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Calculation of combinative energy between perovskite and rocksalt blocks in YBa2Cu3O7Àd
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Based on a block model, separating the unit cell of YBa2Cu3O72d into perovskite and rock salt blocks, the
combinative energy between the two blocks in the YBa2Cu3O72d with the differentd value, from 0.07 to 0.62,
was calculated. A close relationship between the superconducting transition temperature and the combinative
energy in YBa2Cu3O72d is established, and the change of the combinative energy is closely related to the
transformation from orthorhombic I to II. The results also give a clue to reconsider the role of the orthorhombic
I and II in YBa2Cu3O72d . The calculation of the holes in different planes supplies abundant information about
the charge distribution in YBa2Cu3O72d , which may possibly connect the electronic phase diagram and the
fluctuations of the stripe phase. The results show that the interaction between the two blocks is of great
importance for highTc superconductivity.
-
c
r-
en

th
th
an
o
-
ck
re
-

m
of
i

in
t

c
o

he
t
e
I

rg

ur

he
it

rd
O
t

.
r.

sate

r
ell
he

in
xi-
cise

en

gy
es
d in
s
alt
he
The
ck,

ds

are
st

fore
er
nt
e a
and
nt
not

ond
ks.
een

ut 60
rgy
All the high Tc superconductors are structurally com
posed of two different blocks, the perovskite, and the ro
salt. Recently, we1 developed a model to deal with the inte
action between the two blocks. The model is quite differ
from the present theories about the highTc superconductiv-
ity. The present theories mostly focus on the behavior of
Cu–O plane, which is indeed the most important part in
high Tc superconductors. They have led to some import
understanding, but so far, no theory has the final word ab
the mechanism of highTc superconductivity. Our model cal
culations show that the interaction between the two blo
has a close correlation with superconductivity. Finally to
solve the mechanism of highTc superconductivity, the inter
action of the two blocks should be taken into account.

It is well known that the superconducting transition te
perature of YBa2Cu3O72d decreases with the increase
oxygen deficiency, and there is a plateau at about 60 K, w
the corresponding oxygen deficiency betweend
;0.35– 0.55.2–5 There have been different ways to expla
it. The main explanation6–8 is that there are two differen
orthorhombic phases in YBa2Cu3O72d . When d
;0.35– 0.55, the superconducting phase is orthorhombi
~orth II!; whend,0.35, the superconducting phase is orth
rhombic I ~orth I!. As the oxygen deficiency increases, t
superconducting phase transforms from the orth I to II ad
;0.35. But so far, few physical characteristics have be
connected with the phase transformation from the orth I to
In this report, based on our model, the combinative ene
between the two blocks in YBa2Cu3O72d is calculated and
correlated with the superconducting transition temperat
The change of the combinative energy is closely related
the transformation from the orth I to II. We believe that t
result is very helpful for understanding the superconductiv
in the YBa2Cu3O72d .

The calculating method has been given in Ref. 1. Acco
ing to Pauling’s rule,9 the ionic character between the Cu–
bond is 47%, Ba–O 77%, and Y–O 67%. It is reasonable
consider that YBa2Cu3O72d is partly an ionic compound
But, obviously, YBa2Cu3O72d has some covalent characte
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In the Cu~2!–O plane, the Cu3d and O2p orbitals hybridize
and are responsible for the carriers. In order to compen
for the deficiency of a purely ionic model for YBa2Cu3O72d ,
we directly put some holes in the Cu~2!–O plane, the numbe
of which depends on the oxygen deficiency. The whole c
is kept electrically neutral. This method is consistent with t
experimental fact that the holes are mainly concentrated
the Cu~2!–O plane. In this way, the covalence is appro
mately considered, which makes the calculation more pre
and the model more reasonable.

There are two ways to calculate the interaction betwe
the different parts in a unit cell~hereafter, it is called com-
binative energy, to differentiate it from the cohesive ener
of the unit cell!. The first way is to separate all Cu–O plan
and the rest of the cell. This way has been demonstrate
detail in our former work.1 Another way is to treat the cell a
two different blocks, the so-called perovskite and rock s
blocks. The perovskite block is the active block where t
Cu~2!–O planes are located and the carriers concentrate.
rock salt block corresponds to the charge-reservoir blo
which supplies the carriers to the Cu~2!–O planes.

The combinative energy is calculated by the two metho
mentioned above. The data about the change ofTc value and
the structural parameters with the oxygen deficiency
taken from Ref. 3. By analyzing the results of the fir
method we find a plateau at about 60 K in theTc curve, but
no such plateau in the combinative energy curve. There
we think that the first method is not ideal. In our form
work,1 calculating the combinative energy in five differe
superconductors of the Hg system, this method did not giv
reasonable result. The previous results of the Hg system
YBa2Cu3O72d hint that separating the cell into independe
planes and considering the interaction between them is
sufficient for superconductivity.

