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Semiempirical study on the valences of Cu and bond covalency in Y12xCaxBa2Cu3O61y

Z. J. Wu
Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun 130022, People’s Republic of Chin

Q. B. Meng
Institute of Physics, Chinese Academy of Sciences, Beijing 100080, People’s Republic of China

S. Y. Zhang
Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun 130022, People’s Republic of Chin

~Received 2 February 1998!

The valences of Cu and bond covalencies in Y12xCaxBa2Cu3O61y have been investigated using complex
chemical bond theory. This theory is the generalization of Phillips, Van Vechten, Levine, and Tanaka’s
scheme. The results indicate that the valences of Cu~1! and Cu~2! in our calculation agree well with those
obtained by the bond valence sum method. The valences of Cu~1! and Cu~2! in our calculation also suggest that
the holes introduced by Ca substitution only reside in CuO2 planes and there is a competing mechanism for the
hole density in CuO2 planes between Ca doping and oxygen depletion. These conclusions are in satisfactory
agreement with experiments. The calculated ordering of covalencies is Cu~1!-O~4!.Cu~1!-O~1!
.Cu~2!-O~2,3!.Cu~2!-O~1!.Ca-O.Y-O;Ba-O, regardless of the Ca doping level and oxygen content.
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It is known that a common feature in high-Tc copper ox-
ide superconductors is that the electrical conductivity can
controlled by varying doping levels through ion substituti
or oxygen stoichiometry variation. A range of phases, s
as high-Tc superconductors, nonsuperconducting~over-
doped! metals, and antiferromagnetic insulators can thus
obtained in some oxides. In order to shed light on the mec
nism of superconductivity, numerous studies related to
ion substitution in YBa2Cu3O61y ~YBCO! and their effect on
the critical temperatureTc have been performed. Amon
them, the partial replacement of Y31 by Ca21 has been found
to be especially interesting.1–14It is now common knowledge
that YBa2Cu3O6 is a semiconductor, whereas the superc
ductivity can be restored with the substitution of Y31 by
Ca21.3–5,12,14 To date, research on Y12xCaxBa2Cu3O61y
~YCBCO! can be classified into three groups: In the fi
group, the Ca doping level remains constant and the oxy
content varies fromy50 to 1;2 in the second group, both C
doping levels and oxygen content change with the form
increasing and the latter decreasing;3,6,10 finally, in the third
group, Ca doping levels increase while the oxygen con
remains relatively constant.3,4,7 The experimental results o
these studies are the following.~i! In the first group, mate-
rials such as Y0.8Ca0.2Ba2Cu3O61y ,2 three distinct supercon
ducting regions have been observed and the supercondu
ity disappears fory,0.4. Contrary to the result that YCBCO
is a superconductor in an oxygen-poor region as well,3–5,12,14

the disappearance of superconductivity was ascribed to
face oxidation of crystal grains in quenched samples.2 Tc in
the first two plateaus~0.89>y>0.75, Tc580 K and 0.75
>y>0.50, Tc550 K! was explained to be associated wi
the infinite CuO chains, whereas in the third plateau~0.50
>y>0.40, Tc525 K!, Tc was related to the formation o
Cu-O-Cu dimers.2 ~ii ! In the second group, two regions ca
be recognized in the light of oxygen content; they are fu
oxygenated3,10 and partially oxygenated or oxyge
PRB 580163-1829/98/58~2!/958~5!/$15.00
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deficient.3,6 In the fully oxygenated region,Tc decreases with
the increasing Ca doping levels and decreasing oxygen
tent; this was explained as an overdoping effect3 or the cre-
ation of disorder in CuO2 planes and Ca preferring sixfol
coordination.10 In the oxygen-deficient region,Tc increases,
which was ascribed to the underdoping effect, the increas
number of holes in CuO2 planes,3 or Ca preferring eightfold
coordination.6 ~iii ! In the third group, the oxygen content
either fully oxygenated or fully reduced~oxygen-poor! re-
gion and, unlike the above two groups in which the samp
are all orthorhombic, the samples in this group are ort
rhombic for a fully oxygenated sample and tetragonal fo
fully reduced sample. For the Ca-free fully reduced sam
in the third group, YBCO is a nonsuperconductor, while t
superconductivity was observed by introducing divalent
at the Y site, and the appearance ofTc was thought to be due
to a small increase of the hole density in CuO2 planes.3

