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The oxygen diffusion in YBa;Cuz0; _5 (YBCO) at different temperatures and oxygen contents is explored by
molecular dynamics simulations. At low temperatures, the diffusivity of oxygen ions in YBCO is found to be
strongly dependent on the lattice site. It is shown that the oxygen ions in Cu-O chains diffuse much faster
than that in Ba-0O layers and Cu-0 planes. However, when temperature is increased, the diffusivity becomes

less sensitive to lattice site. Moreover, distinct anisotropy is also observed for the oxygen diffusion on differ-
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ent lattice sites. By explicitly calculating directional mean square displacement, we show that the oxygen ions
in the Cu-0 planes and Ba-0 layers are similarly more prone to diffuse along the c axis direction while in the
Cu-0 chains the oxygen ions are more likely to migrate along the ab plane. As temperature increases from
700 to 1100 K, the diffusion anisotropies decrease. The underlying microscopic origins for the above peculiar-
ities of oxygen diffusion are analyzed.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Oxygen diffusion in solids is often the limiting process controlling the
rate of chemical reaction, catalysis, phase transition and oxide growth,
and it has long been a central problem in solid state physics and material
science [1,2]. Attention has therefore focused on the diffusivity of oxygen
in solid state oxides [3-11]. Some high temperature superconductors,
such as yttrium-barium cuprate (YBa,Cus0,_; or YBCO), with quite
promising superconductive and magnetic properties [12,13], are one
case where both the oxide crystal growth and phase transitions are highly
sensitive to oxygen diffusion. The atomic structures of YBCO crystal, and
therefore its superconducting properties arising from particular atomic
structures, depend crucially on the oxygen stoichiometry, e.g., with the
decrease of 6, the phase transition from tetragonal to orthogonal takes
place as well as the critical superconducting transition temperature T, in-
creases [14]. Ideally, to sustain the superconducting state which makes
YBCO extremely appealing for a wide range of applications [15,16], fully
oxygenated YBCO crystals are desired. Practically, to achieve this, a
deeper physical understanding of the mechanisms of oxygen diffu-
sion is necessitated.

Many efforts have been devoted to the investigation of oxygen dif-
fusion in YBCO experimentally [17-19], however, in most of these
studies a total bulk diffusion is assumed, the resultant kinetics of ox-
ygen diffusion is scattered. Actually, the oxygen diffusion in solid ox-
ides, with diverse physical situations, may take place in hierarchical
orders: diffusion along surface, diffusion along grain boundary and
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lattice diffusion [1,2]. It is well recognized that the speed of lattice diffu-
sion is typically much slower than that of the so called “short-circuit dif-
fusion” including surface diffusion and grain boundary diffusion owning
to different activation barriers [1,2], and thus the lattice diffusion is usu-
ally the bottleneck of oxygen transport in solid oxides. With this consid-
eration, the kinetics of lattice diffusion is not only a clue for an overall
understanding of oxygen transport in solid oxides, but this also provides
a key to unveil more fundamental physics inside crystal lattice. Com-
pared to experiments, molecular dynamics (MD) simulations offer an
easy way to detect the detailed knowledge of crystal lattice [20-23].
Hence, extensive MD studies on the lattice diffusion of oxygen in vari-
ous oxides with different atomic structures, e.g., the perovskite struc-
ture and double perovskite structure, have been carried out in recent
years [24-28]. Nevertheless, these work rarely considered the lattice
diffusion of oxygen in YBCO. Moreover, the oxygen density plots for
some oxides in the recent MD analysis show that the oxygen diffusion
may have distinct preferential directions on different lattice sites
[3-5], which also reveal that the lattice diffusion of oxygen ions is far
more complex than has been recognized so far. Although the oxygen
diffusion in YBCO has been studied numerically [29], the peculiarities
of oxygen diffusivity at each different lattice site in YBCO are lacking
and need to be well studied.

