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Growth and structure of PbVO; thin films
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Multifunctional materials promise to provide the foundation for a new class of devices in which
functional properties are coupled to one another. Examples include magnetoelectric materials in
which magnetic and ferroelectric properties are coupled. Here the authors report the successful
growth of single phase, fully epitaxial thin films of the multifunctional material, PbVOs;, using
pulsed laser deposition. This growth offers an alternative means for the production of PbVO;,
outside of high-temperature and high-pressure techniques through growth of epitaxial thin films on
various substrates. The structure of this highly distorted perovskite is examined using x-ray
diffraction, Raman spectroscopy, and transmission electron microscopy. © 2007 American Institute

of Physics. [DOI: 10.1063/1.2435944]

Multiferroic materials, in which magnetism and ferro-
electricity coexist, have been studied for over half a century
and have recently returned to the forefront of materials sci-
ence. The promise of coupling between magnetic and elec-
tronic order parameters and the potential to manipulate one
through the other has captured the imagination of researchers
worldwide.'™ Current research on such materials is focused
on a wide range of materials, including single phase materi-
als, with the ultimate goal of obtaining a single phase multi-
ferroic with strong coupling between ferroelectric and mag-
netic order parameters at room temperature. Single phase
multiferroism has been identified in only a few perovskite
(ABO;5) oxides including BiMnOj; (Ref. 5) and BiFeO; (Ref.
6), where the 6s electrons of the A-site ion induce ferroelec-
tric properties and the B-site ions control the magnetic prop-
erties. Here we examine the material lead vanadate—PbV O3
(PV0),”® where the 6s electrons of Pb induce ferroelectric
properties and the V controls the magnetic properties. PVO
has been proposed to have antiferromagnetic ordering and a
ferroelectric polarization as large as 152 uC/cm? due to
large structural distortions in the material.” "% To this point,
however, the true multifunctional nature of this material is
unknown to researchers. Previous studies on PVO (Refs. 7
and 8) focused on high-temperature and high-pressure single
crystal growth techniques. Through the use of nonequilib-
rium thin film deposition techniques, we have been able to
stabilize PVO on a number of single crystal substrates and
study the crystal structure of this phase.

In the current work, thin films of PVO were synthesized
using pulsed laser deposition. Films were grown from a tar-
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get with nominal stoichiometry Pb,V,0,—or the chervetite
mineral phase.11 The growth took place in reducing environ-
ments (107°—10~° Torr of oxygen) at temperatures ranging
from 450 to 650 °C. The films studied and reported in this
letter were between 50 and 200 nm thick and were grown on
LaAlO; (LAO) (001). The work on films reported in this
letter can be taken to be representative of all the films mea-
sured. Additionally, films were grown on LaAlO5/Si (100),
(Lag 1819 82) (Al 59Tag 4)05  (001), NdGaO; (110), and
SrTiO5 (001) single crystal substrates, however, here we fo-
cus on the films grown on LAO (001) substrates. The films
were analyzed using x-ray diffraction (Siemens D5000 four-
circle x-ray diffractometer) and were shown to all be 00/
oriented, highly crystalline (PVO 002 full-width-at-half-
maximum=0.384°), and highly ordered [Fig. 1(a)]. The out-
of-plane, c-lattice parameter was determined to be 5.02 A for
all substrates, which is somewhat larger than the value found
in the bulk samples of 4.67 A% Additional phi scans en-
abled us to determine that the PVO films were fully epitaxial
with [100]/1[100]; and [001]/I[001]; [Figs. 1(b) and 1(c)],
where subscripts indicate film (f) and substrate (s). Chan-
neled and randomly oriented Rutherford backscattering spec-
trometry (RBS) was additionally used to probe the crystal-
linity and composition of the PVO thin films. PVO films
showed excellent channeling for a lead-based film with a
Xmin=0.15. The RBS data were fitted using the RUMP soft-
ware package from Computer Graphics Service and showed
that the films exhibited the expected 1:1 Pb:V ratio. Energy
dispersive spectroscopy (EDS) was also performed during
transmission electron microscopy (TEM) studies to deter-
mine the stoichiometry of the material. EDS showed that the
majority of samples had a 1:1 Pb:V ratio or were slightly V
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FIG. 1. Structural characterization of PVO films on LAO (001) substrates.
X-ray diffraction (a) #-26 showing highly crystalline, epitaxial films of
PVO. [(b) and (c)] Phi scans confirming in-plane epitaxial relationships to
be (100)1(100), and (010),1(010),.

rich (Pb~49.7%, V = 50.3%). This off stoichiometry is to be
expected, especially at higher deposition temperatures where
the loss of Pb during deposition is likely. These data match
well with the RBS data.

Further structural and chemical characterizations were
performed using high resolution transmission electron mi-
croscopy (HRTEM), selected area electron diffraction
(SAED), and scanning transmission electron microscopy
(STEM). Cross-sectional HRTEM images taken down the
[010] zone axis of PVO [Fig. 2(a)] show a high degree of
registry between the LAO substrate and the PVO thin film,
as well as the highly distorted nature of the PVO structure.
SAED [Fig. 2(a) inset] confirms the in-plane registry be-
tween film and substrate and the highly tetragonally distorted
PVO lattice. SAED also allows us to determine the in-plane
lattice parameter of PVO on LAO(001) substrates to be
3.79 A, which is perfectly lattice matched to that of the sub-
strate and very close to bulk values from the 1iteratur6:,7’8 and
confirms the out-of-plane lattice parameter to be 5.02 A. The
highly magnified HRTEM image [Fig. 2(a)] and the corre-
sponding schematic illustrate the proposed structure of PVO,
showing clear Pb and V rows and the off-center position of V
in the tetragonal structure, thus confirming the polar 4 mm
structure found previously.7’8 Further evidence, through the
STEM work is shown in Fig. 2(b). The STEM image gives
us a direct picture and confirmation of the true atomic struc-
ture of this highly distorted perovskite structure, and once
again the proposed structure fits well with the structure seen
in this image.

