PHYSICAL REVIEW B

VOLUME 40, NUMBER 10

1 OCTOBER 1989

Effect of substitutional impurities (Al,Co,Fe,Ga) on the orthorhombic phase
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Structural changes in YBa,Cu;0;_; resulting from alloying with Al, Co, Fe, and Ga are studied
theoretically. A bond model for the various interatomic interactions yields results indicating that
the tetragonal phase seemingly observed by x-ray diffraction experiments for YBa,(Cu;_, M, );04,
(M =Al,Co,Fe; x >0.03) consists of differently oriented orthorhombic domains. Doping with
Al,Co,Fe and domain formation causes uptake of excess oxygen.

I. INTRODUCTION

At room temperature, YBa,Cu;0,_s is orthorhombic.
The orthorhombic distortion of the lattice is induced by
ordering of oxygen ions and vacancies in the Cu(l)
planes, where Cu-O chains are formed.! X-ray diffraction
experiments®? yielded, as shown in Fig. 1(a), that the or-
thorhombic distortion decreases continuously in
YBa,(Cu;_, M, );0,,, as a function of x (M=Al,Co,Fe).
Investigation by electron microscopy*~® indicates that the
seemingly tetragonal phase with equal lattice parameters
a and b consists of differently oriented orthorhombic
domains, [see Fig. 1(b)].

At the impurity content x =x, where the lattice pa-
rameters a and b become equal in x-ray diffraction experi-
ments, YBay(Cu;_, M, );0,,, still has a high supercon-
ducting transition temperature>? (T, > 60 K). This led to
the conclusion that the Cu-O chains are not important
for superconductivity,’ since it seemed that even a tetrag-
onal 1:2:3 compound can be a high-T, superconductor.
Yet, if the phase with @ =b consists of small orthorhom-
bic domains, short Cu-O chains are still present in
YBa,(Cu,_, M, )30, for x >x,.

Since the impurities occupy mainly Cu(1) sites,>® we
shall study in the following at 7" =0 the redistribution of
oxygen atoms in the Cu(l) planes as a consequence of al-
loying using a bond model for the interatomic interac-
tions between the oxygen and metal atoms. In our model
four different interaction energies are introduced (see Fig.
2). However, we will show that our results only depend
on a few features of these parameters. We require a
strong attractive bond energy between the impurities and
the oxygen atoms. Thus, the impurities attract additional
oxygen atoms to increase their oxygen coordination, as is
observed in experiment. At a given impurity content x
the difference in energy between various oxygen
configurations with highly coordinated impurities de-
pends then only on the difference between the nearest-
and the next-nearest-neighbor oxygen-oxygen repulsion.
Accordingly, the number of parameters necessary to cal-
culate the difference in energy between the various physi-
cally relevant oxygen configurations is reduced to one.

Within this model, we obtain results indicating that no
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tetragonal phase occurs due to doping. Instead, the for-
mation of small orthorhombic domains becomes energeti-
cally favorable at x =x,. For x <x, the number of
nearest oxygen neighbors around the impurities is in-
creased due to a local oxygen redistribution in the neigh-
borhood of the impurities, but apart from this, the Cu-O
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FIG. 1. Illustration of the x-ray results (Ref. 2) for the

change of the lattice parameters a and b caused by Al, Co, or Fe
impurities in YBay(Cu;_, M, )O;,, [part (a)] and of the domain
structure (Ref. 4) induced by Fe impurities [part (b)].
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chains remain intact. Furthermore, the formation of
domains gives rise to oxygen configurations in the Cu(1)
plane that involve the observed uptake of excess oxygen.
Thus, our model shows how impurities induce oxygen
redistribution and uptake of excess oxygen in the Cu(l)
plane. This may be the basis for an understanding of
T.(x) in YBay(Cu,_,M,);0, ., for M= Al,Co,Fe,Ga.

