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The energetics of Schottky defects in 123 cuprate superconductor RBegCu;O; (where R
=lanthandiesand YA,CuzO; (A=alkali earth$, were found to have unusual relations if one considers only the
volumetric strain. Our calculations reveal the effect of nonuniform changes of interatomic distances within the
R-123 structures, introduced by doping homovalent elements, on the Schottky defect formation energy. The
energy of formation of Frenkel pair defects, which is an elementary disordering event, in 123 compounds can
be substantially altered under both stress and chemical doping. Scaling the oxygen-oxygen short-range repul-
sive parameter using the calculated formation energy of Frenkel pair defects, the transition temperature be-
tween orthorhombic and tetragonal phases is computed by quasichemical approxin@@érs. The theo-
retical results illustrate the same trend as the experimental measurements in that the larger the ionic radius of
R, the lower the orthorhombic/tetragonal phase transition temperature. This study provides strong evidence of
the strain effects on order-disorder transition due to oxygens in the CuO chain sites.
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I. INTRODUCTION ducting temperatur€, depends on the oxygen stoichiometry.
As an example of a generic doping curve in cupréteshen
It is well known that during the fabrication process of sis larger than around 0.7, the crystal loses superconductiv-
superconductor materials, a variety of point defects, such agy. However, if 5 is smaller than 0.7, the compound is su-
substitution and interstitial impurities, vacancies, and cationperconducting. It is generally believed that higher oxygen
disorder are involved. These defects have a large effect ogontent can create more holes in the structure. Whes
the properties of superconductdrin type-Il superconduct- petween 0.1 and 0.7, the crystal is in the underdoped region,
ors, high critical current densities can be achieved by theind T, increases with increasing hole concentration. When
presence of high-density defects which will provide suitablethe oxygen content is in the proper rande,is above the
pinning centers for the magnetic flux lines. The ideal size ofoiling point of liquid nitrogen. However, if more holes are
defects for flux line pinning should be comparable to thecreated, théT, value decreases instead, and the crystal is in
superconducting coherence length. For cuprates such as overdoped region.
YBa,Cus07-5 (Y-123), the coherence lengths are in the order  Oxygen ordering in the Cu-O chains of the 123 structure
of tens of A while the conventional superconductors have Jjives rise to further complex structuré®.Even when the
coherence length of several thousand A. Thus atomic-scalgverage occupancies of oxygen sites remain constant, the
structural inhomogeneities such as point defects and colunpccupation at chain and antichain sites can vary. Jorgestsen
nar defects can play an important role in flux-line pinning. al.1° observed that the superconducting transition tempera-
An increasing number of applications of the 123-type high-ture in Y-123 changes as a function of time following the
T Superconductors use materials other than Y-123. For e)ﬁuenching experiment while the oxygen content is fixed.
ample, in many bulk forms and multilayer applications, Y is This demonstrates that the specific ordering of the oxygen
replaced by Nd, Sm, or other rare-eaf®) elements . Dop-  atoms in the basal plane is another important parameter that
ing YBa,Cu;0;_5 with Ca, Sr, or other alkaline eartfh)  controlsT, in the Y-123 system! The ordering process in
elements has also been shown to improve bulk and graithe Cu-O chain is the origin of the structural transition be-
boundary transport and other properties. tween tetragonal and orthorhombic phases in the 123 struc-
Since it is well known that strain effects are important inture, which has been extensively studied since the discovery
the studies of point defects, it is expected that studies obf Y-12312-15 Structural transition of Y-123 is strongly af-
strain effects on point defects for series RBa,Cu;0;_5  fected by external pressure as wélt°In addition, there are
(R-123) compounds will be important for practical applica- systematic results reported by Wong-Ng and co-wofRet$
tions of superconductivity. In particular, the concentrationshowing that the orthorhombic/tetragonal phase transition
and ordering of oxygen vacancies have significant effects otemperatures iflR-123 can be scaled approximately linearly
the superconducting properties. For Y-123, the superconwith the ionic radius oR**. The above experimental obser-
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vations indicate that lattice strain may play an important roleutility lattice program”(cuLp),3® which integrates the above
in phase transition, which has not been investigated theoretmodeling methods at an atomistic scale, to study lattice en-
cally and systematically so far. ergy, elastic constants, and lattice dynamic properties. In
In this paper, we plan to study the effects of homovalentsummary, our calculations are based on short-range poten-
substitutions at Y and Ba sites, and hydrostatic pressure dirls of the Buckingham-type, long-range Coulomb poten-
the order-disorder transition theoretically. Considering largdials, and displacement-induced deformations of the elec-
stress fields due to dislocations around grain boundaries, thisonic charge density in the framework of a shell model.
study will also provide valuable information for understand-
ing the transport properties in the vicinity of grain bound- IIl. SCHOTTKY DEFECTS IN 123 COMPOUNDS
aries. First we briefly explain methods used in atomistic
simulations. Secondly, we focus on the effects of strain on Any deviation in a crystal from a perfect structure is an
Schottky defects and related phenomena for a series of hamperfection. The simplest imperfection is a lattice vacancy,
movalent substitutions at Y and Ba sites of %Ba;0;,_5,  which is a missing atom or ion, known as a Schottky defect.
Although the 123 structure is not stable in the Ca and SiSchottky defects involve “multiple” vacancies while preserv-
analogs under ambient presséte?®partial substitution of Sr  ing electrical neutrality. Regardless of how a Schottky defect
on the Ba site has been reportet:26-28Finally, strain ef- is created, it is necessary to expend a certain amount of work
fects on chain-oxygen order-disorder transition ofper atom to take it to the surface. We calculated point defect
RBa,Cu;0,_5 will be investigated. energy by the Mott-Littleton approa¢f*' Some vacancies
are at anionic sites and others at the cationic sites. For Y-213,

