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Computer-simulation techniques have been used to study Zn, Ce, Pr, and Th doping in YBa,Cu,Os.
Our results suggest that Zn energetically prefers to substitute at the Cu(2) site whereas Pr and Th prefer
to substitute at the Y site. These results are in agreement with the experimental results. Our results also
suggest that Ce preferentially substitutes for the Cu(2) site. The changes in interatomic distances caused
by Zn, Ce, Th, and Pr doping were also presented and analyzed. Our calculated changes in lattice pa-
rameters of YBa,Cu,O; due to Th and Ce doping are in qualitative agreement with the experimental re-

sults.

INTRODUCTION

The crystal structure of the YBa,Cu,O; superconduc-
tor is similar to that of YBa,Cu;0,_, except for the pres-
ence of CuO double chains along its b axis. A unique
character of this double-chain structure is a strong bond
of the chain oxygen atoms [O(4) and O(4')] with the
Cu(l) atoms, resulting in a very good thermal stability
with respect to the oxygen stoichiometry. This makes
YBa,Cu,O4 particularly stable against phase transitions
involving changes in the oxygen sublattice as a function
of temperature or pressure. YBa,Cu,O; is a very in-
teresting high-T, superconductor, as its 7, can be
changed by pressure or by cation doping. The T, for
YBa,Cu,O3 has been shown to increase on application of
pressure with a very large dT, /dP of 5.5 KGPa~l.! The
T, passes through a maximum of ~ 108 K at pressure of
9-10 GPa.2~* The T, can be enhanced by Ca doping. It
has been reported that Ca mainly doped at the Y site.>®
Some other studies show that Ca dopes at the Ba site.” °
The T, for YBa,Cu,Oy can also be depressed by Fe,!°~ 12
Co,!3 and Ni (Ref. 14) doping. The effect of Sr doping is
different from the above cation dopants. Some research
workers reported that the T, of YBa,Cu,Oy; is nearly in-
dependent of Sr doping;!>!® another work reported that
T, increased from 85 K (x =0) to 90 K (x =0.1-0.2)
and then decreased to 64 K at x =0.5.17

Computer-simulation techniques have been used to
study a range of cation dopants (Ca, Sr, Fe, Co, Ni, Mg,
and Mn) in YBa,Cu,0,.%"2° It is found that the
structural changes due to doping by Ca and Sr are very
different from those caused by other cation dopants. The
structural change caused by Ca is similar to those due to
high pressure. The enhancement of T, upon Ca doping
may be attributed to the same mechanism as proposed for
the enhancement of T, under pressure.

Recently some more cation dopants have been found to
depress T, of YBa,Cu,O3. Zn dopant is found to depress
T, with a coefficient of —21 K/at. % and it resides in the
Cu(2) site.2!~2* Substitution of Ce at Y sites cause a de-
crease in T, as well.>* The deleterious influence of Th
substitution at Y sites has also been reported.”® The
effect of Pr substitution was studied and it is reported
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that substitution of Pr at Y sites depresses 7, as
well.26728 In this paper, we will use computer-simulation
techniques to investigate the structural changes caused
by Zn, Ce, Th, and Pr doping in YBa,Cu,Os.

COMPUTATIONAL METHOD

Our simulation is based on the shell-model generaliza-
tion of the Born model of the solid, which treats the solid
as a collection of point ions with short-range repulsive
forces acting between them. This approach has achieved
a wide range of success, although, naturally, the reliabili-
ty of the simulations depends on the validity of the poten-
tial model used in the calculations. Detailed discussion
of this simulation technique can be found in Ref. 29.
Many of the key ideas and applications are given in the
papers honoring 50 years of the Mott-Littleton method.3°
We shall only give a brief description of the interatomic
potentials and defect energy calculation.

