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It is experimentally confirmed that in YBa.Cu3O6** ceramics with -r fixed within the range 0.4-0.5 the temperature of the
superconducting transition i"" can be appreciably reduced by quenching a sample from moderate temperatures between 50"C and
200'C. The theory developed for the description of the ensemble of Cu-O- ... chain fragments in orthorhombic phase is applied
for the explanation of the experimental resulls, which can be interpreted as follows. In ortho-Il phase the oxygen filling factors in
oxygen deficient Cu( I ) planes alternate from row to row. Alternation decreaseswith temperature increasing- Redistribution of
the oxygen ions between the rows increases the fraction ofshort Cu-O- ... chain fragments which cannot inject holes into CuOt
planes.This diminishes the hole concentration in the Cu ( 2 ) planesand, hence, I". Near I 50'C the sample undergoesthe second
order transition into ortho-l phase where rows are equally filled with oxygen. Further increasing of the temperature does not
reveal an appreciable reduction of I.. A comparison of the experiment with the simplest model is performed.

1. Introduction
The superconductingpropertiesof the CUO-based
high temperature superconductor YBa2Cu3O6*"
(YBCO ) are stronglyaffectedby variation of the oxygen content. When x changesfrom I to = 0.4 the
transition temperature ?""decreases,leading frnally
to the completevanishing of superconductivity.The
variations in the oxygencontent result in frlling the
oxygen vacancies in Cu(l) chains, which are responsiblefor the carrier doping to the CuO2 ( Cu ( 2 ) )
planes.On changingn from r 0.55 to r 0.7 the transition temperatureincreasesinsignificantly, displaying a plateau-likebehavior of 7" versusx. In the region around xry0.5 the ortho-Il phase has been
identified which corresponds to the double-cell
structure with alternation of oxygen-rich and oxygen-poorchainswithin the Cu( 1 ) plane t 1-3l.
Recently the experiments with quenched YBCO
single crystals have been reported in which a decreaseof the transition temperaturewithout changing the oxygen stoichiometry had been observed
Ia,5]. This means that not only the oxygen content

but also the distribution of oxygen ions within the
chains can influence the transition temperature 4.
The relevant quenching temperaturerange between
= 300 K and 450 K appearsto be rather narrow. This
circumstance should be a guide while analysing a
possible explanation of the phenomenon which exhibits intriguing correspondencebetweenthe oxygen
content )r, the transition temperaturef., the quenching temperature ?"oand the density of carriers in
Cu ( 2 ) planes.There is a prerequisitewe need in order to reveal the mechanism ofortho-I-ortho-Il phase
transition. The goal of this paper comprising both
experimental measurementsand their theoretical
interpretation is to realizeunambiguouslythe role of
chains in YBCO and related topics.
The paper is organized as follows.
In the following section we present the experimental results which were obtained on YBCO ceramics. In essence,they are in agreementwith the
resultsfor singlecrystals [4 ] : if the initial transition
temperature I"o of the unquenchedsample is below
60 K then quenching from comparatively low temperature Q within the range300 K-450 K resultsin
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a decreaseof 7'"by AA; the lower is ?""0the larger is
A7.. Resultsof X-ray examination of ceramic samples are also presented,in order to reveal whether
the lattice parameterscorrelate mainly with x or with
Tr.
The third section is devoted to theory. It starts with
generalconsiderationswhich are in the background
of the theoretical approach to the problem. We asby the hole concentralion
sumethat 1".iq determ!11qd
in Cu(2) planes, as it occurs, for instance, in
La2-$rpuOo. Holes within a Cu(2) plane appear
as a result of chargetransfer from Cu-O- ... chains.
However, the transfer takes place only if chain fragments are long enough.Short chain fragmentswhich
contain one, two and, probably, three oxygenatoms
do not inject holes.We demonstratethis in the first
part of the third section where the microscopical
model describing fermionic degreesof freedom is
presented.It is applied to compute the free energies
of finite chain fragments.
Ifthe oxygencontentwithin a row is fixed then the
temperaturevariations have little effect on the mean
length of the chain fragments.However, due to the
double-cell structure where only the mean oxygen
content is fixed there appearsa possibility for more
effectiverearrangementofthese lengths.The second
part of the sectionincludesthe statisticalmechanics
of the ensembleof chain fragments.It is supposedto
be an acceptableexplanation of the alternative oxygen filling of vacanciesin the chains. The alternation disappearsat the secondorder phasetransition
from the double-cellto unit-cell structure. The entropy contribution to the free energyfavours shorter
fragments in their competition with longer ones,
tendsto increasethe number of short fragmentsand,
therefore, to decreasethe carrier concentration in
Cu(2) planesand ?1.
The third subsectioncontains comparison of the
experimental results with a rather simple model
which reflects partly the properties of chains discussedin subsections3.1 and 3.2. The model takes
into account a competition of two kinds of chain
fragments,i.e.; very short and long enough.Contrary
to the former the latter is assumedto be effectivefor
hole injection into the Cu(2) planes.
The paper ends by a summary where all the main
conclusionsare collected.