Research also indicates that divalent Ca substitution
YBCO does not dope holes uniformly for all values ofy
~Ref. 11! and the hole density in CuO2 planes depends on th
competition between Ca substitution and oxygen cont
variation.6,13 In this paper, from a different point of view
YCBCO was investigated by complex chemical bond the
~CCBT!. This theory is the generalization of the dielectr
description theory developed by Phillips,15,16 Van
Vechten,17,18 and Levine19,20 and has been applied to nonlin
ear optics,21,22 superconductivity,23 lattice energy,24 etc. The
similar work was also carried out on high-Tc oxides by
Tanaka,25 but in the actual calculations only three types
bonds were considered and they were artificially restricted
a box in order to evaluate the bond covalency~ionicity!. In
this paper, an explicit expression concerning the decomp
ing of complex crystals that are usually anisotropic syste
into the sum of binary crystals that are isotropic systems
given. With the method presented, YCBCO is investiga
by considering all types of bonds~13 in total!. We hope our
958 © 1998 The American Physical Society
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work will provide some insight into the superconductin
mechanism in YCBCO. The detailed theory concern
CCBT can be found in Ref. 22 and will be only briefly ou
lined in this paper.

It is known that Phillips–Van Vechten15–18 theory can
deal only with the binary crystals, especiallyANB82N type.
Although the theory had been developed by Levine,19,20

which can deal with more complex crystals, such asABn and
An1Bn types of crystals, successfully, forABC2 , ABC3 , and
ABC4 types of crystals, however, an explicit expression w
not given about how to decompose the complex multibo
crystals into binary crystals. Therefore, it is worthwhile
extend these fruitful ideas. After considering these ideas
chemical bond representation, we22,23 succeeded in genera
izing Phillips–Van Vechten–Levine15–20 ~PVL! theory for
multibond systems. Using this generalized theory, any co
plex crystal can be decomposed into a sum of binary crys
These binary crystals obtained are related to each other
every binary crystal includes only one type of chemic
bond, but the properties of these binary crystal are differ
from those of a real corresponding binary crystal~if any!,
although its chemical bond parameters can be calculated
similar way.

SupposeA denotes cations andB anions. Any multi-
bond complex crystal can be written a
a
d

.
,

a
c
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Aa1
1 Aa2

2
¯Aa1

i
¯Bb1

1 Bb2
2
¯Bb j

j , where Ai and Bj represent
the different elements or the different sites of a given e
ment of cations and anions, respectively, andai andb j rep-
resent the numbers of the corresponding elements. Thus
gether with crystal structure data, it can be decomposed
binary crystals by the formula

Aa1
1 Aa2

2
¯Aai

i
¯Bb1

1 Bb2
2
¯Bb j

j 5(
i , j

Ami
i Bn j

j ,

mi5N~Bj2Ai !ai/NCAi, n j5N~Ai2Bj !b j /NCBj ,

whereNCAi andNCBj represent the nearest total coordinati
numbers ofAi andBj ions in the crystal.N(Bj2Ai) repre-
sents the nearest coordination fraction contributed by theAi

ion andN(Ai2Bj ) represents the nearest coordination fra
tion contributed by theBj ion. After decomposing the com
plex crystal into different kinds of binary crystals, which
an isotropic system, and introducing the concept of effect
valence electron, PVL theory15–20 can be directly applied to
the calculation of the chemical bond parameters in comp
crystals.

Based on CCBT and crystallographic data,2–4,6,7

Y12xCaxBa2Cu3O61y can be decomposed into binary cry
tals as
Y12xCaxBa2Cu3O61y5Y12xCaxBa2Cu~1!~Cu!~2!2O~1!2O~2!2O~3!2O~4!y

5Ba4/5O~1!4/31Ba2/5O~2!2/31Ba2/5O~3!2/31Ba2/5O~4!2y/31Y~12x!/2O~2!2~12x!/31Y12x/2O~3!2~12x!/3

