are coefficients that are functions of
the nonlinear coefficients dij, refractive indices n of the film

TABLE I. Optical model parameters corresponding to PVO microstructure and dielectric functions represented
by a combination of a Lorentz oscillator, Tauc–Lorentz oscillator, and ��. �Mean square error �=12.06�. Using
the model, the thickness was estimated to be 122.03�0.06 nm.

E0 �eV� � �eV� A �eV� Eg �eV� �� �Å�

1 5.76�0.01 4.76�0.04 46.23�0.43 1.52�0.01 1.37�0.01
2 1.16�0.01 2.10�0.03 1.06�0.01 ¯ ¯

FIG. 2. �Color online� Variation of �a� p and �b� s polarized SHG intensity
with incident polarization angle � for a PVO�001��NGO�110� film with y
axis perpendicular to the plane of incidence for tilt angle �=50° about the Y
axis of the film.
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and the substrate, and incidence angle �. The terms fx, fy,
and fz are linear Fresnel coefficients for transmission of light
with frequency � through the incident air-film interface
while I0 represents the incident intensity of the input beam.
The terms fs,e and fp,e are linear Fresnel coefficients for s and
p polarized SHG signals, respectively, in transmission

through the exit substrate-air interface. The terms f̃ x
T, f̃ y

T, and

f̃ z
T are the nonlinear Fresnel coefficients.17 Theoretical fits to

the experimental polar plots based on Eq. �4� are excellent
both in normal incidence and tilted configuration, as shown
in Figs. 2�a� and 2�b�, respectively, for both p and s polarized
SHG output.

The K2 and K3 parameters, which contain the nonlinear
coefficients, are experimentally obtained by collecting the
p-in-p-out Ip

2���=90° � and s-in-p-out Ip
2���=0° � SHG sig-

nals for different angles of tilt � about the x axis. The experi-
mental data for K2 and K3 parameters �Fig. 3� is then fitted to
Eq. �5� to extract the ratios d15 /d31=0.20�0.01 and
d33 /d31=316.0�4.4. Using the d22=1.672 pm /V coefficient
of a single crystal z-cut LiTaO3 as a reference18,19 and taking
absorption into account, an estimated effective value for
�d33�=10.4�0.35 pm /V was calculated. Note that only the
signs of the ratios d15 /d31 and d33 /d31 were determined un-
ambiguously. The absolute signs of the dij coefficients were
not determined, except to state that all coefficient have the
same sign. Since there are 180° domains, these numbers are
the lower limit. Since no single crystal optical data for PVO

exists, a comparison between films and crystals is not
possible.

To conclude, we report the complex index of refraction
versus wavelength and optical SHG coefficients in PVO thin
films. These studies will be important in performing further
linear and nonlinear optical spectroscopy of the magnetism
and ferroelectricity in this material. By studying the variation
of linear and nonlinear optical coefficients with temperature,
one can identify phase transitions. The polarization symme-
try of the SHG signal sheds light on the crystallographic and
magnetic symmetry of the lattice. Wavelength dependence of
the absorption and SHG coefficients will enable electronic
spectroscopy in the material. Measurement of these optical
properties under electric and magnetic fields may reveal
spin-polarization coupling. These are interesting possible di-
rections for future studies.

We would like to acknowledge support from NSF under
Grant Nos. DMR-0507146, DMR-0512165, DMR-0602986,
and DMR-0213623.

1N. A. Hill, J. Phys. Chem. B 104, 6694 �2000�.
2N. A. Hill and A. Filippetti, J. Magn. Magn. Mater. 242, 976 �2002�.
3R. V. Shpanchenko, V. V. Chernaya, A. A. Tsirlin, P. S. Chizhov, D. E.
Sklovsky, E. V. Antipov, E. P. Khlybovv, V. Pomjakushin, A. M.
Balagurov, J. E. Medvedeva, E. E. Kaul, and C. Geibel, Chem. Mater. 16,
3267 �2004�.

4A. A. Belik, M. Azuma, T. Saito, Y. Shimakawa, and M. Takano, Chem.
Mater. 17, 269 �2005�.

5D. J. Singh, Phys. Rev. B 73, 094102 �2006�.
6M. Fiebig, J. Phys. D 38, R123 �2005�.
7A. Kumar, L. W. Martin, S. Denev, J. B. Kortright, Y. Suzuki, R. Ramesh,
and V. Gopalan, Phys. Rev. B 75, 060101�R� �2007�.

8L. W. Martin, Q. Zhan, M. Chi, T. Mizoguchi, J. Kreisel, N. Browning, Y.
Suzuki, and R. Ramesh, Appl. Phys. Lett. 90, 062903 �2007�.

9J. Lee, P. I. Rovira, I. An, and R. W. Collins, Rev. Sci. Instrum. 69, 1800
�1998�.

10B. Johs, J. A. Woollam, C. M. Herzinger, J. N. Hilfiker, R. Synowicki, and
C. Bungay, Proc. SPIE 72, 29 �1999�.

11G. E. Jellison, Thin Solid Films 313, 33 �1998�.
12R. W. Collins and A. S. Ferlauto, in Handbook of Ellipsometry, edited by

H. G. Tompkins and E. A. Irene, �William Andrew, Norwich, NY, 2005�,
p. 159–171.

13G. E. Jellison, Jr. and F. A. Modine, Appl. Phys. Lett. 69, 371 �1996�.
14G. E. Jellison, Jr. and F. A. Modine, Appl. Phys. Lett. 69, 2137 �1996�.
15D. E. Aspnes, J. Opt. Soc. Am. 70, 1275 �1980�.
16M. Fiebig, V. V. Pavlov, and R. V. Pisarev, J. Opt. Soc. Am. B 22, 96

�2005�.
17B. Dick, A. Gierulski, G. Marowsky, and G. A. Reider, Appl. Phys. B:

Photophys. Laser Chem. 38, 107 �1985�.
18A. Sharan, I. An, C. Chen, R. W. Collins, J. Lettieri, Y. Jia, D. G. Schlom,

and V. Gopalan, Appl. Phys. Lett. 83, 5169 �2003�.
19A. Sharan, J. Lettieri, Y. Jia, W. Tian, X. Pan, D. G. Schlom, and V.

Gopalan, Phys. Rev. B 69, 214109 �2004�.

FIG. 3. �Color online� Variation of K2
2�Ip

2���=90° �� and K3
2�Ip

2���=0° �� as
a function of tilt angle �. The solid lines show theoretical fits to the data
using which the ratios of nonlinear optical coefficients is extracted.
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