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Preferential radiation damage of the oxygen sublattice in YBa,Cu;0:
A molecular-dynamics simulation
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We study the energetic ionic-displacement processes in orthorhombic YBa,Cu;0; by carrying out a
molecular-dynamics simulation based on a pair potential mode. The model crystal contains 3328 atoms.
In calculating the time evolution of the partial radial pair-distribution functions during the atomic-
collision cascade, we observed preferential radiation damage of the oxygen sublattice in YBa,Cu;0;.
Detailed features of the preferential radiation damage in the lattice structure were revealed. Oxygen
focusing whose displacement threshold may be as low as about 10 eV or less is found to play a dominant

role in preferential-radiation-damage processes.

Radiation-damage mechanism in high-T,. superconduc-
tors (HTSC), particularly in YBa,Cu;0, (YBCO), have
attracted much interest because significant radiation sen-
sitivity in these materials has been found experimentally,
such as radiation-induced enhancement of flux pinning
and improvement of critical current densities."? In addi-
tion, knowledge of radiation-damage processes in HTSC
is also essential for their applications, for example, in su-
perconducting magnets of fusion reactors and in ion-
beam processing of superconducting electronic devices.

Except at very high energy (> MeV/nucleon) of irradi-
ation, nuclear energy loss is known>* to be the dominant
mechanism leading to radiation damage of a YBCO crys-
tal lattice. However, a clear physical picture of the ionic
displacement process by elastic collisions between ions in
YBCO has not been available to date, although much de-
tailed understanding of radiation-damage processes in
metals and normal oxides had already been achieved.>®
Since orthorhombic YBCO is an oxygen-deficient layered
perovskite structure with the c¢ axis tripled’ and thus with
a lower symmetry and with more complexity than that of
metals and normal oxides, special mechanisms for
radiation-damage processes are expected to be active in
these materials. It is generally assumed that radiation-
induced displacements in the oxygen sublattice are large-
ly determined by the displacement cross-section mass
dependence and the compositional ratio,® although no ex-
perimental evidence for this assumption has been given to
date. In situ standard and high-resolution transmission
electron microscopy have been shown some extended de-
fects in ion- and neutron-irradiated samples, but the oxy-
gen atoms remain invisible.>!® Molecular-dynamics
(MD) simulation can help elucidate this proposed mecha-
nism of preferential radiation damage in the oxygen sub-
lattice. Very recently, Kirsanov and Musin'! have inves-
tigated the radiation-damage process of Cu-O collision
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chains along a (100) direction (¢ axis) in YBCO by
means of MD simulations, and observed two ways of
point-defect formation. They used a model crystal of
only 189 atoms, in which the containment was inade-
quate for a proper investigation of radiation-damage dy-
namics.

In this paper we describe MD simulations of
radiation-induced ionic-displacement events in YBCO by
using a model crystal of 3328 atoms. The simulated pri-
mary knock-on atoms (PKA) can have an initial kinetic
energy of up to several hundred eV. By monitoring the
evolution of the partial radial pair-distribution function
g(r) of four sublattices, the preferential radiation damage
of the O sublattice is observed as expected from the
theoretical considerations mentioned above. Additional
insight into the mechanism was obtained by investigating
the effect of the lattice structure in influencing the energy
spread of the energetic-ionic-displacement spike in the
YBCO crystal. Focusing'? of oxygen with high efficiency
and a low displacement threshold energy (E,;) of oxygen
PKA in several low-index crystallographic directions
were observed.

The ionic interactions were described by the un-
screened rigid-ionic potentials of Chaplot’s model,"
which reproduced the reasonable crystalline structure
and lattice dynamics near the equilibrium state. At short
range the pair potential has been modified by an inverse-
power potential so as to match a screened Coulomb po-
tential, i.e., the Kr-C universal potential.14 The whole
pair potential function is given as

Vir<r)=Vg.c
Viry<r<r))=r/(r"+Ar,/(r™),
V(rer):VChaplot ’

where parameters of m, n, A;, and A, were determined by
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an interpolation scheme in which the value and the first
derivative of the matched potentials are guaranteed to be
correct at the interpolation points, i.e., r; and r,. r; is
taken to be about half of the equilibrium separation ().
ry is simply taken as r., for an anion-anion or cation-
cation pair and is determined by V¢, (7,)=1.0 €V for
a cation-anion pair.