1Cax/2O~2!2x/31Cax/2O~3!2x/31Cu~1!1/2O~1!1/31Cu~1!1/2O~4!y/3

1Cu~2!2/5O~1!1/31Cu~2!4/5O~2!2/31Cu~2!4/5O~3!2/3.
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In our calculation, the label for oxygen is that O~1! is in an
apex, O~2! and O~3! are in CuO2 planes, and O~4! is in a
CuO chain. Since the oxygen content in O~5! is relatively
small, it was omitted and its oxygen content was added
O~4!. The covalency difference thus created is very sm
~within 0.02%; see Table III!. The valences of Ba, Y, Ca, an
O were kept fixed; they are12, 13, 12, and22, respec-
tively. In this case, the hole density in the CuO2 plane
V2, as introduced by Tallon,26 should beV25VCu(2)22. In
our calculation, the structural data were taken from Refs
3, 6, 4, and 7 and can be classified into three groups
mentioned above. The calculated valences of Cu~1! and
Cu~2! and bond covalencies based on these structures
shown in Tables I–V. The first group is in Table I, the se
ond in Tables II~sets A and B! and III, and the third in
Tables II ~set C!, IV, and V.

In the first group~Table I! we see that with a constant C
doping level and decreasing oxygen content, the valence
Cu~1! and Cu~2! diminish and Cu~1! changes more rapidly
than Cu~2!, indicating that the valences of Cu~1! are more
influenced by oxygen content than those of Cu~2!. This trend
was observed in the valences of bond valence sum~BVS!
calculations as well.2 Comparing the valences of Cu~1! and
Cu~2! of the BVS ~Ref. 2! and our calculations, we foun
in
ll

2,
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-
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that the average deviation is less that 10%, demonstra
that our method is reasonable. The deviation can be ascr
to the fixed valences of Y, Ca, Ba, and O in our calculatio
whereas in the BVS calculation it is bond length depende
With increasing oxygen content, the bond covalencies
Cu~2!-O~1,2,3! increase, whereas those of Cu~1!-O~1,4! de-
crease at small oxygen contenty, reach their minimum at
approximately y50.4 ~extrapolated value!, and then in-
crease. Since it is experimentally known thatTc appears
when y>0.4, from our calculation, we can deduce that f
covalencies of Cu~1!-O~1,4!, the superconductivity occur
when d fc /dy>0 ~f c denotes covalency! and larger cova-
lency differences between Cu~1!-O~4! ~CuO chain! and
Cu~2!-O~2,3! ~CuO2 plane! correspond to higherTc .

For the second group shown in Tables II~sets A and B!
and III, it is seen that with increasing Ca doping level a
decreasing oxygen content, the valences of Cu~1! decrease
~but only slightly in Table III until x50.1 because of the
relatively constant oxygen content!, while those of Cu~2!
slightly increase~Table II, sets A and B!. The slight drop for
the valence of Cu~2! in Table III whenx50.15 can be as-
cribed to the sudden decrease in oxygen content. This i
cates that the holes introduced by Ca substitution are c
pensated by oxygen depletion, in accordance w
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TABLE I. Valences of Cu~1! and Cu~2! and bond covalencies
~in %! of chemical bonds in Y12xCaxBa2Cu3O61y . The structural
data were taken from Ref. 2.
experiment.6,8,13Our results also show reasonable agreem
with those of Cavaet al.27 using the BVS calculation in
YBa2Cu3O7. The covalency difference between bonds in t
CuO chain@Cu~1!-O~4!# and the CuO2 plane@Cu~2!-O~2,3!#
decreases with decreasing oxygen content in fully oxyg
ated region, which corresponds to a decrease inTc , whereas
in a partially oxygenated or an oxygen-deficient region,
decreased covalency difference corresponds to an increa
Tc .