II. THEORY

We introduce the (attractive) bond energies £¢,o and
€yo and the (repulsive) direct nearest-neighbor and next-
nearest-neighbor interaction energies €gn and gpq (see
Fig. 2) to find out which oxygen configuration in the
Cu(l) plane is energetically favorable at a given impurity
content x.° Note that the bond energies £c,o and €0
depend on the oxygen coordination of the cation because
they include the indirect interactions between its nearest
oxygen neighbors, which are mediated by the cation.
And g gives the (coordination-independent) increase of
the oxygen-oxygen repulsion in the nearest-neighbor oxy-
gen configuration around a cation due to removing a
nearest-neighbor oxygen of a cation in a cation-oxygen
chain from its O(1) site within the chain and placing it at
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a nearest-neighbor O(5) site, for example. Apparently, at
fixed coordination k, the energies of the different
nearest-neighbor oxygen configurations around a cation
can be completely described by the cation-oxygen bond
energy at this coordination and the nearest-neighbor
repulsion of the oxygen ions, £5,. For the dependence of
the cation-oxygen bond energies on the oxygen coordina-
tion of the cation we make some simplifying assumptions
in the following.

The driving force behind the oxygen rearrangement in
the Cu(l) plane of YBay(Cu;_,M,);07,, is the impuri-
ties which prefer a higher oxygen coordination than
copper. In fact, MOssbauer spectroscopy reveals that the
trivalent and fourvalent dopands may acquire a fivefold
or sixfold oxygen coordination (see Ref. 3 and references
therein). Assuming the valencies®>%1° Cu?* and M>* or
M**t (M =Al,Co,Fe,Ga) for the ions in the Cu(l) plane,
we determine the oxygen coordination of the impurities
from the strength s of the various cation-oxygen bonds
(see the Appendix). We then find that Co®**, Fe**, and
Ga’" impurities have a fivefold coordination (k =5),
whereas A", Co*t, and Fe*' ions should have six
nearest oxygen neighbors (k =6). The copper atoms in
the Cu-O chains have a fourfold coordination. They are
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FIG. 2. Illustration of the various oxygen configurations around an impurity with a sixfold coordination (k =6). (a) refers to im-
purity substitution without redistribution of oxygen atoms, (b) refers to impurity substitution inducing O(1)—O(5) redistribution,
and (c) refers to impurities surrounded by excess oxygen. Parts (d) and (e) show domain formation for impurities having k =6 and

k =S5, respectively.
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surrounded by two nearest oxygen neighbors on O(1) sites
within the chains [Fig. 2(a)] and two nearest oxygen
neighbors on O(4) sites. The O(4) sites lie in the Ba
planes above and below the chains. Thus if we substitute
Al, Co, Fe, or Ga for Cu, these impurities tend to attract
additional oxygen to increase the number of their nearest
oxygen neighbors in the Cu(l) plane to three
(Co*t,Fe3*,Ga’") or four (A1¥",Co*",Fe*t). Actually,
this tendency of the trivalent and fourvalent dopands to
acquire a square-pyramidal or an octahedral environment
is in accord with their appearance in other compounds.

If the coordination number of the impurities is in-
creased, either copper loses a nearest-neighbor oxygen or
extra oxygen atoms have to be put from the gas phase
into the Cu(1) plane of the 1:2:3 compound [see Figs. 2(b)
and 2(c)]. The energy change resulting from these local
changes in the oxygen configuration is given by

AE;=¢gp0—€cuo T 38002600+ At , (D

in the case (i), where one copper atom loses a nearest-
neighbor oxygen, that is transferred into the neighbor-
hood of an impurity, or by

AE;=gpotecyot4eoot1E,; +AE, 2)

in case (ii), where an extra oxygen is put around the im-
purity.

Here, E, is the dissociation energy of O,, and the € 45
are the bond energies in case of a normal coordination,
for example, k(Cu?*)=4, etc. With Ae we denote correc-
tions due to deviations from these coordination numbers.
Using empirical values for the bond energies,'"!? and
neglecting the Ae, we find case (ii) described by Eq. (2) to
be energetically favorable. However, the increase in the
number of nearest-neighbor oxygen atoms to five around
a copper atom that occurs in case (ii) has not been ob-
served experimentally. This increase in the oxygen coor-
dination of a copper atom probably leads to a significant
decrease in the Cu—O bond energies. For example, if
this energy decrease for the Cu—O bonds is about
5-10 %, then the inclusion of the term Ae in Egs. (1) and
(2) makes the case (i) energetically favorable. Note that
in the following we shall consider only oxygen
configurations where a cation does not exceed its normal
coordination, i.e., k(Cu?*)<4, etc. For such configura-
tions we neglect the correction Ae.

