appears that the insertion of a hydrogen molecule has the effect of
filtering out one of these five channels, with nearly perfect
transmission.

It would be interesting to attempt to extend our technique to
more complex molecules with built-in functional groups. Although
most organic molecules are expected to have a conductance many
orders of magnitude below the quantum unit, our experiments
confirm™® that full transmission of a single channel is possible when
the coupling to the leads is sufficiently strong. Very recently, two
groups have demonstrated conductance through single metal—
organic molecules®**, for which the charge state of the metal ions
could even be controlled by a gate electrode. Instead of using
mechanical adjustment of the contact size as in our experiments,
the size of the metal contacts to the molecule was reduced by
exploiting electromigration. The tools needed to study and control
electron transport at the single-molecule level are being rapidly
developed.
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Relationship between local structure
and phase transitions of a disordered
solid solution

llya Grinberg, Valentino R. Cooper & Andrew M. Rappe

Department of Chemistry and Laboratory for Research on the Structure of Matter,
University of Pennsylvania, Philadelphia, Pennsylvania 19104-6323, USA

The Pb(Zr,Ti)O; (PZT) disordered solid solution is widely used
in piezoelectric applications owing to its excellent electro-
mechanical properties. Six different structural phases have
been observed for PZT at ambient pressure, each with different
lattice parameters and average electric polarization. It is of
significant interest to understand the microscopic origin of the
complicated phase diagram and local structure of PZT'%. Here,
using density functional theory calculations, we show that the
distortions of the material away from the parent perovskite
structure can be predicted from the local arrangement of the
Zr and Ti cations. We use the chemical rules obtained from
density functional theory to create a phenomenological model to
simulate PZT structures. We demonstrate how changes in the
Zr/Ti composition give rise to phase transitions in PZT through
changes in the populations of various local Pb atom
environments.

PZT is a perovskite ABOj; alloy with random B-site occupation by
either Zr or Ti at all phases and compositions. The six structural
phases that have been observed at ambient pressure are an antiferro-
electric phase for compositions near PbZrOs, ferroelectric low-
temperature and high-temperature rhombohedral (R) phases for
most Zr-rich alloys, a newly discovered monoclinic> (M) ferro-
electric phase near 50% Zr/50% Ti (‘50/50’) composition, a tetra-
gonal (T) ferroelectric phase for Ti-rich alloys, and a cubic
paraelectric phase for all compositions at sufficiently high tempera-
ture. All phases of the material are generated by distortions from the
same high-symmetry cubic parent structure, and are distinguished
only by differing lattice parameters and by the directions of the
structural distortions which give rise to the average polarization P of
the material.

We have studied the local structure of PZT using ab initio density
functional theory (DFT) calculations with the local density approxi-
mation (LDA) exchange-correlation functional. To obtain the
ground-state structure, we minimize the energy with respect to
ionic coordinates, starting with randomized perfect perovskite
positions with no symmetry imposed. To represent the bulk nature
of the material we use periodic boundary conditions. However, the
disorder in the B-cation arrangement makes small, DFT-accessible
supercells an inexact representation of the real material. This can
be seen from the narrow peaks in the neutron scattering pair-
distribution function (PDF) (representing the ensemble average
distribution of interatomic distances in the crystal) of the DFT-
obtained structure (Fig. 1). Increasing the size of the supercell
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quickly becomes computationally intractable, and we therefore take
a different approach.

To examine the range of distortion behaviour and to correlate
structural motifs with the local environment, we carry out calcu-
lations on all possible B-cation arrangements of 4 X2 X 1 40-atom
supercells at 50/50 composition (Fig. 2) as well as several 60-atom
supercells and 30-atom supercells at Ti-rich and Zr-rich compo-
sitions. These supercells can be thought of as snapshots of small
regions of the real disordered material. As a result, our DFT study
identifies distortion patterns and correlations which will also be
present in the real disordered material. Predictable dependence of
motifs on local structure allows construction of a model that
encapsulates the behaviour of the material. Such a model can
then be used to study large supercells inaccessible with DFT.