the defect reaction is given as follows:
Il. ATOMISTIC SIMULATION METHODS

_ , YBa,CuyO; — V2 + 2Vg2 + 3V + 7V 1
Since the parent compounds of hifjheuprate supercon- 27 = Wy Ba ™ =rcu” 70 @

ductors can be considered as charge-transfer insulators, ionidhereV represents a vacancy. According to mass action law,
bonding can be assumed to have a large contribution to thée equilibrium constantK) at a finite temperature can be
lattice energy. Methods used to study atomistic phenonmenaritten as
in conventional oxides can therefore be applied to study cu- 3 )

— 2 2\3 13/N7 — 13
prates. The cuprates become superconductors at a proper K= c(Vy)e(Vea) (V) eV ™)'= ¢, )
doping level and temperature. However, the charge carrigfherec is the equilibrium concentration of vacancies and
density is very low compared with that of conventional met-is the average concentration of vacancies. The equilibrium

als. In addition, the charge carriers are confined withinggncentration of the vacandy c;, can be computed from
copper-oxygen planes. Consequently, the screening effect oltzmann statistics as )

not as strong as that of conventional metals. The lattice en-

ergy calculated from ionic models is somewhat overesti- -E,
mated. The point defect's energy is also slightly overesti- ¢ =N;ex KT /" 3)

mated due to the omission of screening effect in metallic

region of the phase diagram, which can be improved by inwhereN; is the number of atom per unit volume and,  is

cluding polarization effects in the shell mod@IMany pre-  the energy required to take atgnfrom its lattice site inside

vious theoretical investigations are based on this type othe crystal to a site on the surface. Substituting the equilib-

ionic model(for example, see Refs. 30334 rium concentraions of vacancies into K@), we obtain the
Several pair-potential sets of shell model parameters havexpression for the average concentration of vacancias

been determined for Y-123 by Baetzdfef? To systemati- follows:

cally study homovalent substitutions on Y and Ba sites, a _

consistent set of shell model parameters using the data set for — ~ Eschottky

YBa,Cu;0, (Ref. 31) was further developed to account for c=Nex kT '

the dependence of the Born repulsion of the two ions on their ) ] ]

net charges, on outer electronic configurati®i,and on whereN is the number of formula units per unit volume and

the common 2 law” between polarizability and radis. Eschottky IS given, in terms of the formation energy of indi-

The “virtual crystal method” is applied here to interpret ex- vidual vacancy(an ion is removed to infinity instead of the

perimental data of mixing two types of elements on one sitesurface of crystajsand lattice energy@ce, as