In this study, molecular dynamics simulations are conducted to in-
vestigate the lattice diffusion of oxygen ions in YBCO. Specifically, we
treat the oxygen ions at different lattice sites in YBCO as non-identical
transported species according to the coordination number and chem-
ical bond strength. With this regard, the kinetic behaviors, diffusivity
and the diffusion mechanisms of different species of oxygen in YBCO
under a wide range of temperature are explored. It is shown that the
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mobility of oxygen is strongly dependent on the lattice site for low tem-
peratures. However, as the temperature increases, the oxygen diffusion
becomes less lattice site dependent. Moreover, distinct anisotropic oxy-
gen diffusion is also captured by MD simulations at different lattice
sites, and the mechanisms underlying these diffusion anisotropies are
disclosed.

2. Molecular dynamics simulation

The MD simulation is performed under constant temperature, pres-
sure and number of atoms (NPT ensemble) for YBCO using the Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [30,31]
developed at the Sandia National Laboratories. The orthorhombic unit
cell of the superconducting YBa,Cu305 is shown in Fig. 1(a), the stacking
layers of YBCO along the c axis are CuO,/Y/Cu0,/Ba0/Cu0O/Ba0, where Y
layer is sandwiched by two Cu-0 planes, and Cu-O chain is located be-
tween two Ba-O layers. In YBCO, Cu-O plane contains three lattice
sites [Cu(2),0(2) and O(3)], Ba-O layer has two sites [Ba and O(4)],
and Cu-O0 chain includes Cu(1) and O(1), as depicted in Fig. 1(a). The ini-
tial configuration of the simulation model is illustrated in Fig. 1(b), which
contains 10x 10x 4 unit cell of YBCO. The orthogonal coordinates of the
a, b, and c axes are set, respectively, along the [100], [010] and [001] lat-
tice directions for all the simulations. Periodic boundary conditions are

Cu-O plane H
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Fig. 1. (a) Structure and model unit of layered YBa,Cu305, and, (b) the initial configu-
ration of YBa,Cus05 in the molecular dynamics simulation. When the oxygen content
is <7, O(1) sites are partially filled.

applied in all directions. Initially, random velocities that follow the
Maxwell-Boltzmann distribution corresponding to the desired tem-
perature are assigned to the ions. The Nose-Hoover thermostat and
barostat are employed to control temperature and stress of simula-
tion system at the desired values respectively.

In this work, we employ an empirical pairwise potential, which
gives good predictions on the structure and dynamics of YBCO [29],
and its general form is as follow:
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where r;; is distance between ions of species k and k', Z(k) and Z(k’) are
the effective charges, e?/(4msy)=144 eV/nm, a=1822eV and b=
12.364 [29]. It is stressed that the first two terms of the right side of
Eq. (1) are applied to calculate interactions between all species of
ions. However, the third term is assumed to act only between any two
oxygen ions. The fourth term, a covalent potential of the Lippincott-
Schroeder type, is only assumed between copper and oxygen ions that
are either in the Cu-O planes or in Cu-0 chains [29]. The parameters
in the third and fourth terms are chosen as w=>50x10"° eV nm®,
c=05,D=1eV, n=80nm" !, and r,=0.18 nm [29,32], which are
good for considering the high-temperature behavior of YBCO [32]. The
values of Z(k) and R(k) for the cases of 6=0 and 1 are listed in
Table 1, from which the values for other cases (0<6<1) can be interpo-
lated [29]. As & increases, oxygen may diffuse out of the crystal, and then
the oxygen vacancies occur at O(1) site. Therefore, in the initial config-
uration of the MD models, O(1) site may be partially filled according to
the variation of 6. As required by the charge neutrality, positive charge is
depleted from Cu (1) and Ba with decreasing oxygen stoichiometry (in-
creasing §), as shown in Table 1 [29]. In this simulation, the long range
coulombic interactions are handled by Ewald summation [33], and the
short range interactions are truncated at 10 A. With the time step
equals 1 fs, the system is relaxed for 100 ps before the mean square dis-
placement and other properties of the ions are measured.