2. Experimental procedureand results
A cylindrical sample of 2 mm in diameter and
about 10 mm in length was prepared from YBCO
ceramics.X-ray examination did not detect any traces
of extraneousphasesin this material; its density was
5 . 6g / c m ] .
The sample was subjected to vacuum annealing
which resultedin a decreaseof the oxygen content.
The changeof the resistanceof a bar, made of the
same material as the sample in question and placed
into a heated vacuum thermal chamber, served to
measurethe annealingduration. The annealingprocedure and experimental conditions have been described in details in ref. [6 ]. The cooling processfrom
the annealingtemperature 450'C to room temperature, which continued approximately 2 h, was supposed to be slow. We did not measurethe oxygen
stoichiometry directly. Instead, we relied upon the
well known dependenceof the transition temperature ?""on x [ 7-9 ] and determined the state of the
sampleby its 4. Sincequenchingthe sampleresults
in a decreaseof 7", we need a definition ofthe transition temperature unambiguously related to :r. It can
be determinedafter slow cooling the sampleto room
temperature.We denote it by 7".o.
After frxing the oxygen content we subjectedthe
sample to another annealing procedure which followed by quenchingfrom temperaturesZo between
50' and 200"C. For this treatment the sample was
placedinside a furnaceat the normal air pressure.A
liquid nitrogen bath was placed just below the furnaceand a faint flux ofthe nitrogen vapor proceeded
through the inner tube of the furnace.A samplewas
processedfor sometime at hxed temperature?"o(20
min at 200"C and up to 2 h at 50'C) and then
thrown into liquid nitrogen from a height of about
l0 cm.
The annealing-quenchingproceduredid not affect
the total oxygen content in the sample [4,5]. The
shifted 7" value of a quenched sample could be restoredby annealingthe sampleat 100'C for 2 h and
further cooling it slowly to room temperature.The
?""0value can be also restoredby processinga sample
for severaldays at room temperature I l0].
After a series of quenching processesand measurementsthe samplewas subjectedto new vacuum
annealingwhich resultedin further declineof the ox-
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ygen content x. Then a new seriesofquenching processeswas done repeatedly.
In order to determine the temperature of the superconducting transition we performed measurements of the temperaturedependenceof the real part
of the AC-susceptibility7(T). The measuring coils
were disposedin liquid helium over the externalsurface of a small overturned dewar while the sample
tagetltgr with a thermometer and a heater were installed inside the dewar. In order to prevent temperature gradientsthe sample was put inside a sapphire container.
It is well known that the AC-susceptibility of ceramics dependson the amplitude i of the stimulant
field. We used an extremely small amplitude,
h=2x l0- r Oe, which could certainlyprovide for;independenceon h. The measurementswere carried
out at the frequency 105Hz.
Figure I presentstypicall( I) curves obtained after
quenching from different temperatures.The curve
labeled by I correspondsto the initial state of the
sample after vacuum annealingand slow cooling.
1( Z) curveswould have been stepJike were it not
for scatteringof transition temperaturesof the grains
I I I ]. We assumethat the shift of T. of a grain depends on its 7"o only. If the shift Ai"" is not a constant but dependson 7""6then the curve X( 7") should
changeits shapeafter quenching the sample. However, one can seefrom fig. I that this is not the case,
i.e..the quenchingprocedureresultsin a parallelshift
of the 7( ?") curve, at least, of its middle part
0.2< -4n7<0.8. This meansthat we can neglectthe

