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Interatomic potential, phonon spectrum, and molecular-dynamics simulation up to 1300 K
in YBa2Cu307 —Q
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An interatomic potential for YBa2Cu307 z based on Coulomb and short-range interactions is

proposed. The calculated minimum energy structure, phonon spectrum, and the results of the
molecular-dynamics computer simulation up to 1300 K on thermal expansion and the
orthorhombic-to-tetragonal phase transition are in fair agreement with reported experiments.

INTRODUCTION

A wealth of experimental data has been accumulated
on the ceramic superconductors and related materials
that belong to the perovskite' family of crystal systems.
We draw attention in particular to the detailed crystal
structure, ' phase transitions, phonon spectra, ' ' and
related macroscopic properties. It would be of consider-
able value if such a range of data could be understood in
terms of an interatomic potential. A potential model can
provide much useful additional information about the mi-
croscopic properties, e.g., using the molecular-dynamics
simulation. We may refer to the recent studies on the
empirical interatomic potential for silicon and carbon.
Given the complexity of the perovskite superstructures,
such as YBazCu307 &, a potential model would have to
be empirical at the present stage of development. ' An
ab initio calculation" for LazCu04, although useful and
interesting, has only produced numerical results that are
in rough qualitative agreement with experiments.

In this paper we propose the first empirical interatomic
potential model for YBa2Cu307 s (Y-Ba-Cu-O), which
gives predictions on the structure and dynamics up to
1300 K that are close to the observed values. While oth-
er attempts were made in predicting either the structure
or dynamics' at low temperature, we earlier reported a
model that is suitable for both the structure and dynam-
ics for the 5=0 system at low temperatures, and the
model was improved further for use in molecular-
dynamics simulation at high temperatures beyond the
traditional harmonic approximation restricting to small-
amplitude vibrational dynamics. Recent neutron inelas-
tic scattering measurements "' of a few low-energy
branches of the phonon dispersion relation are in good
agreement with our earlier prediction for 6=0, with
only about 10' average discrepancy. Since the Y-Ba-
Cu-0 systems exist with diferent values of the oxygen
contents (5=0—1), in this paper we propose a model in-
teratomic potential for use with such different oxygen
contents and demonstrate its various applications.

INTERATOMIC POTENTIAL

We consider an unscreened rigid-ion model. A de-
tailed justification for the use of this model for the Y-Ba-
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Here e l(4meo)=144eVjnm, a =1822 eV, b =12.364,
and r; is the distance between the two atoms of species k
and k'. The choice and significance of the values of a, b,
and the adjustable parameters, Z(k) and R (k) is dis-
cussed in Ref. 7. The third and fourth terms in Eq. (1)
are found" to be important in determining the structural
stability and dynamics at high temperatures. The third
term is assumed to act only between the oxygen atoms.
The fourth term, a covalent potential of the Lippincott-
Schroeder type, is assumed between pairs of copper and
oxygen atoms that are either in the Cu02 planes or in the
Cu03 chain networks. Other parameters are chosen as
w =50X10 eVnm, c =0.5, D =1 eV, n =80 nm
and r0=0. 18 nm. This potential is used in all the appli-
cations reported in this paper.

While the relative values of the charges on different
atoms are determined from the requirement of producing
a stable and reasonable crystal structure, they have been
scaled to ensure the maximum of the phonon frequencies
to be approximately of the right magnitude . Table I
gives the values of the parameters for the cases of 6=0
and 1, from which the values corresponding to other 6
(0 & 5 & 1) are interpolated. Charge neutrality condition
for the unit cell was imposed as required in the rigid-ion
model. Note that, with the loss of one oxygen atom from
6 =0 to 1, we determined from the stability requirements
that the positive charge is essentially depleted from the
Cu(1) and Ba atoms only, which may be of significance

Cu-0 class of ceramic compounds at the present stage of
development is given in Ref. 7, in particular for ignoring
the metallic screening for the 5=0 case in YBa2Cu307
The simple model gives a very good qualitative account
of many of the observed structural and dynamical prop-
erties of this important material as shown in this paper.
Therefore we believe that the interatomic forces that
govern the statics and dynamics of the ceramic supercon-
ductors are substantially ionic in nature. A two-body po-
tential function of the following form is used:

e Z(k)Z(k') i ""j
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TABLE I. Interatomic potential parameters for
YBa,Cu307 z. The labeling of atoms is as per Table II.