The short-range potentials used in this classic simula-
tion are described by the Born-Mayer potential supple-
mented by an attractive  ~ term:

V(r)= A exp(—r/p)—Cr 9, (1

where A, p, and C are constants. The polarizability of in-
dividual ions and its dependence on local atomic environ-
ment are treated by the shell model,?! in which the outer
valence cloud of the ion is simulated by a massless shell
of charge Y and the nucleus and inner electrons by a core
of charge X. The total charge of the ion is thus X +Y,
which indicates the oxidation state of the ion. The in-
teraction between core and shell of any ion is treated as
harmonic with a spring constant k and represented by

Vir)=1kd}?, 2)
where d; is the relative displacement of core and shell of

ion i. The electronic polarizability of the free ion i is thus
given by

a,-=Y,-2/k,' s (3)

where Y, is the shell parameter. In this work, we treated
the defective lattice by using the two-region strategy.?
In this approach the crystal is formally divided into an
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TABLE 1. Potential parameters for YBag_Cu4Og. All short-
range potentials are set to zero for r>5.76 A. XX~ are the la-
bels for O(1), O4), and O(4'). Note the free-ion polarizability
a=Y?/K.

Short-range interaction

A (V) p (A) C (eVA®)
02-0%~ 22764.0 0.1490 25.0
O%-XX"~ 22764.0 0.1490 25.0
XX™-XX~ 22764.0 0.1490 25.0
o2 -cu?**t 2068.04 0.268 76 0.0
0?7 -Ba?" 2104.1 0.35477 0.0
0o2.y3t 19542.27 0.244 15 0.0
XX —-Cu?* 2486.04 0.25753 0.0
XX~ -Ba?" 93869.0 0.22135 0.0
Cu’*-Ba’* 168 128.6 0.228 73 0.0
Ba’*-Ba’* 2663.7 0.2558 0.0
Shell-model parameters . s
Species Y (e) k (eVA ")
Cu?t 2.0 999 999.0
Y3+ 3.3341 999 999.0
Ba’* 9.1173 426.1
(o1 —3.2576 49.8
Do —2.97107 100.0

inner region (region I) and an outer region (region II). In
the inner region the lattice configuration is evaluated ex-
plicitly while the outer region can be viewed from the de-
fect as a continuum. The displacements within the outer
region are due solely to the electric field produced by the
total charge of the defect centered at the defect origin.
The Mott-Littleton method? is employed in the outer re-
gion. )

In our calculations the perfect lattice is initially relaxed
to equilibrium, and a region of crystal containing several
hundred atoms is equilibrated around the specified defect
and dopant configuration. The derivation of the potential
parameters 4, p, C, Y, and k for YBa,Cu,Oy is described
in Ref. 33 and the values of the parameters are given in
Table I. Our potentials can reproduce the crystallo-
graphic structure of YBa,Cu,O; with the difference from
the experimental data being less than 1.3%. The poten-

TABLE II. Potential parameters for doping ions. C =0 for
all interactions.

Short-range interaction

tial parameters for the dopant ions are taken from Ref.
34 and are given in Table II. We note that our potential
is an ionic empirical potential with no screening. Hence
we do not expect this potential to give good structural
changes on doping in cation-doped YBa,Cu,O;, as
changes due to doping on the metallic planes or chains
are due to more than ionic sizes and charges. However,
it is possible for this potential to give reasonable struc-
tures for the pure-7, superconductor YBa,Cu,Oj, and
this potential can give quick indications of the doping
sites, although the displacements calculated using this
potential may not be justified.

RESULTS AND DISCUSSION

In this study we examined the various dopants Zn?™,
Ce**, Pr*™t, and Th*" substituting at the Y3*, Ba?™, or
Cu®" sites. We ignored the effect of defect interactions
leading to possible aggregation; the results presented
therefore refer to systems at low dopant concentrations.
We also neglected the contribution of vibrational defect
entropies to the free energy of the solution. Given these
assumptions, the energies of the solution were obtained
by combining appropriate cohesive energies with lattice-
energy terms accompanying the formation of the substi-
tutional species.

We first consider the dissolution of divalent dopant
Zn?" into the Y31, Ba?™, or Cu?™ sublattice. The defect
reactions for the dissolution of divalent dopants into the
Y3*, Ba?t, or Cu?* sublattice can be represented by the
following defect equations (note that in the Korger-Vink
notation® used in this paper, vacancies, interstitial, and
substitutional atoms are denoted as V,, Cu;, and M,
respectively):

MO+Y§—>My+1Y,0,+1vy @)
MO+Bag, M3, +BaO , 5
MO+ Cugyy—>ME,1)+CuO , (6a)
MO+Cugy)—MEy,) +Cu0 , (6b)

where M denotes the divalent dopant. For dopant substi-
tution at the Y37 site, oxygen vacancies are created to
preserve charge neutrality.