changesof AZ" over the width of the I distribution
and trace the shift along the ?"-axisat any firxedX( ?")
level. We have chosen the level corresponding to
-4nX=Q.J5.
Figures 2 and 3 present the main results of our
measurementsof the transition temperature.These
are as follows.
( I ) A significant shift of ?l to below proceedsfrom
quenching if l'"0 < 60 ( the smaller 2"6, the larger
is its shift; it becomesnegligiblefor 4s> 60 K.
(2) The shift AZ" increases with increasing
quenching temperature Zo; this dependencesaturatesat Tox200"C.
So we have confirmed the main results obtained
in ref. [4 ]. The only discrepancywith the resultsreported in ref. [4] is that the shifts A[ obtained by
us are approximately two times smaller. The source
T'
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of this discrepancyis unclear.However, it is not due
to the difference in the cooling speed. Indeed, the
discrepancystill exists at small quenchingtemperatures when the relaxation time is large enough (note
that at room temperatureit is of the order of 100 h ).
The structureparameterchangesas checkedby Xray measurementswere for certain rather small. It is
not reasonableto comparemeasurementsperformed
afler the various -quenchingbecauseit has been impossibleto restorethe mutual positions of the sample and detectorwith the required precision.Instead,
after quenchingthe samplehas beenput into the diffractometerat room temperatureand a time evolution of the reflection positions has been checked.
The X-ray measurementswere carried out on the
powder diffractometer D500 (Siemens) with a position sensitive detector. A primary beam monochromator for Cu Ka., line was used. The detector
was fixed in the position 2d=const=46.5'. So, positions of the sample and detector were frxed both
for the whole time of measurements.The time srability of the whole set up was checkedby the measurements performed on the unquenched sample.
One measurementrequired 500-2000 sec of counting time. The precisepositions of three Braggpeaks
(006. 020 and 200) from the selecredangle range
were resolvedby the fitting program.The htting data
are usedin fig. 4 to plot the orthorhombic parameter
v e r s u sr i m e . W e a s c r i b er h e d i f :
B:(b-a)/(D+c)
ference of the frnal / values observed at different
quenchingtemperaturesto inaccuracyof the sample
installation. It follows from fig. 4 that a restoration
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3. Theory
Before analysing the problem quantitatively we
briefly remind what kind of elementary transformations happenwith oxygenand copper ions within
the oxygendeficientCu( I ) layer (seealsoref. I 14] ).
For sufficiently small x, oxygen atoms are supposedto occupy vacant positions,which are situated
at horizontal and vertical Cu-Cu bonds, randomly.
The elementaryfragment Cu'+-O-Cur+ is unstable
and under the charge transfer within this group it
transforms into the fragment Cuz+-O2--Cu2*. The
transformations of longer chain fragments follow the
scheme:

*
cu' *_o_cit+_..._o_cur
+Qgz +-gt --Cu2+- ...-O2-Cu2*.

l

Tq=2oooC
3.7

l

. process,resulting in Z" increasing,is accompanied
by the parameterB increasing.Thesechangescan be
compared with those deducedfrom the well known
data on T.o(x) 17,21 andf (x) [9,12]. Excludingx
we can get an estimale ABx2.5Xl0-5A2" for
Z"o<60 K (AZ" measuredin K). Thesevaluesare
plotted by vertical arrows in frg. 4 togetherwith the
experimentaldata. The accuracyof this experiment
is rather poor and it should be repeatedwilh a single
crystal.However, the X-ray measurementsgive clear
evidence that 7" and lattice parameters correlate
strqngly at the fixed value ofx.
The neutron diffraction experiment [ 13] has
demonstrateda similar result,i.e., lattice parameters
relaxed after quenchingthe sample from 500'C. In
our opinion, quenchings from 500"C and from
200'C lead to almost the same result becausethe
main changesoccur somewherearound 200'C, the
temperaturecloseto the ortho-I-ortho-Il phasetransition (seealso section3.3).