This method essentially is, for the purpose of calculating _

average structural and elastic properties, to approximate the — Ei Ejacancyy glatice

mixture of two ions distributed over one sublattice by iden- Eschottky™ 13 : ©)

tical average “virtual ions.” It allows the incorporation of

compositional changes at the atomic level, but ignores ex- In R-123, the absolute value of site potential decreases

plicit effects of disorder. For instance, whenB&s partially ~ continuously with increasing ion radius at the Y site, which

replaced by St in experiments, the composition-weighted is consistent with applying external tensile pressure. Usually,

average value of the two ions’ radii is taken to approximatethe change of short-range repulsion is less significant than

that of each virtual divalent ion. After constructing a consis-that of the Madelung site potential. In general, the smaller

tent interatomic pair potential s&,we used the “general absolute site potential value is favorable for lowering va-

(4)
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FIG. 2. Schottky defects formation energy vs volumetric strain.
The volumetric strain is defined d¥%-Vy)/V,, whereV is the
volume of Y-123 compound. All volumes are obtained by optimiz-
ing cell parameters and internal coordinates to minimize the total
energy. The solid solutions are treated by the “virtual crystal
method.”

pected from the change of short-range repulsionReD.
However, even when the entire cell volume increases as the
Rion becomes larger, some parts of unit cell contract such as
interlayer separations between GiiCu2-BaO and BaO-
CuQ(Cul) (or, bond lengths of Cu2-0O4 and Cul-PD€on-
sequently, the average energy of the point defect only de-
creases slightly because of the existing compressive blocks
within the structure as plotted in Fig. 1. In thel123 series,
when B&" is (partially) replaced by smalleA?*, the vari-
ances of external and internal strains are of the same sign,
reflecting a somewhat “even” expansion of the entire struc-
FIG. 1. Crystal structure of YB&u;0;. ture. The difference betwedt123 andA-123 is reflected by
the changes oA-A and Cul-Cu?2 distances. Unlike those in
cancy energy, and vice versa. Furthermore, an increase of tie 123, for A-123 both distances become larger with increas-
total volume leads to the expansion of effective relaxatioring A size. The different changes of internal strains due to
space so that the vacancy energy can further decrease dued@ping at either Y or Ba sites governs the absolute value of
the relaxation of the atoms. In the shell model, the electroniglope of Schottky defects &-123 andA-123(see Fig. 2 In
polarization due to the electronic relaxation also lowers thehe previous studie® they found interesting correlations be-
defect energy. In ¥,Cu30; (A-123), as the radius of the ion  tween dopant radius and energy of solution in YBaO-.
at A sites becomes larger, a similar phenomenon is observe@he trend of subsituting divalent cation for barium matches
In both RBa,Cuw;O; and YA,CuzO5, the lower Schottky de-  well with that in the Schottky defect energy ofA¥CusO-.
fects formation energies are always associated with the larg@fowever, there exist clear different trends between replacing
volume. This indicates that the volume of formation of yttrium by trivalent ions in YBaCu;O; and that in the
Schottky defects is positive, or the volume of the entire crys-Schottky defect energy d¥Ba,Cu;0,. The reason is that the
tal expands during the formation of Schottky defects. parent structure is fixed for former case, so that the trivalent
As shown in Fig. 1, the complex structure of 123 com-jon larger than yttrium leads to more energy of solution. One
pounds can be roughly divided into six layers along the the other hand, the Schottky defect has to consider all the
axis direction:R-CuO,(Cu2-BaO-Cu@Cul)-BaO-CuQ-R.  atoms in the unit cell. Unless the structures change more or
For the sake of simplicity, the distances between planes ardess “homogeneously,” the energy of solution at one specific
represented by the separations of cations projected along tlsite may evolve differently from the Schottky defect energy.
¢ axis. The external and internal strains are computed with Recall that the relation between cell volume, bulk modu-
Y-123 as a reference. Replacing™by largerR®* ions leads  lus of R-123, and the trend of thermal expansion coefficients
to positive external strains, indicating the dimensions of theare also the manifestation of the complexity of the 123
cell expand as increasirigsize. The more interesting obser- structure®® There is an “unusual” relation between Schottky
vations are the changes of internal parameters within the uniefects formation energy arigf) (where B is bulk modulus
cell. The variance of internal strains provide direct informa-and(} is the mean volume per atgrof R-123 in Fig. 3. As
tion of the changes of layers’ separationsRrseries. The reported by Varotso® the Schottky defects formation en-
interatomic distances vary quite differently with ionic radius ergy is proportional t@B() for elemental and binary crystals.
in the R-123 andA-123 series? For instance, the distance of While this relation appears to be obeyed by #&23 series,
R-CuO, becomes larger with increasimigsize, which is ex- it is violated by theR-123 series. The possible reason is still
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460 L ' ' ing) of oxygen atoms among the atomic sites strongly affects