The substitution energies for dopant substitution at Ba,
Y, Cu(l), and Cu(2) sites are reported in Table III. The
lattice energies and energies of vacancies used in calcula-
tion are given in Table IV. The calculated energies of

A (eV) p (A) dissolution per dopant ion for cation substitution for
Znt-O2- 499.6 0.3595 fiiﬁ‘(;rent ¢:1110pin1g1 sitels are given in Table V. (This energy
Cet+.02~ 1013.6 0.3949 is also called the solution energy. The smaller the solu-
Pr¢t-0%~ 1226.0 0.3871
4+_2—
Th*"-0 1147.7 0.3949 TABLE III. Substitution energies in YBa,Cu,Og.
Shell-model parameters - Substitution energies (eV)

Species Y (e) k eVA ") Zn Ce Pr Th
Zn?** 2.05 10.28 Ba —5.62 —49.47 —48.35 —46.97
Ce*t 5.85 116.0 Cu(1) 3.68 —32.43 —30.14 —29.05
Prit 6.54 103.61 Cu(2) 3.22 —40.56 —37.71 —36.38
Th**t 7.28 193.1 Y 25.23 —24.95 —23.26 —21.95
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TABLE IV. Lattice energies and energies of vacancies (eV
per formula unit).

Lattice energies Energies of vacancies

ZnO —39.43 Ba 18.62
CeO, —102.6 Cu(1) 25.62
PrO, —101.2 Cu(2) 29.50
ThO, —100.1

CuO —42.91

BaO —31.31

Y203 - 135.6

tion energy, the easier is cation doping.) Our calculations
show that Zn?" has the lowest solution energy at the
Cu(2) site, indicating that the Zn?* cation energetically
prefers to substitute at the Cu(2) site. This result is con-
sistent with experimental results.?! =2

For tetravalent dopants Th**, Pr*", and Ce*' substi-
tuting at the Y3, Ba?*, or Cu?" sites, the charge-
compensating mechanism has to be considered. For
tetravalent dopants Th**, Pr**, and Ce** substituting at
the Ba?" site, there are two possible charge-
compensating defects: oxygen interstitial or barium va-
cancies. The corresponding defect reactions with
oxygen-interstitial charge compensation and barium-
vacancy charge compensation are represented by Eq. (7a)
and Eq. (7b), respectively:

MO,+Baf, >My, +BaO+07} (7a)
MO,+Baf, >Mpg, +2BaO+Vy, , (7b)

where M denotes the tetravalent dopant. To determine
the most favorable charge-compensating mechanism, we
should compare the solution energies of the defect reac-
tions with different charge-compensating mechanisms.
For tetravalent dopants Th**, Pr*t, and Ce*™" the defect
reaction (7a) was calculated to have a lower solution ener-
gy than the defect reaction (7b) (see Table V) and hence
the defect reaction (7a) is predicted to be the major com-
pensating mechanism. The probable site of the oxygen
interstitial (where the energy is the lowest) was taken to
lie along the line joining the two barium sites, taking into
account structural and charge-distribution symmetries.
The lowest energy of —19.80 eV corresponds to the
creation of the oxygen interstitial and is used in all subse-
quent solution-energy calculations.

Similarly, for tetravalent dopants Th**, Pr*t, and

FIG. 1. Structure of YBa,Cu,Og.

Ce*" substituting at the Cu®™ sites two possible charge-
compensating defect reactions were found, and the one
involving the creation of oxygen interstitials has the de-
fect reaction as follows:

MO, +Cugy1)—>M Gy +CuO+07 , (8a)
MO,+Cud,3)—>Myp) +CuO+07 . (8b)

The other involving the creation of copper vacancies has
the defect reaction as follows:

MO, +Cugy)—>M&yn) +2Cu0+ V) » (9a)
MO, +Cu 2y =M Gyz) +2Cu0 + Vi, - (9b)

It is found that defect reactions (8a) and (8b) are more en-
ergetically favorable than the reactions (9a) and (9b), as
shown in Table V.