600
(rnin)

''
soo

Fig. 4. Orthorhombic parameter drift while annealing the
quenched sample. The arrows indicate the drifts calculated at the
equilibrium ( seeexplanation in text ).

It is noteworthy that all copper sites within such a
fragment are in the bivalent state (evidencefor such
a transformation is given in refs. I 15] and I 16] )
whereasthere is only one bivalent oxygen; n-l are
in the monovalentstate,i.e-,n- I p-holesexistwithin
a chain fragment. However, sufficiently long chain
fragments fail to keep too many oxygen holes within
them giving rise to the chargetransfer onto Cu(2)
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planes.The properties we are interestedin here are
associatedwith YBCO in the orthorhombic phase,
so we assumethat chain fragments forming the chain
structure are straight and parallel to each other.
The theory can be accomplishedin two steps.First,
we need to calculatethe internal part of the free energy of the chain fragment consistingof n * I bivalent copper ions, rn bivalent oxygen ions and n -ru
lpn9v3l9ry olyqen lgns luch a fraement is characterizedby its ground stateenergyes(n, m) per one
oxygensite and a setofexcited states{e(n, m)}, contributing the intrachain part
T

/

e(n,z)\\
|
s ( n .m ) - - -/rl n (f e x p-(n - f f /
\E
\
//1 )

(l )

of the free energy ( per one oxygen site again ) of such
a chain fragment. If all the chain fragments are neu"background"
conflguration
tral as comparedto the
in YBa2CurO6 (it corresponds to m =1 independently on the length of a chain fragment ) there is no
chargetransferto/from outside.m- | is the number
of holes which are injected from a chain fragment
onto the Cu(2) plane. It could be even equal to - L
Formally, this means a hole transfer from Cu(2)
layer into a neutral chain. In order to control the
electricalneutrality of the chain ensembleand holes
in Cu(2) layers we redefine the effective fragment
energy (per one O site) as follows: e(n, m)-s(v1,
w h e r et h e e n e r g ye a p ( / ) i s
m)+((m-l)/n))/,
associatedwith a chargetransferonto Cu(2 ) planes.
Second,deriving the conhgurational part ofthe free
"exenergyof the chain ensemblewe need only the
ternal" variable characterizinga chain fragment,i.e.,
its length n, hence,the sum over internal degreesof
freedom ( rn ) should be performed. It converts the
set {(p(n, rn ) } into

a(n)

3. I . Microscopic description of chain fragments
Among different candidates to describe the fermionic degreesof freedom we prefer the Kondo-like
version [ 14] ofthe Emerymodel I l7]. It can be derived in the secondorder of the perturbation theory.
In the framework of such Kondo-reduced Emery
model oxygen holes are responsiblefor the Kondolike chargetransfer within a chain fragment.It is accompaniedby scatteringof two spins,i.e., of the mobile oxygenhole and ofthe practically localizedcopper hole. Besidessuch a "kinetic" energy term, the
antiferromagneticHeisenberg-likespin exchangeof
neighbouringoxygen and copper holes is taken into
account as well as the intrachain Coulomb interaction. Becauseofthe high polarizability ofoxygen the
latter decreaseswith distancerapidly, so we keep its
short-rangedpart, i.e., the nearestCu-O and O-O
interactions.
We presentthe total Hamiltonian in the following
form:

Its Kondo-like part is
H r c= tt L k L - " n , 2 p cp * o 12 , pl h . c . )
*Jt

I

(2)
In order to calculate the abovementioned chain
like es(n, m), e(n, m), e(n, m) and
characteristics
rp(n) we need a microscopicalmodel which is discussedin the following subsection.

(4)

Z?fZp,

r: R Xa/2

where R and R+ a/2 label the copper and oxygen
sites, respectively.cl (c.) creates(annihilates) the
mobile hole on the oxygen site r. Ztu permutesthe
hole spin projection a-8.
The secondterm in the Hamiltonian (3) is the
Coulomb interaction

Hc=Upa L p*p,ttuw
<R , / )

: -!"^(i..*o(-n e ( n , m +)T (m - r )4))

(3)

H-Ht<*Hc.