Atom

Y
Ba
Cu{1)
CU(2)
0

1.9
1.5
1.4
1.4

—1.3

R {nm)

0.178
0.230
0.120
0.120
0.174

1.9
1.25
0.6
1.4

—1.3

R (nm)

0.178
0.210
0.110
0.120
0.174

STRUCTURE AND PHONON SPECTRUM

The minimum-energy structure and the lattice dynam-
ics are calculated using the current version of the pro-
gram' DISPR. Table II gives the calculated equilibrium
structure and its comparison with recent neutron
diffraction data, which shows fair agreement. The ob-
served relative shifts of various atoms between the 5=0

with respect to the superconductivity of the 5=0 system.
Our oxygen charge of —1.3 is smaller than the value of
—1.7 obtained' "" by comparing the self-consistent
charge density from a band-structure calculation to an
adjustable ionic model. The empirical effective charge in
a lattice-dynamical rigid-ion model is usually smaller
than the true ionic charge as it effectively compensates
for the neglect of polarization of ions during vibrations.

a (nm)
b (nm)
c (nm)

Zl

Z2

Z3

Z4

Z5

0.380(0.381)
0.382(0.387)
1.169(1.163)
0.189(0.184)
0.352(0.355)
0.162(0.158)
0.380(0.378)
0.380(0.377)

0.376(0.383)
0.376(0.383)
1.175(1.174)
0.204(0. 194)
0.350(0.361)
0.160(0.153)
0.380(0.379)
0.380(0.379)

and 1 cases are qualitatively rejected in the calculated
structures. The present potential is also used to calculate
the pressure dependence of the structure and phonon fre-
quencies. The calculated values of the bulk modulus and
its pressure derivative are given in Table III and com-
pared with available data.

The calculated one-phonon density of states is given in

Fig. 1. For comparison with the inelastic neutron
scattering data, we also give in Fig. 1, the "neutron-
weighted" phonon density of states, which involves the

TABLE II. The calculated minimum potential structure of
YBa2Cu307 q, compared to the reported (Ref. 2) neutron
diffraction results given in parentheses. The experimental (Ref.
2) a, b, and c, at 300 K have been decreased to correspond to 0
K. The fractional atomic coordinates are Y (0.5,0.5,0.5), Ba
(0.5,0.5,z, ), Cu(1) (0,0,0), Cu(2) (0,0,z ), O(1) (0,0,z ), O(2)
(0.5,0~4), O(3) (0,0.5,z5), and O(4) (0,0.5,0).

i
n
gg

I

30
t

60

E (meV)

l
I

SQ

&0
E (mey)

90

I I . I l l I. I

30 60 90
E (mey )

FIG. 1. The calculated phonon spectra: (a) density of states g {E)and (b) the neutron-weighted density of states g'"'(E). The solid
and dashed lines are for YBa2Cu30& and YBa2Cu, O~, respectively. Gaussian smoothening with full width at half maximum of 2 meV

is included. The experimental spectra corresponding to (b) as obtained from inelastic neutron scattering are given in (c) from Ref.
2(b), and in {d) from Ref. 4{a). The energy resolution in {c) was estimated to be nearly 3 meV and 10 meV for energies below and
above 25 meV, respectively. The resolution in {d) gradually changed from 1 to 10 meV for energies from 10 to 90 meV.
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TABLE III. Bulk modulus Bo and its pressure derivative Bo for YBa,Cu307 —Q.

Bo (Gpa)
Bo

109
4. 1

Calculated

92
5.0

Ref. 13(a)

157
2.9

Experimental
5=0

Ref. 13(b)

95

Ref. 13(c}

65
—50

neutron-scattering-weight factors. This factor for the
atomic species Y, Ba, Cu, and 0 is 0.0849, 0.0252,
0.1178, and 0.2647 barns/amu, respectively, the largest
being for the oxygens. The calculations are in fair agree-
ment with the various experimental spectra. ' ' . In par-
ticular, the changes in the spectra in going from 5=0 to 1

are well reproduced in the calculation with regard to the
shift in the low-energy region, lowering of the density in
the middle-energy region, and extending of the spectrum
in the high-energy region. The strong low-energy peak at
7.5 meV in the calculation in the 5= 1 case is not evident
in the experiments but may be compared with the weaker
peak at about 10 meV. Figure 2 compares the contribu-
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FIG. 2. The calculated partial components g'(k, E) of the
phonon density of states corresponding to the different atoms k
and polarization along the different directions i. The k and i for
the different curves are as follows: (a) Ba, x; (b} Ba, y; (c) Ba, z;
(d) Y, x; (e) Y, y; (0 Y, z; (g) Cu(1), x; (h) Cu(1), y; (i) Cu{1),z; (j)
Cu(2), x; (k) Cu(2), y; (1) Cu(2), z; (m) O(1), x; (n) O(1), y; (o) O(1),
z; {p) O(2), x; (q) O(2), y; (r} O(2}, z; (s) O(3), x; (t) O(3), y; (u)
O(3), z; (v) O(4), x; (w) O(4), y; (x) O{4), z. The spectra from (a)
to (1) have been normalized to 1, and those from (m) to (x) to 2.
The solid and dashed lines are for YBa2Cu30& and YBa,Cu306
respectively. Gaussian smoothening with full width at half
maximum of 2 meV is included.