If the local redistribution of oxygen atoms described
in Eq. (1) shall be energetically possible, we must
have AE;<0 or |eyo—¢ecuol>(3e00—2e00). Here,
(a0 €cuo) is the energy gained due to replacing one
Cu—O bond by an M—O bond. According to our
empirical estimates of the cation-oxygen bond energies,
this energy gain outweighs the energy loss (3ego—2¢00)
due to the formation of nearest-neighbor oxygen pairs in
the neighborhood of Al, Co, Fe, and Ga impurities. It is
the purpose of our bond model to establish whether this
energy loss can be reduced by an additional oxygen rear-
rangement in the Cu(l) plane leading to an ensemble of
small orthorhombic domains or a tetragonal phase with
highly coordinated impurities.
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To determine now the energy change resulting from
the various (global) oxygen rearrangements in the Cu(1)
plane, which are induced by the local oxygen redistribu-
tion around an impurity, we use the energy expression
(E =73 ,€, €, denotes interaction energy):

2N
E(p)= 3 t;[2(1—plecyot2PEpmo0]

i=1

nn nnn
+ 3 titigoot 2 titj€oo - (3)
{ij) (ij)

Here, 3?¥, is a sum over all oxygen sites in the Cu(1)
plane, 2’(",‘J> runs over all nearest-neighbor pairs of oxy-
gen sites, and {7 runs over all next-nearest-neighbor
pairs. t; is equal to 1, if the oxygen site i is occupied, and
t; =0 otherwise. p is the concentration of impurities with
respect to the Cu(l) sites, and is given by p =3rx, where x
is the impurity content in YBa,(Cu,_,M,);0,,, and ris
the number of impurities which occupy Cu(1) sites divid- -
ed by the total number of impurities. In the following we
consider substitutional impurities with k=6, i.e., AI’™",
Co**, and Fe**.

First, we assume that the chain structure remains in-
tact upon substituting the impurities for copper (phase
A). Second, we assume that in the neighborhood of an
impurity two copper atoms have lost one nearest-
neighbor oxygen and that the impurity has six nearest ox-
ygen neighbors (phase B). Note that in phase B the im-
purities interrupt the chains, but the Cu(1) planes remain
orthorhombic. If two impurities occupy neighboring
Cu(l) sites, they attract an oxygen atom from the sur-
roundings of the 1:2:3 compound to increase their coordi-
nation number. Third, we assume the same nearest-
neighbor oxygen structure around the impurities as in
phase B, but allow random occupation of the O(1) and
O(5) sites by oxygen atoms, which are not nearest neigh-
bors of an impurity (phase C). Fourth, we assume that
domains consisting of Cu-O chains along the a or b axis
are formed (phase D). The impurities are placed at the
corners of the domains in such a way that they have four
nearest oxygen neighbors in the Cu(l) plane [see Fig.
2(d)]. The formation energy of the domains is determined
by the nearest-neighbor repulsion of oxygen atoms on the
domain surface. In our bond model the domain boun-
daries are oriented in the (110) and (110) directions for
energetical reasons, since this minimizes the number of
nearest-neighbor oxygen pairs arising as a consequence of
domain formation. This configuration agrees with elec-
tron microscopy experiments.* For simplicity we sup-
pose that the impurities are distributed on lines in the
(110) direction in such a way that adjacent domains al-
ways have different orientations of the Cu-O chains [see
Fig. 1(b)].

The domains that exist in phase D can be divided into
two classes. Let (m,n,) and (m,,n,) be the coordinates
of the two impurities on the corners of a domain, and

"Am=m,—m,, An=n1—n2. Then, if (|Am|+|An]) is

an uneven number, one additional oxygen atom is
brought into the Cu(1) plane as a consequence of the for-
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mation of two of such domains. In that case the surface
energy of a domain is given by

ED=2(800_E:)0)1+A8 > (4)

where | =max{Am,An}, and

Ae=2ecu0+ LE; 2600+ 3800

is the energy correction due to the additional oxygen. In
the case where (|Am|+|An|) is an even number, the sys-
tem cannot incorporate an additional oxygen as a conse-
quence of the formation of such domains. In contrast to
the former case, one Cu would then have the coordina-
tion k =5. The surface energy of this domain type is

ED=2(800_8£)0)I . (5)

Note that in order to determine the total surface energy
of the domain phase (D), we sum over the surface ener-
gies of half the domains existing in this phase to avoid
double counting of domain surfaces. Equivalently, we
could define a formation energy per domain Ej,, given by
Ep=1Ej.