The simulations were performed with an orthorhombic
crystal model containing 8a X 8b X 4c unit cells, where a,
b, and c are the primitive cell vectors. Notation of
Cu(1)-0O(1) chain along the b axis in the basal (001) plane
is used in this paper. A boundary model of elastic contin-
uum!’ was used, in which the boundary ions were acted
by a constant force, a spring force, and a viscous force.
In our case the boundary ions are in the first four layers
near the boundary of the crystallite. The damping con-
stants of the viscous force have been taken as M, X 10'*
kg/s, where M; is atomic mass (amu) of the ith ion atom
type. Since the initial energy of PKA in the simulations
is less than keV, electronic energy loss was not included.
We used a crystal model of O K temperature. The stan-
dard Ewald summation method is incorporated into our
program to accelerate the convergence of Coulombic in-
teraction series. The stability of the created damage was
tested by a prolonged calculation up to the full step of the
crystallite’s ions. Checks on energy conservation were
used to monitor the time step.

Evidence for the preferential radiation damage of the
O sublattice in YBCO is presented in Fig. 1 where the
evolution of g(r) for O, Cu, and Ba atoms located within
the central 50 cells at two constants, i.e., t=0.2 and 0.8
ps are shown, respectively. g, denotes the coordination
number at equilibrium separation, r,, in the simulated
crystal at t =0. The ionic-displacement event was initiat-
ed by Cu(l) PKA of 0.45 keV. The direction of the PKA
was chosen at random, i.e., 35° to (100) and 50° to
(010). Since the results of Y is very similar to that of
Ba, they are not shown here. Note that the changes of
peak values of g(r) from t =0 to £ =0.2 and 0.8 ps are re-
markably different for the three sublattices. At r=0.2
ps, six peaks of g(r) for 7 less than 6 A in the Ba sublat-
tice, the ratio of the first peak value at t=0 and 0.2 ps,is
6.67, and the two close peaks (at r,=3.82 and 3.88 A)
became indistinct. In the O sublattice, the first three
peaks of ¢ =0 had merged into the first peak and the g, /g
at r=3.21 A was 42.1. As the cascade proceeded to 0.8
ps, the g(r) of O atoms showed nearly disordered state,
while the peak of g(r) of the Cu and Ba sublattices were
further diffused but still persisted to different extents.
After t=0.8 ps, the shapes of g(r) remained essentially
the same till 1.2 ps. These data thus give a quantitative
representation for the process of preferential radiation
damage of the O sublattice.
representation for the process of preferential radiation
damage of the O sublattice.

In order to investigate the detailed mechanism on the
preferential radiation damage of the O sublattice, a num-
ber of energetic-ionic-displacement events with different
initial conditions have been simulated by monitoring the
atomic trajectories during the cascade process. Although
the detailed trajectories of atoms varied from one event
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to another, the general picture reveals some features on
the preferential displacement of O atoms in YBCO. Fig-
ure 2 shows a random displacement cascade generated by
a 200 eV O (1) PKA (denoted as A in the figure) at 59° to
(010) in the basal (001) plane.

A conspicuous feature in the figure is either the strong
disturbance of oxygen atoms around their sites or even
simple departures from their original sites during the cas-
cade process. This feature has been observed in all cases
of ionic-displacement events that we studied. Such an
athermal disturbance contributes substantially to the flat-
tening of g(r) of the O sublattice. As shown in Fig. 2,
O(1) recoils often fall into O(5) sites at (0. 54, 0, 0), form-
ing Frenkel pair defects. We have verified that for an
O(1)-to-O(5) displacement, E,; is 1.5 eV, which is close to
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FIG. 1. Partial radial pair-distribution functions g(r) at

t=0.2 ps (circle point) and t=0.8 ps (square point) of a 0.45
keV random cascade of Cu(1) PKA for the oxygen, copper and
barium sublattices. g, data in the inset are coordination num-
bers at equilibrium distances r, in the simulated YBCO crystal
at t=0. Curve connecting circle points of Ba is a guide to the
eye.
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FIG. 2. Atomic trajectories for an ionic-displacement event
of 200 eV O(1) PKA at 59° to {010) in basal (001) plane. More
than six O(1) ions fall down to O(5) sites and at least one Cu(1)
ion is displaced.

the O-diffusion activation energy of 1.3 eV.!¢ Similarly,
other Frenkel pairs with short vacancy-interstitial separa-
tion in (010) and (100) planes were observed, e.g., O(4)
recoil to an O(5) site with E; =4 eV, O(2), or O(3) recoil
to an interstitial site in the middle of two Cu(2) sites
[denoted as O(6)] with an E,; less than 9 eV.