The most energetically important oxygen distortion motif is the
contraction (expansion) of Ti—O (Zr—O) bonds by 0.1-0.2 A in the
direction of the neighbouring Zr(Ti) atoms. The BOg octahedra
have well-defined volumes: 69-71 A> for ZrO4 and 63-65 A> for
TiOg. The oxygen complexes also rotate by 0-5° (ref. 7).

To relate the cation behaviour to local structure, we examine the
distortions of the cations from the centres of their oxygen cages. In
the perovskite structure, each oxygen participates in four PbO,,
cages and two B-cation Oy cages. We define the position of a cage
centre as the weighted average of the positions of all the oxygen
atoms that participate in the cage, such that the cage centre has an
effective charge of the same magnitude as its cation. In an ideal
perovskite, the centre of the cage and the metal ion are located at the
same point, and polarization is therefore zero. In the actual, lower-
symmetry structure such as that shown in Fig. 2, the distortions of
the metal ions away from the centre of the oxygen cages generate
local polarization and give rise to ferroelectricity.

Our calculations show that Ti and Zr move 0.1-0.3 A off-centre,
with Ti distortions larger and directed more toward one O atom
than those of Zr. Pb ions move off-centre by 0.4-0.5 A, creating four
short Pb—O bonds, in agreement with experimental results’. Con-
firming previous interpretation of PZT PDFs®, we find that (100),
(211) or (110) Pb distortions are preferred over (111), even in the
rhombohedral phase where overall P is along (111). Unlike the B-
cation distortions, the Pb distortion directions are sensitive to the
B-cation environment. Pb distortions are toward Ti neighbours and
away from Zr neighbours. This is indicated by the difference in
the A-B cation distances; the Pb—Ti distances range from 3.27 to
3.4 A, while Pb-Zr distances range from 3.35 to 3.6 A. The Pb
distortions also conform to the overall polarization as much as
possible. The agreement with overall polarization and the Pb atom
preference to avoid Zr can either cooperate or compete, as can be

L I —— Experiment
025 ]'| — — DFT (40-atom supercell)
L | ll ~~~~~~ Bond valence (320-atom supercell)
0.20 |- ]":_|
|

PDF

Distance (A)

Figure 1 Pair distribution functions (PDFs) for PZT with 50% Zr/50% Ti. Data are from
experiment?, DFT, and the bond-valence model. Similar agreement with experiment is
obtained with the bond-valence model at 40/60 and 60/40 compositions.
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seen from Fig. 2. In the case of Pb atoms 1 and 2 in Fig. 2, both
driving forces cooperate. However, in the case of Pb atoms 3 and 4,
the local preference to move toward Ti conflicts with the desire to
align with overall polarization. This competition results in a
compromise, with distortions predominantly along (100) for
these Pb atoms. We also find that the alignment of Pb distortions
with the average polarization depends on the composition. The
scatter of the Pb distortions from the overall polarization vector is
25° for the Zr-rich R phase, 15° for the 50/50 M phase and 10° for the
Ti-rich T phase.

Pb distortion directions are sensitive to local structure, whereas
the B-cation distortion directions are not. This difference can be
understood by considering the differences in the local environment
of the A and B cations in the ideal perovskite structure. For Pb
atoms, the oxygen nearest-neighbour shell has 12-fold symmetry,
but symmetry is broken in the B-cation next-nearest-neighbour
shell. Zr is a larger ion than Ti, which means that the purely
repulsive interaction between Pb and B cations will be stronger
for Pb—Zr than for Pb—Ti. On the other hand, all B-cation environ-
ments have six-fold symmetry in the oxygen cage and eight-fold
symmetry in the Pb next-nearest-neighbour shell. Therefore, B-
cation distortions do not display a strong dependence on local
structure and align closely with the Pb atom distortions. In agreement
with the suggestion of ref. 8, we therefore identify the Pb distortions
as the determining factor for the average structure of the material.