For tetravalent dopants Th**, Pr**, and Ce** substi-
tuting at the Y37 site, the defect reaction is given as

MO,+Y§—>Miy +1Y,0,+107, (10)

with the creation of oxygen interstitials to preserve

TABLE V. Calculated energies of solution (in eV per dopant ion) for cation substitution for Ba, Cu,
and Y in YBa,Cu,O;. [1] refers to defect reactions for dopant substitution at Ba or copper sites with
the creation of oxygen interstitials. [2] refers to defect reactions for dopant substitution at Ba or copper
sites with the creation of, respectively, Ba or copper vacancies.

Solution energies (eV)

Zn Ce Pr Th
(1] [2] [1] [2] (1] (2]
Ba 2.50 2.04 9.16 1.73 8.84 2.04 9.16
Cu(l) 0.20 7.48 9.99 8.34 10.85 8.36 10.87
Cu(2) —0.26 —0.65 5.74 0.77 7.16 1.03 7.42
Y 6.88 —0.03 0.23 0.47
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TABLE VI. Calculated changes of interatomic distances and interlayer distance (in %) for cation substitution at Y and Cu(2) sites.
Negative values indicate shortening and positive values indicate elongation of interatomic distances and interlayer distance.

Dopants

doping  site Cu(1)-O(1) Cu(2)-O(1) Cu(2)-O(2) Cu(2)-O(3) Cu(1)-O(4) Cu(1)-O4’) Ba-O(1) Y-O(2) Y-O(3) z(Ba)-z[O(1)]
Pr Y 0.50 —2.04 1.19 1.38 0.29 —0.29 —0.34 —0.84 —1.17 —25.62
Th Y 0.49 —2.29 1.29 1.49 0.31 —0.30 —0.30 —0.29 —0.63 —26.79
Zn Cu(2) —1.37 3.61 1.20 1.73 0.03 —0.45 —0.33 0.12 0.06 37.23
Ce Cu(2) —0.71 0.69 6.34 5.87 —0.12 —1.38 2.69 2.27 2.04 —6.13

charge neutrality. Our calculations show that both the
Pr*" and Th**' cations have the lowest solution energies
at the Y37 site (see Table V), i.e., they prefer to substitute
at the Y** site, which is in agreement with experimental
results, 272736 whereas the Ce*' cation has the lowest
solution energy at the Cu(2) site, indicating that Ce**
prefers to substitute at the Cu(2) site.

The calculated changes of interatomic distances and in-
terlayer distance for cation doping are given in Table VI
(the structure of YBa,Cu,Oyq is shown in Fig. 1). We ob-
served that Zn, Pr, and Th cause large changes in the in-
terlayer distance of z(Ba)-z[O(1)]. We found that there
are structural changes not only in the c direction but also
in the a and b directions. For example, there are relative
large changes in the Cu(2)-O(2) and Cu(2)-O(3) bond
lengths, especially caused by Ce doping. We found that
Pr and Th doping cause the opposite changes of the
Cu(1)-O(1) and Cu(2)-O(1) bond lengths compared with
Zn and Ce doping. Pr and Th doping cause a shortening
of the Cu(2)-O(1) bond length and an elongation of the
Cu(1)-0O(1) bond length, whereas Zn and Ce doping cause
an elongation of the Cu(2)-O(1) bond length and a shor-
tening of the Cu(1)-O(1) bond length. It has been report-
ed***~% that, when YBa,Cu,Oy is compressed, the shor-
tening in the Cu(2)-O(1) bond length is much larger than
the compression of the unit cell in the same direction
[i.e., a shortening of the Cu(2)-O(1) bond length with
respect to the compression of the lattice parameter c],
and the reduction in the Cu(1)-O(1) bond length is smaller
than the compression of the unit cell in the same direc-
tion [i.e., a relative elongation of the Cu(1)-O(1) bond
length with respect to the compression of the lattice pa-
rameter c]. It has been claimed that the enhancement of
T, in YBa,Cu,Og under high pressure is largely due to
the changes in the Cu(2)-O(1) bond length with pressure,
which may induce charge transfer from the CuO chain to
the CuO, plane.’’~%° If we think that the charge transfer
is also reflected in the changes in the Cu(1)-O(1) and
Cu(2)-O(1) bond lengths in cation-doped Yba,Cu,Oys,
then the shortening of the Cu(2)-O(1) bond length and the
elongation of the Cu(1)-O(1) bond length caused by Pr
and Th doping should result in charge transfer from the
CuO to the CuO, plane leading to the enhancement of
T.. But Pr and Th doping depress T,. It appears that
not only changes in the Cu(1)-O(1) and Cu(2)-O(1) bond
lengths affect T, but also changes in the other structural
parameters in cation-doped YBa,Cu,Oyq.