tions of the different atoms and different polarizations to
the phonon spectrum. As discussed in detail in Ref. 7 for
5=0, the thermal vibrational amplitudes, the calculated
lattice contribution to the specific heat, and the Debye
temperature are in fair agreement with reported experi-
ments.

MOLECULAR-DYNAMICS SIMULATION

The high-temperature behavior of the system is ob-
tained by computer simulation based on a constant-
pressure molecular-dynamics technique, using a comput-
er program developed by us. ' Of particular interest
here is the orthorhombic-to-tetragonal phase transition
reported to occur at a temperature T, of about 970 K in
the oxygen-deficient system YBa2Cu307 s (5=0.5). The
transition essentially involves the disordering of certain
oxygen atoms in the ab plane in the tetragonal phase
from their ordered arrangement along the b direction in
Cu-0 chains in the orthorhombic phase. The simulation
is intended to illustrate the success of the potential model
with regard to this phase transition and to study the ac-
companying atomic dynamics and average distributions.

Each simulation run is carried out for 9000 time steps
of 0.005 psec on a macrocell made of 2a, 2b, and c with
periodic boundary conditions. This macrocell is con-
sidered sufficient for the purpose of the chain disordering
transition, and it is found suitable for efficiently perform-
ing a large number of different simulations with different
oxygen contents and for various temperatures up to 1300
K. For the cases of 5=0, 0.25, and 0.5, the
orthorhombic-to-tetragonal transition in observed at
1100, 1000, and 900 K, respectively, when the O(4)
(0,0.5,0) and O(5) (0.5,0,0) sites become nearly equally
populated. It is known from experiments that the sys-
tern loses oxygen when heated under ambient atmospher-
ic pressure. We believe that the oxygen loss occurs
through the surface of the real system, which is not in-
cluded in the present simulation. However, we note with
satisfaction, that the present result on the tetragonal
transition temperature of about 1000 K is in good agree-
ment with experimental results.

In addition, the zero-pressure simulation as a function
of temperature reproduces the experimental average
volume thermal expansion of 6X10 K ' between 0 K
and T, . We also observe large diffusion of all atoms
above 1300 K, which is close to the experimental melting
temperature. '

The simulation gives the details of the oxygen jump dy-
namics at high temperatures, both in terms of the jump
paths in real space and the time scale of the jumps. As an
illustration, we show in Fig. 3 the XY and FZ projections
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of the oxygen motions in the Cu03 network for a period
of 10 psec at 1000 K, close to the chain disordering tran-
sition for 6=0.25. In this figure one can see the projec-
tion of the thermal vibrations of the oxygen atoms about
their equilibrium sites and also the jurnp motions between
temporary equilibrium sites. As shown in Fig. 4, during
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FIG. 4. The thermal motions of the cations and the O(3)

atoms, as observed in the molecular-dynamics simulation of
YBa2Cu30() 75 at 1000 K. The YZ projections of the atomic
coordinates for a duration of 10 psec are given. Angstrom
(=0.1 nm) units are used, From the 2a X2b X c macroce11 only
the 0~X & a part is projected. The O(2) atoms are not project-
ed, since they fall close to the Cu(2) atoms, but their behavior is

similar to that of the O(3) atoms.
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FIG. 3. Observation of oxygen jumps and distribution as ob-

served in the molecular dynamics simulation of YBa~Cu306 75 at
1000 K. The XY and YZ projections of the atomic coordinates
for a duration of 10 psec are given. Angstrom (=0.1 nm) units

are used. Separate projections are given for the oxygen atoms,
which were in different layers along the Z axis at the start of the
simulation (t =0, as in the orthorhombic phase). The projec-
tions correspond to the time t =35-45 psec. The YZ projec-
tions are shown only of the two atoms in each layer, which at
the start at t =0 have 0~ X (a. The XY projections include all

the atoms in each layer. (a) YZ and (b) XY projections of the
atoms starting at the O(1) sites at Z = —0. 16'. (c) YZ and (d)

XY projections of the atoms starting at the O(4) sites at Z =0.
{e) YZ and {Q XY projections of the atoms starting at the O(1)
sites at Z =0.16c.

the same period of 10 psec the heavy atoms and the oxy-

gens in the CuOz planes showed essentially small ampli-

tude vibrations about their respective average positions.
We note, however, that for the duration of any jump
motion, the other atoms in the neighborhood of the

jumping atom also relax from their otherwise undisturbed
positions.