L p,p,,,

(5)

<r,rt>

whereI...., runs over either the nearestCu and O (R
and r) sitesor the nearestO sites (r and r'). p is the
on-site electrical charge as compared to the stoichiometrical chargedistribution in YBa2CurOu,i.e.,
within a chain fragment p,q- I and p,= -2 or - l.
The contribution of the first term in the RHS of eq.
(5) to the energy per one oxygen site can be easily
e v a l u a t e da s - 2 U r a ( l + m / n ) .
Before exhibiting the numerical results we briefly
discussthe role of the terms entering the Hamilto-
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nian 11 and their contribution to the energy. The
Kondo-like exchangetakes the minimal value when
lit=0. The KondoJike hopping term favours the
proportion mxn/2 like in typical tight-binding
strongly correlated fermion systems.The part (m/
n)l of the charge-transferenergycan be included in
the Uo4-term,renormalizing it. Hence, only the conshould be consideredas indetribution -(l/n)/
pendent. Evidently, this U;;-terrn favours 02- states
whereasUootends to minimize their amount.
The plot of the ground state energyversus m/n is
shown in fig. 5(a) and (b). es(n, m) has been calculated in the framework of the Lanczos algorithm
(seefor instanceref. I l8] ), nowadaysit is often applied to the finite strongly correlated systems.The
solid curvesin figs. 5 are splinesofthe data obtained
for the chain fragment consistingof nine copper and
eight oxygen ions. The energy parameters tp and Jp
were taken from the numerical calculations reported
by Sawatzky [ 19]. The other parameterswere selectedin order to satisfythe estimateof the hole concentration in Cu(2) planes. This amount is supposed to be approximately the same for the
YBa2Cu3O7and for the Lar-$rpuOa compound.
The optimal (is about 0.2 whereasthe optimal x= l.
The fraction of oxygen holes leaving long Cu-O- '..
fragmentsis equal approximately to m/n. Multiplying it by |x we should get the product equal approximately to (. The factor j reflects the structural
elementof YBCO which contains two Cu ( 2 ) planes
per one Cu( I ) plane. Hence, mf n can be evaluated
as =0.4-0.5.

Jx = t.o
tt = 2.5
=-J.0
J.0
U-t =
O
Uo =4'5

A')

The essentialconclusionfollows from figs. 5: short
chain fragmentscannot inject the holes onto Cu(2)
planes.There is no question in the casen- 1. A neutral chain fragment (n=2, m= I ) defeatstwo other
candidates with n:2. A chain fragment (n=3,
m=2) charged negatively is also unfavourable energetically except for the minimum of the ground
state energy curve in figs. 5 that is situated rather
closeto m/nx J. Most likely, longer chain fragments
(n>4) contribute the chargetransfer:the set ofenergetically favourable fragments starts with n:4,
n-2. Note that the term //n resultsonly in an additive shift of the plot.
The situation illustrated in fig. 5(a) is favourable
for chain fragmentswith m/nx0.5. The frnite chain
fragments with n = 3 and m = l, 2 and, certainly, the
shortestones with n=1, m= I should also be included into the set of competingstructural elements.
On the contrary, fig. 5(b) demonstratesthe more
general case when Cu-O-Cu appears to be energetically unfavourable.Hence,it is necessaryto keep in
mind the model with fragmentsof the length n=2 as
the shortestcompeting elements.
Recall that the content of subsection3.1 is based
on the ideas developedin ref. I l4].
3.2. Free energy of the chain ensemble:
confi gvra t io nal con t ri buti on
Here we derive the equations which could be acceptablefor the description of orthorhombic phases
including the possibility for a double-cellstmcture.

\

* G l

^-" n=2
n=3

^
j.
o
o
,
o

6 fl=4
on4
a F 6

. n=7
* n=8

t=2
n=3
n=4
?=5
tu=6
F Z

rn/n
Fig. 5. The gtround state energy ofa chain fragment vs. mf n ( see explanation in text ).