Finally, in the third group@Tables II ~set C!, IV, and V#,
in which oxygen content is relatively constant and the str
ture is orthorhombic for a fully oxygenated sample and
tragonal for a fully reduced sample, it is seen that our res
for the valences of Cu~1! and Cu~2! agree well with those
from BVS calculations,7,27 particularly for YBa2Cu3O7 ~i.e.,
x50.0!. The results also indicate that the valences of Cu~1!
remain relatively constant~Table II, set C! or slightly in-
crease because of the slight increase of oxygen con
~Table IV and V!, whereas those of Cu~2! increase. This
indicates that Ca substitution brings the hole density only
the CuO2 plane, in good agreement with experiment.8 On the
other hand, we notice that because of the oxygen compe
tion, the hole density in the CuO2 plane increases slowly
~Table IV! with an increase of the Ca doping level, reflectin
the competitive mechanism for the hole density residing
CuO2 planes and in reasonable agreement with experime
results.6,8,13 These phenomena were observed in the ot
two groups as well. The bond covalencies in the CuO2 plane
increase with an increase of Ca doping for both fully ox
TABLE II. Valences of Cu~1! and Cu~2! and bond covalencies~in %! of chemical bonds in
Y12xCaxBa2Cu3O61y . The structural data were taken from Ref. 3.
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genated and fully reduced regions, but those in the C
chain either decrease~Tables IV and V! or remain relatively
unchanged~Table II, set C!. Therefore, it can be seen that fo
the fully oxygenated region, the larger covalency differen
corresponds to higherTc , in accordance with the conclusio
obtained in the first and second groups, whereas for the f
reduced region in which the structure is tetragonal, it is j
opposite, namely, the larger covalency difference co
sponds to lowerTc , as in the partially oxygenated region
the second group.

Our results also suggest that the bond covalencies of
O~1,2,3,4!, Y-O~2,3!, and Ca-O~2,3! are sensitive to the
change of oxygen content, but not to the Ca doping le
With the decreasing oxygen content, the covalencies of B
increase and those of Y~Ca!-O decrease. The ordering o
covalencies in YCBCO obey the sequence Cu~1!-O~4!
. Cu~1!-O~1!.Cu~2!-O~2,3!.Cu~2!-O~1!.Ca-O~2,3!.Y-
O~2,3!;Ba-O~1,2,3,4!. The order shows an interesting pi
ture that CuO fragments~including the CuO2 plane and the
CuO chain! with higher covalencies are separated by B
and Y~Ca!O fragments with higher ionicities.

In conclusion, the valences of Cu and bond covalenc
for the constituent bonds in YCBCO are calculated using

TABLE III. Valences of Cu~1! and Cu~2! and bond covalencies
~in %! of chemical bonds in Y12xCaxBa2Cu3O61y . The structural
data were taken from Ref. 6. The data with an asterisk were ca
lated from the original data@O~4! and O~5! were separated#.
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complex chemical bond theory, which is the generalizat
of the PVL scheme. Three groups of structural data, tha
constant Ca doping level and decreasing oxygen content~the
first group!, increasing Ca doping level and decreasing ox
gen content~the second group!, and increasing Ca doping
level and relatively constant oxygen content~the third
group!, are selected. It is found that in the first and seco
groups ~fully and partially oxygenated regions!, with de-
creasing oxygen content, the valences of Cu~1! decrease,
whereas those of Cu~2! increase. In the third group~fully
oxygenated and oxygen-poor regions!, the valences of Cu~1!
remain relatively unchanged~Table II, set C! or slightly in-
crease because of a slight increase in the oxygen con
~Tables IV and V!, while those of Cu~2! increase. These
conclusions are in good agreement with those of BVS ca
lations. Our results also suggest that the holes in the C
chain are mainly influenced by oxygen content, where
those in the CuO2 plane are influenced by both Ca dopin
level and oxygen content, in satisfactory agreement with
perimental findings that the holes introduced by calcium s
stitution reside only in CuO2 planes and that there is a com
petitive mechanism between Ca doping and oxyg
depletion for the hole density in CuO2 planes. The larger
covalency differences between bonds in the CuO chain
the CuO2 plane correspond to higherTc in the fully oxygen-
ated region, whereas it is the opposite in partially oxygena
and fully reduced regions. The calculated ordering of bo
covalencies in YCBCO follows the sequence Cu~1!-O~4!
.Cu~1!-O~1!.Cu~2!-O~2,3!.Cu~2!-O~1!.Ca-O~2,3!.Y-
O~2,3!;Ba-O~1,2,3,4!.
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TABLE IV. Valences of Cu~1! and Cu~2! and bond covalencies
~in %! of chemical bonds in Y12xCaxBa2Cu3O61y . The structural
data were taken from Ref. 4.
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TABLE V. Valences of Cu~1! and Cu~2! and bond covalencies~in %! of chemical bonds in Y12xCaxBa2Cu3O61y . The structural data
were taken from Ref. 7.
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