It is important to note that the out-of-plane lattice param-
eter for the PVO films does not match with that found in the
bulk studies.”® We have, however, completed extensive char-
acterization of the structure including both experimental and
simulated through-focus series of cross-sectional HRTEM
images for the PVO films. The through-focus series was per-
formed over a range of TEM sample thicknesses from
5.7 to 45.5 nm and defocus values from O to —80 nm. All
simulated images were calculated based on adding an addi-
tional distortion to the ¢ axis of the unit cell reported in the
literature.”® Good agreement is found between contrast and
the atomic arrangement in the simulated and experimental
images, confirming that PVO has been stabilized in the
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FIG. 2. (Color online) Electron microscopy of PVO films on LAO(001)
substrates. (a) Cross-section HRTEM image of the PVO/LAO interface. The
inset shows the SAED confirming the in-plane registry of film and substrate.
Highly magnified HRTEM image and illustration also illustrate the highly
distorted PVO structure. (b) STEM image of PVO down the [010] zone axis.
(c) Experimental EELS spectra for PVO along with simulated EELS spectra
for V-L edge in PVO assuming possible V4 and V3* oxidation states.

even larger c/a lattice parameter ratio of 1.32 then that re-
ported in the bulk of 1.23.

Additionally, in conjunction with the STEM work, elec-
tron energy loss spectroscopy (EELS) was used to investi-
gate the valence of the vanadium ion in PVO by probing the
vanadium L edge. It is well known that the valence state of
the V ion is not the only factor determining the EEL spectra
of V-L edges and that the crystal structure can also play an
important role in determining the spectra.lz’13 Since PVO has
a strong tetragonal distortion, it induces one of the two apical
oxygen atoms to separate from the normal VO, octahedron
and causes the formation of corner-shared square pylramids.7
This arrangement leads to a redistribution of the electrons in
this system with more electrons on the V as opposed to the O
than is typical in other vanadates with VOg octahedrons. This
redistribution results in a shift of the energy of the V-L edges
to the left in the EEL spectra. Additionally, the VO5 square
pyramid structure also induces a different ,,-¢, splitting and
therefore affects the fine structures of V-L edges. To probe
these effects in PVO, the V-L edges were modeled using a
first principles multielectron method for two cases—PVO
with either V#* or V3*, using the experimentally determined
structure.'*! The experimentally determined and calculated
spectra are shown in Fig. 2(d): the energy resolution used for
the experimental spectra is ~0.23 eV. It is obvious that the
experimental and calculated data match well in both energy
shift and the edge shape for the case of V#*. From this work
we can say that the vanadium in our PVO films is mostly V*#*
and we have truly formed the desired d' system.

Furthermore, Raman spectroscopy of the PVO film on
LAO substrates (Fig. 3) revealed no impurity phases in the
PVO films and gave further insight into the structure and
quality of the films. In order to understand the observed Ra-
man spectra, comparisons with Raman spectra for similar
vanadium-based materials are useful. For instance, CaV,0s5
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FIG. 3. (Color online) Raman spectra for PVO film on LAO substrate.

is known to have V#* in a VOs bipyramid and thus exhibits
a similar structure and next nearest neighbor environment to
that of PVO. The observation of Raman spectra from
Canzos,16 which displays strong bands at 935 and
638 cm™!, along with the lattice dynamical calculations for
NaV,05 (Ref. 17) was used to determine the origin of bands
in our PVO spectra. We attribute the observed bands at 830
and 930 cm™! in the PVO films to V-O1 stretching (reflect-
ing the short stiff V-O bond thus a high wave number), the
band at 593 cm™! to a V—-02 stretching, and the bands below
500 cm™! to V-O-V bending modes (Fig. 3). Vibrations at
wave numbers below 200 cm™! are attributed to vibrations
involving the heavy Pb cation as are typically observed in
similar perovskites.

Recent density functional electronic structure calcula-
tions by Singh10 predicted that the Raman frequency of the
V-01 bond stretching should lie at 838 cm™!. In agreement
with this prediction, we observe a band very close to this
value. The assignment of two bands to the V-O1 stretching
can be understood by remembering that long range electro-
static forces in a ferroelectric lead to the observation of a
LO-TO splitting, as demonstrated by Zhong et al.'® Singh’s
treatment does not account for this splitting, thus his Raman
modes are missing a higher wave number LO band from this
bond. As a consequence, we attribute the bands at 830 and
930 cm™!, respectively, to the TO and LO components of the
V-0l bond stretching with A, symmetry.

Finally, since the initial driving force for investigating
this material came under the guise of searching for new mul-
tiferroic materials, it is important to note that recent work
points to the discovery of multifunctionality in PVO thin
films. Experiments using second harmonic generation, x-ray
linear dichroism, and piezoforce microscopy have given evi-

Appl. Phys. Lett. 90, 062903 (2007)

dence for room temperature piezoelectricity and G-type an-
tiferromagnetic order below ~130 K."

In conclusion, we have grown epitaxial films of PVO on
LAO (001) and other single crystal substrates. The structure
and chemistry of this highly distorted perovskite material
have been investigated in depth and formation of a d' system
and candidate multiferroic system has been proven. The
growth of PVO outside of high-temperature and high-
pressure techniques represents a step forward in understand-
ing the chemistry and stability of these new candidate mul-
tiferroic films.
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