To quantify the ionic transport, we record the mean square dis-
placement (MSD) as a function of simulation time through tracking
the trajectory of each ion in the system. In the present MD simula-
tions, the MSD is determined by,

(r(©) =5 > (0 =7(0) @)

where N is the total number of ions in the system, r;(t) is the position
of ion i at time t and r;(0) is the initial position of ion i. The diffusion
coefficients of the ionic species, D, are obtained directly from the MSD
of the ions according to the Einstein relation,

<ri2(t)> = B+ 6DAt 3)
Table 1
Interionic potential parameters for YBa,Cuz0;_; [see Eq. (1)]. From ref. [29].
6=0 5=1
Atom z R (nm) Z R (nm)
Y 1.9 0.178 19 0.178
Ba 1.5 0.230 1.25 0.210
Cu(1) 14 0.120 0.6 0.110
Cu(2) 1.4 0.120 14 0.120
[0} —13 0.174 —13 0.174
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where B is a constant and At is the time interval to obtain the mean
square displacement. To reduce statistical noise, a sufficient long MD
run, 500 ps, is performed to monitor the trajectories of oxygen ions
for all the simulations.

3. Results and discussion

We first compute the evolution of the mean square displacement of
all the oxygen ions in YBCO crystal as a function of simulation time at
different temperatures, as shown in Fig. 2(a). It can be seen that the
MSD is generally proportional to simulation time, and also as tempera-
ture increases from 700 K to 1100 K the MSD raises accordingly. The
diffusion coefficients of all the oxygen ions in YBCO crystal for different
temperatures can be evaluated from the relationship between the MSD
and time in Fig. 2(a) with Eq. (3). Arrhenius plot of the diffusion coeffi-
cient versus reciprocal temperature is illustrated in Fig. 2(b), where the
symbols are the simulation data points and solid lines are the linear fit
to the data. Briefly, within the temperature range considered in this
work, the diffusivity of the whole oxygen ions in YBCO crystal follows
the Arrhenius law and increases with increasing temperature. Addition-
ally, our data in Fig. 2(b) also indicates that the oxygen diffusivity in
high oxygen content YBa,Cu30;_; crystal (6=0) stays somewhat
above the diffusivity in low oxygen content YBa,Cus0; _; crystal (6=
0.4). This difference could be attributed mostly to the decreasing
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Fig. 2. (a) Mean square displacement of oxygen ions in YBa,Cus05 as a function of time
at different temperatures. (b) Arrhenius plot of the diffusion coefficient of oxygen ions
in YBa,Cu307_; as a function of reciprocal temperature. Linear fit to the data is also
shown. The error bars are caused by the divergence of simulation results from different
initial conditions.
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Fig. 3. Mean square displacement of oxygen ions at different lattice sites in YBa,Cu30-.
(a) 800 K and (b) 1000 K.

occupancy of O(1) sites by oxygen ions with increasing & on condition
that the diffusion ability of each oxygen ion depends on the lattice site
it belongs to.

In the following, we therefore treat the oxygen ions on different
lattice sites as different species of ions with regard to the variation
of coordination number and chemical bond strength. As illustrated
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Fig. 4. The ratio of diffusion coefficient of the oxygen ions at different lattice sites to the
diffusion coefficient of all the oxygen ions in YBa,Cus0> as a function of temperature.
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Fig. 5. Mean square displacement of oxygen ions at different lattice sites along the three orthogonal directions. (a) and (b) are for the oxygen ions in Cu-O planes at 1000 K and
800 K, (c) and (d) are for the oxygen ions in Ba-O layers at 1000 K and 800 K, (e) and (f) are for the oxygen ions in Cu-O chains at 1000 K and 800 K.

by the atomic structure in Fig. 1(a), the oxygen ions in YBCO are di-
vided into three groups, which include the oxygen ions in the Cu-O
planes, Ba-0 layers and Cu-O chains. In different groups, the oxygen
ions are connected with different species of cation, e.g., the oxygen
ions in the Cu-O planes are bonded with Cu(2) and Y ions, while
the oxygen ions in the Cu-O chains are connected with the Cu(1).
Therefore, the local oxygen-cation bond strength is strongly depen-
dent on lattice site. Within each group, oxygen ions have similar
local situations, i.e., species of their neighboring cations, strength of
the interionic interaction and even directions of chemical bond are
no big difference. Hence, it is reasonable to view the oxygen ions in
each group as the identical species. For the purpose of detecting the
dependence of the oxygen diffusivity on the lattice position, the MSD
of oxygen ions in each group is calculated individually. It is evident
from Fig. 3(a) that the diffusivity and mobility of oxygen ions in YBCO
strongly depends on lattice site, e.g., the oxygen ions in Cu-O chains

have the largest mobility due to several reasons, including weak chem-
ical bond and large number of neighboring oxygen vacancies, all of
which may enhance the local diffusivity greatly. This interprets why
the diffusion coefficient of all the oxygen ions in YBCO changes with §,
as discussed in the previous paragraph.