Another characteristic feature of the preferential O-
sublattice radiation damage of the O sublattice is that O
focusing appeared with higher efficiency than Cu focus-
ing or other focusing along anion-cation chains. In Fig.
2, the O(1) focusing along {(110) commences from a ran-
dom collision cascade. The initial direction of the first
O(1) recoil (denoted as B in Fig. 2) in the focusing re-
placement chain, when it acquired a maximum Kkinetic
energy of 18.9 eV, was at 24.3° to (110). This indicated
that critical angle of formation of O(1) focusing along
(110) is rather high. For O(1) focusing along {110), the
threshold energy of formation of a stable replacement,
which is equal to E; by definition in this case, was deter-
mined to be as low as 9 eV. In the (001) basal plane O(1)
focusing along (100) was found to be another
replacement-collision sequence that occurs easily for
creating a stable Frenkel pair defect. E; in the vicinity of
O(1) focusing along {100) is only 7 eV in our mode. In
order to show the high efficiency in transferring kinetic
energy along the two focusing modes, we present Fig. 3
where time dependence of the kinetic energy in the two
collision chains caused by a O(1) PKA of 50 eV is given.
Note that average energy loss at each step is only 7.5 eV
in the O focusing along {100) and 9 eV in O focusing
along (110). From the data in Fig. 3, we have estimat-
ed the velocities of focused-O-atom propagation. Veloci-
ties of 4.5X10° cm/s for O(1) focusing along (110) and
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3.6X10°% cm/s for O(1) focusing along (100) were ob-
tained, which are close to the typical phonon velocity in
solids, i.e., 5X10° cm/s.'” This motion may be con-
sidered to be a kind of shock wave.

The relatively inefficient focusing process in the focus-
ing chains involving cations is also observed in Fig. 2.
The initial direction of motion of the Cu(1) recoil denoted
as C in Fig. 2, when it received a maximum kinetic ener-
gy of 28.5 eV, was very close to the focusing direction of
Cu(1)-0(1) (010), i.e., 4.1° to (010). But no replace-
ment occurred.

On the basis of the present simulation study, we believe
that the mechanism of preferential radiation damage of
the O sublattice does operate during the displacement
cascade. Our result on the small E; of O(1)-O(5) dis-
placement is consistent with the idea suggested by Kirk
et al.'® and Summers et al.'® of preferential oxygen redis-
tribution in the a-b plane at the beginning of irradiation
experiments, which leads to the orthorhombic to tetrago-
nal transformation. Furthermore, our results show that
oxygen redistributions are not limited to within the a-b
plane, as the E, of other displacements, e.g., O(4)-O(5)
and O(2)-O(6), are also very low. In addition, the results
on the time evolution of g(r) for these four sublattices
implies that the primary damage state of the 0.45 keV
cascade is a fairly rigid cation sublattice with a back-
ground of nearly disordered O ions. This physical pic-
ture may be helpful in interpreting the controversial de-
fect structures observed in the irradiated samples by
high-resolution electron microscopy, where the images of
a vague cation sublattice were still visible in the ‘“distort-
ed regions” of irradiated defects with diameters of about
30 A or more.'?

The origin of the mechanism of the preferential radia-
tion damage of the O sublattice comes from not only the
ionic-displacement cross-section mass dependence and
the composition ratio, but also the particular lattice
structure. As for the latter, the ejection of focused O ions
from the core of the ionic-displacement cascade must
play an important role as there is a number of crystallo-
graphic directions for the focusing to occur in every unit
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FIG. 3. Kinetic-energy curves for 50 eV O(1) focusing along
{100) (thin line) and along (110) (thick line). In the (110)
curve, a dip at about 0.4X 107 '* s is due to a collision with a
neighboring Cu(1) ion.
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cell of orthorhombic YBCO. As other oxide HTSCs are
similar in this respect, the same mechanism of preferen-
tial radiation damage of the O sublattice should be opera-
tive in all oxide HTSCs.

Along certain directions for O focusing, small E; (<10
eV) of O ions was found in the present simulations.
These values are much lower than the minimum E; in
metals [ > 16 eV (Ref. 20)] and normal oxides [>40 eV
(Ref. 6)]. In almost all the irradiation experiments of
HTSC materials—from an early one?' to very recent
works?>°—an average E, of 20 eV on all sublattices was
assumed and used to calculate the basic parameters in
question, such as displacements per atom. This value,
however, is to be regarded as being open to question in
view of our simulation results. At least, the average E is
not the same for the four sublattices, and of these, the E,
of the O sublattice is the smallest one. For example, the
number of displaced atoms caused by the PKA in Fig. 2,
taking E;=20 eV, should be 4 (two Cu ions and two O
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jons) according to the modified Kinchin-Pease equation.??

In the simulation, this number is twice the above value
and most of this number is of oxygen.

In summary, we report a MD study of the ionic-
displacement cascades in YBCO. Our results on the time
evolution of g(r) for our sublattices present evidence for
a preferential displacement of O ions from its sublattice.
The simulations show that O focusing occurs with a
much higher efficiency than that along ionic rows involv-
ing cations. The E,; of O ions may be as low as several
eV.

The computations were performed at the Computer
Center of Tsinghua University. It is a pleasure to ac-
knowledge Dr. Ronald Wong and J. Z. Chu for valuable
assistance during the course of the work. This work is
supported in part by the Chinese Natural Science Foun-
dation.
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