We now examine how the interplay of the dipole interactions and
local A-B cation repulsion gives rise to disparate structural phases at
different Zr/Ti compositions. The Pb distortions are produced by a
hierarchy of interactions. In all PZT phases, Pb tends to move
toward (100), (010) and (001) faces in order to form stronger bonds
with four of its oxygen neighbours, without closely encountering B
cations. (A move by Pb along (111) would be directly toward a B
cation, which would incur a high energy cost.) Each Pb has a choice
of six such faces. The Pb atoms tend to move toward the face that is
closest to the overall polarization direction P in order to lower the
dipole interaction energy. If this face is Ti-rich (0 or 1 Zr), the Pb
will move toward it strongly (perhaps with a small tilt away from the
Zr or toward P). A neutral face (2 Zr and 2 Ti) permits moderate Pb
motion toward it, with a significant tilt. Zr-rich (3 or 4 Zr) faces
cause the Pb to tend to move toward a different face to avoid large
Pb—Zr repulsion. The relative amounts of Zr-rich, neutral and Ti-
rich faces are strongly dependent on Zr/Ti composition (Fig. 3).

In the Ti-rich region of the phase diagram, Ti-rich faces dominate
and a T phase (with Pb distortions aligning in one direction)
minimizes the dipole alignhment energy without raising the repul-
sion energy. The R phase, with Pb distortions in a variety of
directions, minimizes the local repulsion energy just as well as the
T phase, but results in a larger dipole interaction energy cost.
Therefore the T phase is preferred.

Figure 2 Projection of the 4 x 2 X 1 50/50 supercell DFT PZT structure on the x-yplane.
The oxygen octahedra are depicted by diamonds, and distortions from the ideal cubic
perovskite positions are shown by arrows. Pb atoms are 1/2 unit cell above the plane, and
apical O atoms are omitted.

NATURE | VOL 419 | 31 OCTOBER 2002 | www.nature.com/nature




In the Zr-rich region of the phase diagram, Zr-rich faces domi-
nate and T Pb distortions with small angle scatter can minimize the
dipole interaction energy only by suffering a high A-B repulsion
energy cost. Therefore the R phase is preferred. Here, the Pb atoms
distort in a variety of directions toward the available Ti-rich faces to
reduce local repulsion cost. However, this large variation in distor-
tion direction raises the dipole interaction energy. Unlike the Ti-
rich T phase, the Zr-rich R phase is a disordered compromise
structure® where trade-offs are made between the two components
of the energy. This explains the difference in angle scatter at various
compositions of PZT found by DFT calculations.

At around 50/50 composition, equal amounts of Zr-rich, Ti-rich
and neutral faces are present in the material. A concerted distortion
in a tetragonal direction can be accommodated by the Pb atoms
encountering a Ti-rich or a neutral face. However, the Pb atoms
encountering a Zr-rich face must distort in other directions to
minimize the A-B repulsion, creating a (211) polarization of the
monoclinic phase.

We have created a model to quantify our insights, and to
demonstrate that B-cation disorder combined with simple inter-
atomic interactions is sufficient to reproduce and explain the
complicated behaviour of PZT as seen by disordered PDFs and
compositional phase transitions. The model contains physically
intuitive interactions, and can be applied to any perovskite material.
We use Ewald summation to compute the long-range Coulomb
interaction energy E.,. To simulate bonding we use Brown’s rules of
valence'”"!, which have been tested in many different types of
oxides. In the bond valence theory, the bond order of each
cation—oxygen bond can be expressed as a power law in the bond
distance R;;. Each atom has a desired valence (or total bond order)
V? (42 for Pb, +4 for Zr and Ti, and —2 for O), so the bond valence
energy is