Comparison of Fig. 3(a) and (b) suggests that high temperature
would evidently reduce the dispersion of MSD of the oxygen ions at dif-
ferent lattice sites. This trend gives the impression that there should exit
a transition from lattice site dependent diffusion regime to lattice site
insensitive diffusion regime with increasing temperature. To verify
this, we calculate the diffusion coefficient of oxygen ions at different lat-
tice positions D, under a wide range of temperature (the subscript p
could be Cu-O plane, Ba-0 layer, and Cu-0 chain, which indicates the
lattice position where the oxygen ions initially rest on). The transition
of oxygen diffusion from strong to weak site-dependent is better illus-
trated by the ratio of D,/Dyy as a function of temperature (Fig. 4),
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where D,y is the diffusion coefficient of all the oxygen ions in YBCO
crystal. It is seen that when the temperature is below 900 K, the ratio
of D,/Day may deviate significantly from unity, which confirms that at
low temperature the oxygen diffusion lies in the site-dependent diffu-
sion regime. With the increase of temperature, the ratio of D,/D,y for
different lattice sites tend to converge, the oxygen diffusion therefore
becomes less sensitive to lattice site.

The strong dependence of the oxygen diffusivity on lattice site at low
temperature may arise from the variation of ionic bond strength. This
explanation, however, belies a large complexity which requires more
detailed investigation. Inspired by the recent MD studies of the aniso-
tropic oxygen diffusion in other perovskite compounds [3-5], we exam-
ine the projection of oxygen MSD in YBCO along the three orthogonal
directions, i.e., the directions along the a, b, and c-axes. The directional
MSD of oxygen ions at different lattice sites is plotted as a function of
time in Fig. 5. It is shown that the oxygen ions in Cu-O planes and
Ba-0 layers similarly have the largest directional MSD along the
c-axis direction [Fig. 5(a)-(d)], which indicates that the oxygen ions
in these locations are more prone to diffuse along the c-axis direction.
However, for the oxygen ions in the Cu-O chains, the directional MSD
along the a and b-axis directions is significantly larger than that along
the c-axis direction, as shown by Fig. 5(e) and (f). This implies that
the oxygen ions on Cu-0O chains are easy to diffuse along the ab plane
rather than along the c-axis direction. It is also noted that the oxygen
diffusion in Cu-0O planes is more sensitive to temperature than that in
the Ba-O layers [Fig. 5(a)-(d)]. For example, as temperature decreases
from 1000 K to 800 K, the MSD of oxygen ions in Cu-O planes is re-
duced by a factor of 5, which is larger than that in Ba-O layers. This
help us to understand why the diffusivity of oxygen ions in the Ba-O
layers is larger than that in the Cu-O planes at low temperature, while
with the increasing of temperature the situation changes, as shown in
Fig. 4. Moreover, Fig. 5(e) and (f) also reveals that the oxygen diffusion
in the Cu-O chains is almost independent of temperature within the
range from 1000 K to 800 K, especially for the diffusion along the a or
b axis direction due to small diffusion barriers.