481

G.V. Uimin et al. / Dependenceof T, on oxygen distribution

We suppose,that the ortho-Il phasewith the oxygen
content altering from chain to chain in the Cu( I )
planes can be formed due to the Coulomb interaction in the neighbouring rows. We accept the simplest form of the repulsive interaction proportional
to the concentration of oxygen ions in the nearest
rows, i.e., oxygen is supposedto be distributed homogeneouslywithin a whole chain (see below, eq.
( 6) ) .
In order to derive the partition function ofthe ensembleof chainswith a preferableorientation we introducethe following notation.
N;(o) and xlo' arethe whole number and concentration of chain fragments of length 7 either within
an oxygen-richchain or within an oxygen-poorchain
( a = I , 2 ). Evidently, any chain fragment Cu-O- ...Cu is surroundedwith Cu-Cu bonds free of oxygen
ions. One of thesebonds. for instance.from the RHS
can be joined in the chain fragment. Hence, a chain
fragment consists of a chain Cu-O- ...-Cu plus a
neighbouringoxygenvacancy.According to this definition we consider also "empty" chain fragments.
An example of such a fragment could be two oxygen
vacanciesfollowing one by another: the first is included into a chain fragment of nonzero length, the
second corresponds to j=0. According to this
definition
Lo{n+l)x[") :l

,

n ( x 1 , "+ x ( , 2)\= 2 x .

From the two equationsabove we obtain:
|

(xl't +x!"2))-2-2x.

The Lagrangemultipliers correspondingto the constraints imposed on the concentration of different
chain fragmentsplay the roles of chemicalpotentials
denoted below as pr, p2 and lo. We denote also

s -

I

After straightforward transformations we get the
partition function per one chain:
N

T e x' p2; l'. S ,l n S , * 5 2 l n 5 2- x [ r t l n x 6 r )

I:

- x [ 2 r 1 n ; s 5 z- r . . . - x t t I l n x l r l - x L t ) l n x ; : r - . . . '

l

v

\

Xexp[-N;^S.S2 |
\
r
/
)
/ Nl,:o(n 4 | ) (p, x|t' * prxl' ) \

"--'\

L ^ v r - l

,\(/*\ .! ^*,o

2T

/

Nft:':o(nt') +x;' ))).
2T

(6)

)'

where l{ is the total number of Cu(O) siteswithin
a chain. The Z-term accountsfor the Coulomb interchain repulsion in the simplestform of a densitydensity interaction.
According to the conventionalrecipesofstatistical
physicswe maximize the exponential argumentsin
eq. (6) over the set {x[')] by using the Lagrange
multipliers:
-n((t@)-pr)+@r-U")-2V52
.,
^
-rn =rrelp-'

besides

I

(l/o+Nr + ...+t/- + ...)!
No!l{r ! ...Iy'-! ...

- ( d )

A complete number of different configurationsof
the chain fragments of any possible length, from 0 to
infinity, has a form usual for a mixture of ideal gases:

x 1 2 )= 5 2 e x p

- n ( q ( n ) - F z )* @ , - p . ) - 2 V S l

T

(7)

The Lagrangemultipliers Fo,ltr, ltz, togetherwith the
quantities S1 and 52 depend on microscopical parametersand temperatureas follows:

S r+ S 2- 2 - 2 x ,

(8)

ilr - lh -2V52
exP- -----7=

,lo

t^P

n ( a @ )- t 4 )

I t z - i l o - 2 v s ' : r .^P
- .exp - -f,ln

(e)
n\P(n)-Pz)
(l0)
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ltr - Fo-2V52

exp -

r(
)v
f : ;L \l - * S , S z * x ( l n z , * l n z 2 )
t

T

I

-- r ql .

(n*l)exp-

(ll)

- ( I - x ) ( l n ( I * y 1z , + 7 r z l + . . . )

n:O

exp -

Fz- lto-2VSl

+ ln( I ly,z2*y2222+ .. )] .