Figure 1 demonstrates the calculated results by the sec
method, namely, considering the cell as two different bloc
The results demonstrate a very close relationship betw
the Tc value and the combinative energy. As theTc value
increases, the combinative energy decreases too. At abo
K, the Tc value shows a plateau, and the combinative ene
13 907 ©2000 The American Physical Society
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also shows a plateau at aboutd;0.45 ~corresponding toTc

560 K). This result suggests that the interaction between
two blocks is of great importance for superconductivity.

Figure 1 shows the combinative energy calculated fr
the orth I, II, and whend,0.35, using the orth I, whend
>0.35, using the orth II, respectively. The difference b
tween the three curves is very small. This raises the ques
about the importance of the orth I and II phases, wh
should be discussed next. Former works2–8 showed that there
exists two different orthorhombic phases. Structurally,
difference between the two phases lies in the arrangeme
oxygen defects in the Cu~1!–O plane, or basal Cu–O plan
Figure 2 illustrates the oxygen order in the two types
orthorhombic phases~orth I and orth II! in the basal Cu–O
plane. The structure of the orth II is the one where ev
other Cu–O chain is missing in the basal Cu–O plane. T
marked domains show the two cells of the orth I and one
of the orth II in the basal Cu–O plane. The calculated res
in Fig. 1 are based on these structures. From the res
shown in Fig. 1, the difference between the three curve
very small. Accordingly, it is supposed that the plateau
about 60 K is not caused by the phase transformation f
the orth I to orth II, but the native properties o
YBa2Cu3O72d . No matter what phase it is, when the oxyg
deficiency is in the range ofd;0.35– 0.55, the plateau ap
pears in theTc curve. The main evidence for the existence

FIG. 1. The variation ofTc and the combinative energyEc with
different oxygen deficiencyd, calculated by the second metho
The results are obtained for different phases in YBa2Cu3O72d .

FIG. 2. The scheme of the two types of orthorhombic oxyg
order~orth I and orth II! in the basal Cu–O plane. The dashed li
separates the orth I and orth II.s denotes sites available for oxyge
atoms and% denotes occupied oxygen sites. The Cu atoms
indicated byd.
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the orth II phase10 was observed by electronic diffraction
which can just detect a very tiny area. We suppose that
orth I and orth II coexist in YBa2Cu3O72d . Maybe atd
;0.35– 0.55, there is more orth II than orth I, but the ex
tence of the orth II seems not to be the reason for the pla
in the Tc curve. This is an important problem fo
YBa2Cu3O72d . The authors of Ref. 6 suggested that the o
I to orth II transition is the dominant factor to the plateau
about 60 K. Recently, it was recognized that this is not
case.11 The result in the present work just gives some hints
reconsider the role of the order of oxygen defects and
effect on superconductivity in YBa2Cu3O72d . This problem
should be studied further.

In order to know the influence of charge distribution o
the combinative energy, the holes in the Cu~2!–O plane,
Cu~1!–O plane, and Ba–O plane were calculated, resp
tively. The holes in the Cu~2!–O plane were calculated a
three different positions, on the corners, center, and si
Figure 3 shows the results, which match Fig. 1, but so
difference can be seen. As the oxygen deficiency~d value! is
low, i.e., the concentration of holes is high; the combinat
energy differs for different positions. As thed value in-
creases, the combinative energy gradually tends to be
same. This result indicates that the distribution of holes
fluences the combinative energy in the region of high c
centration but not at low concentration of holes.

The relationship between the combinative energy and
position of holes on the Cu~2!–O plane in the range ofd
;0.07– 0.62 is shown in Fig. 4. The bottom of the inse
shows the hole’s positions in the Cu~2!–O plane. The coor-
dinates of these positions are as follows: 1~1/2,1/2!, 2 ~0,1/
2!, 3 ~0,0!, 4 ~0,1/4!, and 5 ~1/4,1/4!. These positions are
typical in the Cu~2!–O plane. According to the theory of th
stripe phase, as a hole moves from one position to anothe
causes the fluctuations of the stripe and the energy. The
sitions are chosen to know the influence of the movement
the holes on the energy. It is clearly demonstrated that as
d value is low and the hole concentration is high, the effe
of the hole’s position on the combinative energy is sign
cant. As thed value increases, the effect becomes more a
more ambiguous. Atd;0.59, the hole’s position has no e
fect on the combinative energy. It should be mentioned t
d;0.60 is considered as the boundary of the supercond

n

e

FIG. 3. The relationship between the combinative energy
thed value with the holes in the Cu~2!–O plane. The coordinates o
the corner site in a square plane are~0, 0!, side~0, 1/2!, and center
~1/2, 1/2!.