Table VI shows that in the case of Th doping the
Cu(2)-O(2) bond length increases 1.29%, the Cu(2)-O(3)
bond length increases 1.49%, and the Cu(1)-O(4) bond
length increases 0.31%, indicating the increase of lattice

parameters a and b. From the results of changes in
Cu(2)-0(1), Cu(1)-0O(1), and Cu(1)-O(4') bond lengths, we
also found that Th doping causes Cu(2)-O(4’) bond length
to decrease by 0.81%, which results in a decrease in the
lattice parameter ¢. Our results are in qualitative agree-
ment with the experimental finding?® that Th doping in
YBa,Cu,0O4 causes increase in the lattice parameters a
and b and decrease in the lattice parameter c. We found
that Ce doping causes even larger changes in lattice pa-
rameters @ and b. It results in a 6.34% increase of the
Cu(2)-O(2) bond length, a 5.87% increase of the Cu(2)-
O(3) bond length, and a 0.12% decrease of the Cu(1)-O(4)
bond length, indicating that Ce doping causes a larger in-
crease of lattice parameters ¢ and b than Th doping.
Similarly, we found that Ce doping causes a 0.39% de-
crease in the Cu(2)-O(4’') bond length, which also causes a
decrease in the lattice parameter ¢, but this decrease is
smaller than that caused by Th doping. Experimental re-
sults?* show that Ce doping in YBa,Cu,O; causes in-
crease in the lattice parameters a and b and decrease in
the lattice parameter c. But Ce doping causes larger in-
crease‘in @ and b and smaller decrease in ¢ compared with
Th doping. Our results are also in qualitative agreement
with these experimental results.

It is known that Zn and Cu have the same valence of
2+ and similar jonic size (the ionic size of Zn and Cu are
0.68 and 0.65 A, respectively). It is expected that Zn
doping at the Cu(2) site will cause only a small sublattice
displacement. We do find the small displacement at the
Cu(2) site (Ax =Ay =0 and Az =0.0005 A). But it is
surprising that the displacements of O(1) and Cu(l) are
the largest among the dopants under study, with Az
values of 0.0830 and 0.0576 A, respectively. The large
displacements of O(1) and Cu(l) result in a 3.61% in-
crease in the Cu(2)-O(1) bond length and a 1.37% de-
crease in the Cu(1)-O(1) bond length. Increase in the
Cu(2)-O(1) bond length and decrease in the Cu(1)-O(1)
bond length are expected to induce reverse charge
transfer from the CuO, plane to the CuO chain, leading
to the depression of T,. We note that Zn doping causes
the largest increase of the Cu(2)-O(1) bond length and
largest decrease of the Cu(1)-O(1) bond length among
group-1 and -2 dopants. It is not clear if these largest
bond-length changes are responsible for the fact that Zn
doping has the largest depression rate of T, (Refs. 22,23)
among the dopants under study.

CONCLUSIONS

Using computer-simulation techniques, we studied Zn,
Ce, Th, and Pr doping in YBa,Cu,O3. We found that the
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Zn cation energetically prefers to substitute at the Cu(2)
site whereas Pr and Th prefer to substitute at the Y site.
These results are in agreement with the experimental re-
sults. Our results also suggest that Ce preferentially sub-
stitutes at the Cu(2) site. Analysis of the structural
changes caused by Zn, Ce, Th, and Pr doping was made.

We found that Pr and Th doping cause similar structural
changes, but Zn and Ce doping result in different
structural changes compared with Pr and Th doping.
Our calculated changes in lattice parameters due to Th
and Ce doping are in qualitative agreement with the ex-
perimental results.
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