T

)

:s,, I (n+ I ) "*p-!9J!):-tt').
I
n=O

1^z)

( 16)

The equilibrium concentration of chain fragments
derived from eqs. (7,9,10) takesthe following form:

We introducethe notation
ja :

l * 2 y , z o * 3 y 2 2 ' ^ *. . . * ( n * l ) y ^ z [ * . . .
(l7)

p.-a(l)
€XP

n ( r p ( l )- r p ( n ) )
.
;'" =exp ------ _I

Dividing eq. ( 11) and eq. ( l2) over eq. (9) and eq.
( 10), respectively,we get

so-

| * y,z* * yzz2.
* ...* y,zfr* ...
| * 2y1zo* 37222,
+ ...+1i+ t 1^1,rX.y
-.'
(13)

procedureappliedto eqs. (10) and
The analogous
(9) resultsin
G(21):G(7,) ,

( 14)

where

G(z)

:+*ln

z * l n (| * y ,z r y r z*2 . . . )

(15)

The last two terns in the RHS of eq. ( l5 ) are monotonic functions of z and dominate in the asymptotic
behaviour of the function G(z) at z+0 and al z-q.
Due to the monotonic decreaseof S(z) with z increasingthe first term in the RHS of eq. ( 15) may
result in a nonmonotonic dependenceof G(z) on z
at sufficiently low temperatures.
The formal expressionof the free energy per lattice
site takes the form
f= i@, * p) - (l - x)A-

ZS,S,.

Omitting irrelevant constants and expressing/ as a
function of zo, we obtain

Let assumethe microscopic parameters,i.e., the
setof {7"}s and Vto be known. Then solvingeq. ( l4)
we find, in general,an ambiguousdependencezz(zt),
222 z 1.After substitution of zo into eqs. ( I 3 ) we must
solve eq. (8). The calculation procedure is completed by checking the free energy defined by eq.
( I 6 ). The problem is rather complicatod to be solved
analytically even after significant simplifications like
those made in subsection3.3.
The general numerical analysis of the problem is
straightforward and below we describe a regular approach to perform it. I The calculationsare basedon
the similarity of the intrinsic free energy curve and
the ground state energy one versus m/n. Lctually,
for finite chains the excitation energiesare usually
much larger than ?". For long chains a contribution
of thermal excitations to the free energy is proportional to Tz /et arrdis rather small, because,in general, er- t*>> T. It would be possibleto perform the
Gauss-likesummation over m in eq. (2) for sufficiently long chain fragments.This procedure seems
to be well-defined for fragments with n2 5. We need
only to do a formal expansionof g(n, m) ir,the n-o
limit around its minimum correspondinflto m/n=4
and extrapolate such an expansion to finite ns:
( m
( p ( nm
, ) = V o.( 4. ).* 1
- , \ '* . t
/r\;
;vr(n).
)

( l8)

The further summation over n seems to transform
the set of sufficiently long chain fragments into some
effective fragment with renormalized intrinsic parameters, including free energy, length, hole frlling,
etc. Joining the contribution of chain fragments with
n < 5 we get the complete prerequisite for solving the

of T" on orygendistribution
G.V. Uimin et al. / Dependence

,.-n

489

fined more or lessarbitrary, exceptit should be higher
than the temperature of oxygen migration ?"*.
According to one of our basic assumptions made
in section I ?""depends on the carrier concentration
c(x, T) in Cu(2) planes.Then

Q

T"s:7.(c(x, Ts))

x=0.4
o

and
ci

LT.-T.o-7"

0.0
1.0
] _ T

x=0.5

- T"(c(x, ?".) ) - T"(c(x, T))

x=0.6

- dT" ( c ( x , T o )- c ( x , T ) )
oc

1.5
T/To

2.:o

Fig. 6. Theoretical calculations ofthe hole concentration vs. temperature at various oxygen contents.