The phenomenological model presented here can be ex-
tended to an electronic theory by using the Hubbard
Hamiltonian and calculating the local density of states,
the charge distribution, and finally expressing E (p)
within such a theory. However, in this paper we use
empirical interaction energies for the numerical analysis
determining which of the phases 4,B,C,D is energetically
the most favorable one.

III. RESULTS AND DISCUSSION

In Fig. 3 results are shown for the change in energy
AE(p)=[E(p)—E,(0)] for various phases. Here, E,(0)
refers to the undoped orthorhombic phase. The calcula-
tions are performed for M =A1*", with ec,o=—1.83 eV,
Eyo=—2.54 eV (Refs. 11-13), and g£50=0.21 eV.'%1°
For g we take 0.1 eV. It can be seen that for 5o=0.1
eV the domain phase D is the lowest in energy for
p >0.06, whereas the broken chain phase B has the
lowest energy for lower impurity concentrations. In gen-
eral, one obtains for A", Co*", and Fe*t impurities
with a coordination number kK =6 and a bond energy
with oxygen, €,,0, which makes the local rearrangement
of oxygen energetically favorable that phase B is lower in
energy than phase 4. In order to see whether the phases
C or D are even lower in energy than phase B, we have to
consider only the repulsive energies €5o and ggq, since
the number of Cu—O and M—O bonds is the same in the
phases B, C, and D if we neglect the corrections due to
the uptake of excess oxygen. For these phases an impuri-
ty always has four nearest oxygen neighbors in the Cu(l)
plane. We then find from Egs. (1) and (5) that the domain
phase is lower in energy than phase B if

1 —
vp

’
€00 €00
2

<1. (6)
€00

It follows from Eq. (6) that the impurity concentration
P., where the transition into the domain phase occurs, de-
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FIG. 3. Energy difference with respect to the undoped ortho-
rhombic phase per Cu(l) site (AE /N) for various phases as a
function of the impurity concentration p in the Cu(l) planes.
Note that we chose 0.1 eV for the direct next-nearest-neighbor
oxygen pair repulsion gpo.

pends only on the parameter q¢=(ggo—€00)/€00- In
Fig. 4 we plotted p. as a function of q. Note that allow-
ing excess oxygen will change p, only slightly (less than
10%). Furthermore, for impurity concentrations p,
where the transition to a phase with equal lattice parame-
ters a and b is observed, we obtain from our calculations
that the tetragonal phase is much higher in energy than
phases B and D if ¢ >0. In conclusion, our calculations
at T=0 suggest that no tetragonal phase occurs due to
doping. This behavior is in contrast to the order-disorder
transition in the undoped oxygen-deficient 1:2:3 com-
pound, which is driven by entropy.'*”?° Note that at
very high impurity concentrations (p >0.3) phases B, C,
and D become equivalent because all oxygen atoms in the
Cu(1) plane are then fixed in the neighborhood of the im-
purities.

It is of interest to compare our results for the critical
concentration p, with experiment. It has been previously
reported* that the tetragonal structure suggested by x-ray
diffraction may result from an averaging procedure
over adjacent domains. The transition to the phase with
a=b was observed? in x-ray experiments for
YBa,(Cu,_, M, );0,,, (M =Al, Co, Fe) at an impurity
content x between 2.5% and 3%. Assuming that at least
75% of the impurities>> occupy Cu(l) sites, this corre-
sponds to impurity concentrations p in the Cu(l) plane
with 0.06 <p <0.09. This agrees with our results for p_,
if €6 is between 0.05 and 0.11 eV, i.e., if 1 <g=<2. Ac-
tually, this relation between nearest- and next-nearest-
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FIG. 4. Critical concentration of impurities, p., at which the
transition from the broken chain phase B to the domain phase D
occurs, as a function of ¢g. g is a measure for the difference in
repulsive energy between nearest- and next-nearest-neighbor ox-
ygen pairs. Note that in general our curve for p, may not coin-
cide with the curve for p,, at which one observes a =b experi-
mentally. In particular, for impurities with k =5 the domains
can be too large at p. to give a =b as a result of the averaging
procedure in x-ray experiments.

neighbor oxygen pair repulsion was also proposed by oth-
er authors.!”!® Therefore, assuming the formation of or-
thorhombic domains as a consequence of doping we can
explain why the transition into the phase with a =b is ob-
served in x-ray experiments at such low impurity concen-
trations.