Qi

Vi =Y Ry /RN Y
J

Ebv = Abvz

1

The j sum runs over all nearest neighbours of the ith atom, R% and
Nj; relate bond strength to distance, and Ay, and «; control how
stringently the desired bond valences are achieved. As a simple
illustration, the ideal perovskite structure would yield valences of
1.5 for Pb, 4.5 for Zr, and 3.6 for Ti. To increase their valences, Pb
and Ti must move off-centre and form shorter, stronger bonds. To
decrease its valence, Zr must increase its octahedral cage volume.
For better agreement with DFT results, the total energy also
includes short-range repulsions and sum rules on short bonds:

E=Eoy+Ep+ Y AP+ Q3 (-8 ()
7 i
Ajj, Dy, and k;; control the repulsion strength, to keep the atoms

100

r — — Ti-rich faces ,
80 ) — Neutral faces .7
----- Zr-rich faces 7

L ’

60

40

Percentage of faces

20

Per cent Ti

Figure 3 Populations of Ti-rich, Zr-rich and neutral faces in disordered PZT as a function
of Ti content. R, M and T label the rhombohedral, monoclinic and tetragonal regions of the
phase diagram.
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from making unphysically short distances. S; is the sum of the three
shortest Ti—O distances, S? is the desired value of this sum, and Q
and 3 govern the strength of sum rule.

We parameterize our model to reproduce bond lengths, cage
volumes and angle scatter found in DFT calculations, and to give
peaks of correct width in the PDE. We then apply the model to study
a series of larger 4 X 4 X 4 320-atom supercells with various random
B-cation arrangements and compositions, minimizing the energy
with respect to ionic coordinates in the same fashion as in DFT
calculations. After minimization we find that the average valence is
4.02 = 0.05 for Zr and Ti, 2.0 £ 0.08 for O, and 1.98 = 0.05 for Pb.
Our model correctly predicts the compositional phase transitions
from rhombohedral at 60/40, to monoclinic at 50/50 to tetragonal at
40/60. This model also yields computed PDFs in excellent agreement
with the experimental PDFs (Fig. 1). Thus the interactions we found
through DFT calculations, when combined with large disordered
cells, result in the rich structure found experimentally in PZT.

As the same physical principles (Ewald summation, Brown’s
bond-valence interactions, short-range repulsions) govern a wide
class of solids, we expect this model to have wide applicability to the
study of disordered systems. Expressing the energy of the system in
terms of intuitive interatomic interactions allows us to link atomic
properties with the statistical distribution of local structural motifs
and with macroscopic properties. This multiscale modelling
approach may close the gap between the goal of the material’s
design (favourable macroscopic properties) and the techniques
used to achieve these goals (typically the variations in the atomic
composition of the material). We have shown that a simple
statistical interplay of well-known chemical interactions obtained
through first-principles calculations, coupled with disorder, can
give rise to rich local structure and to complex phase behaviour in a
solid solution. O

Methods

In the bond-valence model calculations we use use formal charges (42 for Pb, +4 for Zr
and Ti, and —2 for O) for electrostatic interactions. The bond-valence parameters are
Ape = 80.0, Rpp_o = 2.021, Ry o = 1.933, Ryyo = 1.841, Npy_o = 5.51, Ny = 6.0,
Nrpio = 5211, app = 1.25, az, = 2.0, aig; = 2.0, ap = 1.5, 8%, =5.76, § = 1.4, Q = 20,
App_o = 50.0, Az, _o = 50.0, Ai_o = 50.0, App_z; = 175.0, App_1; = 175.0, kpp_o = 25.0,
kpeo = 20.0, kpio = 20.0, kpp,_zr = 60.0, kpp, 1 = 60.0, Dpy,_o = 2.27, Dy, = 1.80,
Dri_o = 1.45, Dpp,_z, = 3.34, Dpy,_1; = 3.23. A,y and Q are in eV. R;;and Dj; are in A.
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