To demonstrate the atomistic mechanisms of the anisotropic oxygen
diffusion as implicated by the dispersion of the directional MSD in Fig. 5,
we examine the trajectories of oxygen ions obtained at 800 K. The snap-
shot in Fig. 6(a) shows the initial configuration of the whole oxygen
ions in YBCO, and Fig. 6(b), (c) and (d) shows the finial configurations
of oxygen ions initially in Cu-O planes, Ba-0O layers and Cu-0 chains re-
spectively. Comparison of the red particles in Fig. 6(b) with their initial
configuration in Fig. 6(a) illustrates that most of the oxygen ions in the
Cu-0 plane are thermally vibrating around their equilibrium positions,
only a few of them can occasionally diffuse out of the plane and hop into
their neighboring Ba-0 layers. In addition, the snapshots in Fig. 6(c) and
(d) show that almost no oxygen ions from the Ba-O layers or Cu-O
chains can penetrate into or through the Cu-0O plane during the whole
simulation time. This would mean that the highly dense Cu-O plane
can be viewed as a fence to suppress the long distance oxygen diffusion
along the c axis direction in YBCO especially for low temperature. Sim-
ilar to the case in Cu-0 planes, the oxygen ions in Ba-0 layers are also
not easy to diffuse along the a or b axis direction due to large diffusion
barrier, however, they are more prone to jump out of Ba-0 layers firstly,
and then diffuse along the a or b axis within the high oxygen vacancy re-
gions where the Cu-0 chains are located [Fig. 6(c)]. On the contrary, the
oxygen ions in Cu-0 chains can easily move fast along the a or b axis di-
rection within the regions between each two neighboring Ba-0 layers,
some of them may also migrate into the Ba-O layers to occupy oxygen
vacancies, as illustrated by Fig. 6(c). In this case, the regions between
each two neighboring Ba-O layers act as effective channels to transport
oxygen ions.

The anisotropy of the oxygen diffusivity may strongly depend on
temperature. To quantify this, we calculate the directional diffusion co-
efficient based on directional MSD in Fig. 5. As previously discussed, the
oxygen ions in layered YBCO have two distinct preferential diffusion
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Fig. 6. The snapshots of the oxygen ions in YBCO lattice crystal. (a) The front view of
the initial configuration of all oxygen ions, (b), (c) and (d) are the finial configurations
of oxygen ions in Cu-O planes, Ba-0 layers and Cu-O chains, as denoted by the red,
blue and yellow spheres respectively.

directions, i.e., one is along the ab plane and the other is along the ¢
axis direction, therefore the ratio of Dqy(p)/D. can be used to describe
the diffusion anisotropies, where Dq 5 represents directional diffusion
coefficient along the a or b axis direction, as shown in Fig. 7. For low
temperatures, the ratio of Dg(p)/D, for oxygen ions on Cu-O chains is ev-
idently larger than 1, which is comparable to the value of Dy(p,)/D, for the
oxygen diffusion in GdBaCo,0s55 due to similar layer-by-layer perov-
skite structure [5]. As temperature increases, Dq(p)/D, decreases signifi-
cantly and approaches to unity (Fig. 7). For the oxygen ions in Cu-O
planes and Ba-0 layers, Dq(p)/Dc is typically smaller than 1, which con-
firms that the oxygen favors to migrate along the c axis direction. Sim-
ilarly, with increasing temperature, it also gets close to unity. The
change of Dy(1,)/D. with temperature in Fig. 7 implies that the anisotropy
decreases with increasing temperature. These temperature sensitive
anisotropies could be ascribed to the direction-dependent diffusion bar-
rier. When the temperature is low, oxygen ions may not have enough
kinetic energy to overcome large potential barrier and then they are
more likely to migrate along the direction with small diffusion barrier,
as aresult the diffusion anisotropy is obvious. However, at high temper-
atures, large kinetic energy enables the oxygen ions to diffuse more
freely, and consequently the diffusion anisotropy decreases.

4. Conclusion
In summary, we report a series of molecular dynamics calculations

on the lattice diffusion of oxygen ions in YBCO. When the tempera-
ture is lower than 900 K, it is found that oxygen diffusivity strongly
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Fig. 7. The ratio of oxygen diffusion coefficient in the a or b-axis direction to that in the
c-axis direction versus temperature.

depends on the lattice site, and the diffusion coefficient of oxygen ions
in the Cu-0 chains is much larger than that in Ba-0 layers and Cu-O
planes. However, as the temperature increases, the oxygen diffusion be-
comes less site-dependent. In addition, distinct anisotropic oxygen dif-
fusion is observed at different lattice sites, the oxygen ions in Cu-O
planes and Ba-0 layers are more prone to diffuse along the c axis, how-
ever, the oxygen ions on Cu-O chains are much easier to migrate in the
ab plane. We also show that the diffusion anisotropy decreases with in-
creasing temperature. The insight into the above fundamental issues
can also be used to particularize our understanding of oxygen diffusion
in some more complicated lattice structures.
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