Furthermore, x-ray and neutron experimentsz’3'7 ob-
served a continuous transition from the a#b to the a =b
phase. In order to understand this we suppose that the
impurities are randomly distributed on the Cu(l) sites,
and that it depends on the environment of an impurity,
whether together with other impurities domains are
formed or whether only a local redistribution of oxygen
atoms in the neighborhood of the impurity occurs.
Domain formation results when two impurities are locat-
ed on Cu(l) sites of such a distance that the formation en-
ergy of a domain [see Egs. (4), and (5)] with the two im-
purities on opposite domain corners [see Fig. 2(d)] is
smaller than the energy required to redistribute the oxy-
gen atoms only locally around the two impurities. Gen-
erally, for small distances / between the two impurities
new domains are formed, while for distances larger than
a certain critical one, /), oxygen is only rearranged local-
ly around the impurities. Consequently, for increasing
impurity concentration p, the density of domains?! in-
creases, and the average domain size?? decreases continu-
ously. Thus, averaging the lattice parameters over a cer-
tain area, corresponding to the averaging procedure of x-
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ray experiments, one obtains?®

for the lattice parameters.

Regarding the presence of excess oxygen, we observe
the following. In the pure domain phase D each impurity
is involved in the formation of four domains, and each
domain has two impurities on opposite corners. Thus,
the number of domains exceeds the number of impurities
by a factor of 2. For half of these domains we expect
(|Am|+]|Anl) to be uneven. According to our preceding
discussion in Sec. II the formation of two of such
domains will cause the uptake of one additional oxygen
atom from the gas phase. It follows that two impurities
involved in the formation of domains bring one addition-
al oxygen into the system. This uptake of excess oxygen
has already been observed experimentally?*24

Up to now we have considered only impurities with a
sixfold coordination. For Ga®*t we found k =5, i.e., gal-
lium has only three nearest oxygen neighbors in the Cu(1)
plane. This means that one of the four domains sur-
rounding a Ga*" must be oriented in such a way that it
has no oxygen which is a nearest neighbor to Ga [see Fig.
2(e)]. Thus, there is a great number of neighboring
domains having Cu-O chains with the same orientation,
and consequently they form larger domains with parallel
Cu-O chains. The density of differently oriented domains
decreases, implying an increase of p,. For example, if we
assume that the impurity concentration p.(Al) corre-
sponds to domain sizes which give a few domains within
the region over which x-ray diffraction averages so that
a =b in these experiments, then we estimate that we need
about two to three times as many impurities to observe
a =b in the case of gallium. This may explain the x-ray
experiments by Xiao et al.,” who observed the transition
from a##b to a=>b for a gallium content x, =0.06,
whereas? x.=0.03 for Al, which has k =6. These con-
siderations might also be relevant for Co and Fe impuri-
ties?® with mixed valencies M3t or M*", and k =5 or
k =6, respectively. However, Mdssbauer spectroscopy
indicates® that dominantly Fe** and Co** are present in
1:2:3 compounds. In particular, Fe impurities were
found to be octahedrally coordinated in a recent extended
x-ray-absorption fine-structure spectroscopy study.?®
Thus, for these impurities one expects the same results
for p. as for Al. This is confirmed by the experiments of
Tarascon et al.?

Summarizing, our calculations based on bond theory
suggest that the phase with lattice parameters a =b con-
sists of an ensemble of differently oriented orthorhombic
domains. No tetragonal phase occurs, since it is energeti-
cally less favorable than other phases. The calculated
critical impurity concentration p., at which a becomes
equal to b, is determined to be the same for Al, Co, and
Fe impurities, which agrees well with experiment. The
observed uptake of excess oxygen as a consequence of
doping with Al, Co, and Fe is also explained.

a continuous change a—b
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APPENDIX

In order to determine the oxygen coordination of the
impurities from the strength s of the various cation-
oxygen bonds, we proceed as follows. First the bond

strengths are estimated from the empirical relations?’
s;=(R;/Ry)™N (A1)
or
s;=exp[—(R,—R_)/B]. (A2)

Here, B, N, R, and R, are parameters depending on the
cation. For the distance R; between a cation on a Cu(l)
site and its nearest oxygen neighbor O'” we take the
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values reported by David et al.?® and Bordet et al.?* We
confirm the results for the bond strengths in an indepen-
dent second calculation, where we use a bond-
strength—bond-length relation'""!? of Coulombic form.
We insert the calculated bond strengths into the equa-

(A3)
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