485  —a—REBaCuQ, AT T.. The order-disorder transition of chain oxygen has been
£ asf  TTYAECUO, vsr G ] extensively studied both experimentally and
% ads| S ] theoretically®®12-1>Raman studies show that there exists a
;2 asol s ] pressure-induced ordering phenomefdiThe strain effect
3 assl 7 Ba, St 1 on this transition has not been investigated theoretically in a
2 systematic fashion. Here we focus on the effects of homo
z ot valent substitutions at Y and Ba sites, and hydrostatic pres-
2 4Br by, ] sure on the order-disorder transition.
o oawp Ty G s ] In the quasi chemical approximatioQCA),'>15 the

L | A

4.15 L 1 1
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short-range order is characterized by the fraction number of

near-neighbor pair sites occupied by oxygen-oxygen pairs

p=N,o/4N, whereN is the number of sites on each of the
FIG. 3. Schottky defects formation energy BE) of 123 com-  sublatticew and 8, andN,, is the number of oxygen-oxygen

pounds B is the bulk modulus an€ is the mean volume per atom near neighbor pairs. The long-range order param8tés

of 123 compounds. BotB and() are calculated from the optimized defined such that the fractional site occupancy on sublattice

structures with minimal total energy. The solid solutions are treate3 is c(1+S), while that on sublatticer is c(1-S) wherec is

by the “virtual crystal method.” the fractional site occupancy averaged over both sublattices.
the non-uniform changes of the interatomic distances Within(_’\llo_tez(:ﬂ)]at for YBaCuOr-, ¢ is 0.5 whendis zero; i.e.,0

the unit cell forR-123. We have studied the trend of melting ~
temperature oR-123 by “Lindemann law*4°> and found
that the vibrations along the axis are the most important _ ~W(R,,.0,,,) KT

modes to determine the melting temperatures while the iso- Zm=22 9(RwQac)® ! ' )
tropic approximation fails to yield correct resutfsHere, we
take another approach to investigate the relation betweewhereR,=N(1+S)/4,q,, is the probability of pairsra, and
melting temperatures and formation energies of Schottky deg(R,,q,,) iS proportional to the total number of ways one
fects. Kurosaw¥ gave a direct correlation between them, can divideN entities into four groups oftar, a3, Ba, and B
which is listed in Table 1. While it appears that a smaller pairs. The configuration energy is denoted®® ,,q,,.). As
Schottky defect formation energy can lower the melting temy,syal, we may replace each sum by its maximum term in the

perature of simple binary sig_nificantly, it has not been provedy;mmation for the system of a great many assemblies.
to be true for compounds with complex structure. Note thalyece we have

the predominant point defect could be Frenkel defect rather
than Schottky defect in some complex structures. However, Z(T) = g(R,, Orp) € W Rw b KT 7)
Schottky defect energy provides an unambiguous measure on R,
the average cohesive strength. For example, despite the . — . .
Schottky d%fect formation engrgy of Sm—123F;s smallgr thal;Ln which the most probable valug, of q,, is determined
that of Y-123, Sm-123 has a higher melting temperature. It i
necessary to study internal strains rather than volumetric J o W(R,,, )
strains in order to obtain a detailed analysis of the thermo- ol In 9(Re doe) = T =0.
dynamic properties of compounds with complex structures. ac
In general, we found that the signs of the slopes There are three unknowns for a given value of tempera-
(dEschotiky/ de,) Of R-123 andA-123 in Fig. 2 are the same. ture T and oxygen partial pressuf,: ¢,S,p. Three equa-
The difference between these two slopes and the “unusuations involving these three unknowns are obtained by requir-
relationships between Schottky defects formation energiemg that (1) the chemical potential of oxygen atoms is the
and BQ) and melting temperatures & 123 compounds all same on both sublatticeg) the chemical potential of oxy-
reflect the complexity of the crystal structure. gen atoms is the same in the solid and in the gas phase
V. CHAIN-OXYGEN ORDER-DISORDER TRANSITION (which consists mostly of diatomic molecules but has an
: equilibrium concentration of atomic oxygemnd(3) the free
The oxygen content is an important parameter for superenergy of the system is a minimum with respect to the frac-
conductivity in cuprates. In addition, the distributicorder-  tional number of oxygen-oxygen pairs. The following deri-