ur

u
i
th

re
th
en
s
re
vi-
m
s
n

d

.

n

the
er
he

the
ns,

ults

the
in

s,

gs.
e
this

-
oms
cess
ese
cent
in
s a
the

ar-
es.
s all
of

ibly
do
.
n-

con-
cu-
the
rates

the
em-
t

are

an

an

and

PRB 62 13 909BRIEF REPORTS
ing and nonsuperconducting in YBa2Cu3O72d . As d.0.59,
the shape of the curve shows an opposite trend to the c
of the d,0.59.

According to the electronic phase diagram12 of the high
Tc superconductors, the phase neighboring the supercond
ing region, in the underdoped region, is a strange metal w
a pseudogap, which has attracted a lot of attention; but in
overdoped region, it is an ordinary metal.~Recently, some
people argued this point of view.! The above results of the
combinative energy demonstrate different trends in the
gion of low and high carrier concentrations. Approaching
strange metal region, or the region of the low carrier conc
tration, the combinative energy is not affected by the hole
the different positions. Approaching the ordinary metal
gion, or the region of high carrier concentration, it is ob
ously affected by the holes in the different positions. Co
paring this result with that shown in the electronic pha
diagram, it hints some relationship between the electro
phase diagram and the combinative energy, which shoul
studied further.

When the holes are assumed to be in the Cu~1!–O plane,
the results differ from those in the Cu~2!–O plane as shown
in Fig. 5. The curves show the same trend as that in Fig
but the plateau in the range ofd;0.35– 0.55 is different.
Aboved;0.55, the plateau remains, and the energy does

FIG. 4. The relationship between the combinative energy
the position of holes in the Cu~2!–O plane in the range ofd
;0.07– 0.62. The top of the insets shows thed value and the bot-
tom shows the position of holes.

FIG. 5. The relationship between the combinative energy
the d value as the holes are in the Cu~1!–O plane.
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increase, opposite to the case when the holes are in
Cu~2!–O plane~Fig. 3!. The results show that as the carri
concentration is high, the behavior of the holes in t
Cu~1!–O plane is very similar to that in the Cu~2!–O plane.
This matches the description that the Cu~1!–O plane is a
carrier reservoir. A strange phenomenon appears in
curves. The combinative energy shows some fluctuatio
especially in the range ofd;0.40– 0.60.

As the holes are in the Ba–O plane, the calculated res
are quite different from that in the Cu~2!–O plane. As dem-
onstrated in Fig. 6, the trend of the curves is opposite to
curves in Figs. 3 and 5. This proves that the carriers
YBa2Cu3O72d are mainly distributed in the Cu–O plane
but not in the Ba–O plane.

The phenomenon of the energy fluctuation shown in Fi
5 and 6 is very interesting. It is caused by changing thd
value, or changing the hole concentration. Comparing
result with the fluctuation of the stripe phase,13 which has
been studied extensively, it will hint to something very im
portant. In the cuprate superconductors, the copper at
have an odd number of electrons, and thus have an ex
electron spin, giving these atoms a net magnetism. In th
superconductors, opposite spins attract each other. Adja
copper atoms do their best to align their spin moment
opposite orientations, creating an up-and-down pattern. A
hole moves to another copper atom, that spin moves to
hole’s previous location, disrupting the orderly up–down
rangement of spins that results in fluctuation of the strip
The above analysis shows that changing the holes cause
the fluctuation of stripes and the energy. So far, the role
the stripe phase is not clear. The results in our work poss
show that the fluctuation of the stripes has something to
with the holes in the Cu~1!–O plane and the Ba–O plane
This is just a preliminary result. Further study about the co
nection between the combinative energy and the super
ductivity is badly needed. The combinative energy, cal
lated from the holes in the different planes, connects with
electronic phase diagram and the stripe phase demonst
that the interaction of the two blocks in the highTc super-
conductors is very important.

In conclusion, there is a close relationship between
combinative energy and the superconducting transition t
perature in YBa2Cu3O72d . The study raises an importan
question about the relationship between the orth I, II, andTc
value, which deserves more attention. When the holes

d

d

FIG. 6. The relationship between the combinative energy
the d value as the holes are in the Ba–O plane.
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assumed to be in different planes, some interesting pheno
ena are found. The combinative energy indicates some c
nections with important characteristics of highTc supercon-
ductors. We think that to fully understand the mechanism
the highTc superconductivity, not only the behaviors of the
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f

Cu–O plane, but also the interaction of the two structu
blocks should be considered.
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