systemof equations describingthe behaviour of the
orthorhombic phase.This project will be realizedin
further publications. In this paper we restrict ourselvesto a simple model where a competition of two
kinds of fragments is taken into account.
3.3. Competition of chain fragments; a simple
model desuiption
Let us suppose that energetically favourable fragments are the shortest Cu-O-Cu chains ("monomers" with n = I ) and 4-mers.In other words all 7"
except lr4 are supposed to be negligible. Monomers
are neutral whereas the electrical charge of a 4-mer
is supposedto be - 1, i.e.,it suppliesa Cu(2) plane
with one hole.
The energy parameters required to solve the problem are V ard q(l) -q(4); both are relevantfor the
ortho-I-ortho-Il transition temperature I1-2 evaluation. It is essentialthat the interchain Coulomb repulsion screenedpartially cannot exceed0.1-0.2 eV,
otherwise ?",-2appearsto be unreasonably high. The
analogous estimate should be valid for the €nergy
difference4(q(l) -A() ), otherwiseexistenceof the
insulator phase correspondingto x<0.4 would be
diffrcult to interpret.
In fig. 6 the results of numerical calculations are
s h o w nf o r V = 2 . 5 a n d . 4 ( r p ( l ) - q ( 4 ) ) = 2 . B o t h v a l ues are given in units of some temperature Iq, de-

(l e )

Hence, measurementsof A?"" and Ac(x, To)=c(x,
T) - c(x, Ts) are equivalent for a wide range of 7""6
up to 50 K where dl"/dc*const.
In frg. 6 the curves A'c(x, Tr) exhibit a kink associated with the ortho-Il-ortho-I phase transition.
To the left of the kink, in ortho-Il phase, the temperature increase provokes oxygen rearrangement
betweenthe rows. This resultsin a steepslopeof the
function Ac. To the right of the kink, in ortho-I phase,
the rows are equivalent, the concentration ofoxygen
vacancies for each row
Sr=Sz=1-n
does not depend on temperature. Accordingly, the
slope becomesslight becauseat the fixed number of
vacancies the distribution of fragments over their
lengths varies slightly with temperature.
Comparing fig. 6 and frg. 3 we identify ?"6with
room temperature and get the ortho-Il-ortho-I transition temperature Tr-rx 150'C. This correlateswith
the estimate of Tr-t obtained in ref. [6 ] from the resistanceversus temperature data in YBCO ceramics.
Similarities between the curves in figs. 3 and 6 support the choice of parametersin our simplified model
and the model itself.

4. Concluding remarks
Let us bring all the assumptions and results together to form a self-consistent pattern. Transport
properties of YBCO materials and their superconducting transition temperatures are determined by
the carrier concentration in the Cu(2) planes.The
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carriers appear due to the chargetransfer from CuO- ... chain fragments to the Cu( I ) planes.In sufficiently long fragments (n>4) the fraction of oxygen ions, which supply Cu(2) planeswith holes,
rangesfrom :0.4 to =0.5. Short fragments(ri: l,
2, 3) do not inject holes,hence,do not contribute to
the transport properties of the material.
The distribution of fragments over their lengths
dependson,r and on the type of orthorhombic phase.
At moderatetemperaturesand x near 0.5 a majority
ofoxygen ions are collectedin oxygen-richrows and
fragmentswithin them are long enough. With x increasing additional oxygen atoms are accommodated by oxygen-poorrows. As far as the oxygenconcentration in oxygen-poor rows remains small the
atoms are mainly incorporatedinto short fragments,
hence,do not contribute to the hole concentrationin
the Cu(2) planes. This brings out the plateauJike
behaviourin ?'"(x).
The ortho-Il-ortho-I phase transilion arisesfrom
the increaseoftemperature. In the ortho-I phaseall
chains are equally filled with oxygen.When its concentration x is large enough (for instance,xr0.60.7) the fraction of short fragments is small. The
smaller is x, the larger is the fraction of short fragments resulting in a decreaseof carrier concentration c in the Cu ( 2 ) planes.After quenchingthe sample from ?"othe distribution of chain fragmentsover
their lengthsreflectsthe equilibrium at the quenching temperature.It concernalso c bringing about the
A?""shift.
The changeof lattice parametersshown in frg. 4
(see also ref. [3]) conhrms indirectly the charge
transfer model discussedabove. A change of hole
concentration means a charge redistribution inside
the unit cell. This alters its size. If A7l were caused
by changesof magnetic statesof chain fragments it
would not be accompanied by variation of lattice
parameters.
An independentcheck ofthe suggestedmodel can
be performed by measuringthe temperature 7",-, of
the onho-I-ortho-ll phasetransition.
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