The partition function is given by

Raf Yoa

(8)

TABLE |I. The Schottky defects formation energy and melting temperature of binaryRel2B com-
pounds. The data of binary compounds are from Ref. 46. The melting temperature &ai2®fare from
Ref. 47.

Crystal NaF NaCl NaBr MgO CaO SrO Crystal YBCO GdBCO EuBCO SmBCO

Eschongl€V) 25 22 20 63 55 50Eg .(ev) 422 421 420 416
TmetingK) 1259 1073 1018 3070 2850 2700TneundK) 1250 1290 1300 1325
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vations follow the similar procedure as described in Ref. 48. .l ' ' " —a—RE123 C ]
Using the above conditions, QCA vyields —v—AE-123
<C(1+S)—p)_§In<(1+S)[1—c(1—S)]> © 20}
c1-9-p/ 4 \1-9[1-c(1+9]/)’ 3 sl
In[(l_c(1+5)>3<c(1+S)—p>4] Tl
c(1+9 1-2c+p
05 B
_anPoz)”z 1 1 cHUEs o
- e 714 - ! 1 1 ! I ! ! !
f (kT) kT 00 003 002 001 000 001 002 003 004
Volumetric Strain
v, [c(1+9 -pllc(1-9 -p] 11
KT~ n p(1-2c+p) ' (11) FIG. 4. Frenkel pair formation energy vs volumetric strain for

123 compounds. The energy corresponds to moving one chain oxy-
where € is the energy to remove an oxygen atom from thegen into an antichain site. All volumes are obtained by optimizing
gas and place it in the lattice, is the repulsion energy be- cell parameters and internal coordinates to minimize the total en-
tween near-neighbor oxygens, is the dissociation energy ergy. The solid solutions are treated by the “virtual crystal method.”
of one oxygen molecule, ¢ is equal to 4.144

X 10" PgeV)~"2 The desired values af,S, andp are ob-  tjon temperature of YBLwO,_, was used as a reference.
tained for given values of andPg,, by simultaneously solv-  The results are plotted in Fig. 5 with the experimental data
ing the above equations. We note that the order-disorder tranaken from Refs. 20-22. There exists observable difference
sition temperatureT,q is related to the oxygen-oxygen (around 100 K between theory and experiment in the
repulsion energy and the value of the average site occu-Nd-123 systend? It has been determined experimentally that

pancy c at this temperature by the orthorhombic-to-tetragonal phase transition in the
v 16c(1 -©) 123 series take place at an oxygen composition in the range
= n( 2). (12)  of 6.4(Er) to 6.83(Nd), not all at 6.5Y).2%-??The change of
kTOD l - 4(1 - 2C)

oxygen content leads to the change of structure such as lat-
Frenkel defects involve an atom displaced from its normafice parameters and atomic positidtfswhich in turn alters
site into an interstitial site. If the interstitial site is chosen asthe formation energy of Frenkel pairs. Since we set the ref-
antichain site for 123 compounds, this Frenkel pair is closelyerence transition temperature to be the value in Y-123 case,
related to chain-oxygen order-disorder transition. Forming dhis corresponds to the transition at oxygen content being
Frenkel pair in an otherwise perfect crystal is an elementar.5. If we track the whole process of order-disorder transition
disordering event. As the disordering proceeds, it is imporstarting from fully oxygenated case, the total oxygen content
tant to account for defect-defect interactions. Using Mott-decreases until the transition is finished. The formation en-
Littleton approach, we have computed the isolated Frenkegrgy of Frenkel pairs decreases also as anisotropy in the ab
pair formation energy forRBa,Cu0;, YA,CO, and Plane[defined agb-a)/a] reduces. Note that the transition
Y-123 under hydrostatic pressure. We found that this formaoccurs at oxygen content being 6.83 in a Nd-123 system, this
tion energy increases in compressive regions and decreasigglicates the anisotropy in Nd-123 remains higher compared
in tensile regions under hydrostatic pressure. This is the oriwith Y-123. Therefore, the formation energy of Frenkel pairs
gin of ordering under stress. From the systematic investiga-