At the transition the oxygen atoms in the Cu03 net-
work undergo frequent jump motions, at the rate of about
10 jumps per nsec per oxygen atom. We observe that va-
cancies are also created at T, at the oxygen atom site
O(1), which links the atoms Cu(l) and Cu(2). Such va-
cant sites are about 10% in the 5=0 case and increase up
to 25% in the 5=0.5 case, which is in qualitative agree-
ment with suggestions from experiments. ' ' At
T, + 100 K, jumps are also observed among the O(2), O(3)
and O(6) (0,0,0.5) sites with about 20% vacancies in the
Cu02 plane, giving almost equal distribution at all these
sites. The oxygen jump dynamics may be investigated by
neutron quasielastic scattering as used' to study the
Auorine motions in the superionic conductor CaFz. We
expect quasielastic widths of the order of 10 peU at
momentum transfer of about 2 A '. The oxygen
diffusion in Y-Ba-Cu-0 has also been studied qualitative-
ly by perturbed angular correlation spectroscopy. ' We
may expect the jumps paths to be slightly sensitive to the
presence of weak three-body interactions.

%'e have also carried out the molecular dynamics simu-
lation at low temperatures to supplement, as well as to
look for, possible deviations from the results of lattice
statics calculation. The latter study involves the poten-
tial energy minimization and assumes the space-group
symmetry, that is, the special atomic positions and the
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periodicity of the unit cell. The molecular dynamics
study, on the other hand, allows free movement of atoms,
and periodicity is only assumed over the bigger macro-
cell. In simulation at low temperature, below 300 K, for
5=0 and 0.25, we observe the chain oxygen O(4) shifted
perpendicular to the chain by about 0.5 A, which is also a
possibility suggested from recent neutron diffraction
experiments. "' For the 5 0.50 case we observe the
O(4) atoms shifted to the (0.5,0.5,0) sites at low tempera-
ture, which might be expected from a two-body potential
model. Simulation at high temperatures, however, shows
lowering of the occupancy at the (0.5,0.5,0) site and in-
crease at the (0,0.5,0) site.

A possible connection between highly anharmonic vi-

brations and superconductivity has been suggested. '

The vibration of the chain oxygen O(4) perpendicular to
the chain is particularly soft and anharmonic. We ob-
tain the same qualitative behavior by using slightly
different values of the potential parameters which nearly
reproduce the observed structure.

CONCLUSION

In conclusion, we have made an attempt to develop a
model interatomic potential for YBa2Cu307 &, which is
aimed at being consistent with the structure, dynamics,
and related properties from low temperature up to melt-
ing and also at high pressures. It is the first time to our
knowledge that such a broad spectrum of observed
features has been covered using a single model. It has not
been possible to cite and make comparison with the large
amount of rapidly growing data on Y-Ba-Cu-0 systems;
instead only a representative is used. The order of

disagreement between the various calculated and ob-
served quantities is found to be only about 10%, which is
quite satisfactory for a material of this complexity. This
work has thus helped in understanding the important
forces at work in determining the structure and dynamics
of the ceramic superconducting materials. Moreover,
this simple model predicts the strong anharmonic behav-
ior of certain atomic motions that could be linked' to su-
perconductivity.

We have used a simple potential function, since (i) the
structure is rather complex and (ii) the potential has to be
used in an extensive molecular-dynamics computer simu-
lation to study the high-temperature behavior and the
order-disorder phase transition. Thus we have omitted
the inclusion of the electronic polarizability as in a shell
model, ' the screening due to the small density of con-
duction electrons in the 5=0 case, and many-body terms
in the potential. The effects of these omissions are ex-
pected to be small for the general applications we have
considered, though their inclusion would improve the nu-
merical accuracy. Further improvement of the model po-
tential may be made when suScient experimental data
become available on the structure and detailed phonon
dispersion relation, and their pressure and temperature
dependence. The present model potential is also suitable
for other applications such as the study of structure and
dynamics of defects and surfaces.
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