tion of the phonon spectral characteristics with the applica- 1080k 'TEr Mo e Boarireria Defa

tion of pressuré? it was observed that the changes induced m: —o— Theorstical Resuts
by the hydrostatic pressure have a strong effect on chain g 1000f Y 1
ordering. Results of our calculations are consistent with the = sl

reported observation. Figure 4 shows the plots of the Frenkel §

pair formation energy versus lattice str@umlumetric strain & %o

for both theR series and thé series. These two plots dem- 5 gk

onstrate a similar trend and they form a well-connected =

smooth curve. The similar behavior of the curve for Re 800

andA series(with chemical dopingand the curve for Y-123 7500

(with hydrostatic pressuyendicates that the oxygen disor- ' ' ' ' ' '
. . . . . . . 1.00 1.02 1.04 1.06 1.08 1.10 1.12

dering energy is dominated by lattice strain, which is ex- Radins of RE(A)

pected if the short range repulsion terms dominate the energy

required to form the oxygen interstitial ion. FIG. 5. Chain-oxygen order-disorder transition temperature of
Furthermore, scaling the oxygen-oxygen short-range rerBa,Cu;0,. The theoretical data are calculated by using the tran-

pulsive energy by the calculated Frenkel Pair formation ensition temperature of YB&£u,0,_s as a reference. The experimen-

ergy, the transition temperature between orthorhombic anchl data are from Refs. 20-22. The error bars indicate the tempera-

tetragonal phases is computed based on(Eg). The transi- ture range measured by x-ray diffraction.
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decreases less than that in Y-123 during the whole process @23 and YA,CuO;_5, the “unusual” relation between
transition as observed experimently. This means that in ouschottky defects formation energies aBf) and melt tem-
“simple” model the transition temperature for Nd-123 is un-peratures oRR-123 compounds all reflect the complexity of
derestimated. But, the remarkable thing is that using such the crystal structure of 123 compounds.

simple model, the trend of the theoretical results agree well Our study also illustrates the importance of strain effects
with the experimental measurements. It is seen that stress the orthorhombic/tetragonal phase transition in Eie
and “chemical pressure” can substantially alter the degree df23 compounds. We have calculated the formation energy of
disorder. This study provides a clear evidence for the effectfrenkel pair defects as a function of volumetric strain for
of strain on order-disorder transition. Previous studies als&Ba,Cu;0; and YA,Cu;0,, and for YBgCu;O; under hy-
show there are quite rich microstructures resulting from thidrostatic pressure. Our calculations show good agreement
orthorhombic-to-tetragonal phase transition: for instancewith experimental observations in that pressure favors order-
twin structures and related twinning dislocatidf8? tweed  ing of the CuO chains. For example, the Frenkel pair forma-

morphology caused mainly by110) and (110) shear tion energy indeed . incregses significant!jaround
displacement.In particularly, our results can be applied ~0-25 €V/0.01 volumetric strajrunder compression. Based
further to deduce that strain near edge dislocations in lovpn @ quasichemical approach, the orthorhombic/tetragonal
angle grain boundariéd,which can also have a significant ransition temperatures fdR-123 have been computed by
effect on the degree of ordering in cuprate materials. Fopc@ling the effective oxygen-oxygen short-range repulsive
example, the interactions between point defects and straf@n€rgy in the CuO chain using the Frenkel pair formation
fields due to dislocations and/or grain boundaries can affe@€rgy- The calculated results agree with experimental data

the distribution of point defects, and the content and degre that the larger the ionic size oR, the lower the
of order of oxygen atom¥ orthorhombic/tetragonal phase transition temperature.
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