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Abstract: In order to investigate the phase diagram of oxygen ordering in
YBa,Cu;30,, structural, magnetic and thermogravimetric measurements were
carried out. Calculations for intercalated system with quasi-elastic interaction
between inserted oxygen and host lattice are presented. © 1996 Elsevier Science

Limited and Techna S.r.l.

1 INTRODUCTION

Numerous papers! 24 report experimental results'’
and calculations®23 of phase transition behaviour
of YBa,CuzO, over wide temperature ranges. The
tetragonal (T) to orthorhombic (OR) phase
boundary is readily located directly, by X-ray
diffraction, or indirectly, from thermodynamic
functions obtained by oxygen vapour pressure
measurements. The locations differ, depending on
determination of the oxygen content by different
authors.>’

Parfionov and Chernyshov,* by thermogravi-
metric measurements in helium atmosphere, have
obtained a concentration dependence of oxygen
chemical potential with two steps which the
authors explain as arising from T-ORII and ORII-
ORI phase transitions. They observed a triple-
point with coordinates: 7 = 740 + 5K, x = 6.63
+ 0.03. The T-ORII transition was attributed to
the appearance of another type of hole electronic
carriers with high mobility and the ORII-ORI
transition to the increasing concentration of these
hole carriers.?

We replotted experimental data of temperature
dependence of thermoelectrical power S(7) for
YBa,Cu;0, with different oxygen content;?’ that is
a function of S(x) (Fig. 1). Rapid change of S(x)
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with sign inversion takes place near x = 6.70-6.73
for the temperature range 100-300 K.

In Fig. 2 we present the concentration depen-
dence of dc-magnetic susceptibility obtained from
temperature dependences.?®?’ Inspection of the
figure shows that there are three areas of suscept-
ibility with discontinuities at x 6.25-6.35 and
x = 6.60-6.70 which are associated with T-ORII
and ORII-ORI boundaries. These boundaries have
very small deviation, being almost parallel to the
T-axes at low temperatures in this interpretation.

There are also many papers'-2%-3! where authors
observe anomalies of internal friction and elastic
modulii at 100110, 140-160, 230 and 280-310 K
by ultrasonic measurements. The anomaly in the
140-160 K temperature range disappears as oxygen
content is decreased; it can be related to twin-
ning.1,29

The anomaly near 230 K has an “order—disorder”
character;**-3! some authors connect it with ORI~
ORII or ORI-(ORI + ORII) transitions.'-*%3* We
have reported? some properties of the ORII-phase
(diffraction diffuse maximum for 2 * a super-
structure, contribution of separated spin and
charge Cu-O states of planes and chains to mag-
netic susceptibility) observed for a sample with
oxygen content x = 6.96 below 230 K. Naish et
al3* observed the same small diffraction diffuse
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Fig. 1. Thermoelectric power S(x) as a function of oxygen

content, replotted from temperature dependences®>?7 at tem-

peratures A — 160 K, x — 200 K, @ — 300 K. Dashed lines

are the measurements of Nakazawa and Ishikawa,?” dot-and-
dash lines are the results of Samokhvalov et al.2¢

maximum for the 2 * a superstructure for a single
crystal with x = 7 at room temperature and dis-
cussed their results in terms of a model having
anomalous thermal factors for Cul and O4 atoms.

There are also many reports about different
types of superstructure,® for example 1/3 (3 * a,
ORIII-phase), 5/2 and others with general formula
YgBa;Cuy4Os6.,, (0< m <8, m even) observed
using high resolution electron microscopy.® These
compounds can be considered as members of a
family of phases in which one of every n (n =
1,2,3...) oxygen chains are missing from the basal
plane of the unit cell.?3:24

In most theoretical papers where phase tran-
sitions in YBa,Cus;O, have been investigated,
oxygen ordering in the basal plane is evaluated
using a model with anisotropic interaction between
nearest and next-nearest neighbours (ASYNNI-
model).3-1%12 In this model, the T-phase and ORI-
phase are considered as disordered with arbitrary
occupation of sublattices 1 and 2 (O4 and OS5 sites).
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Fig. 2. dc-magnetic susceptibility y(x) as a function of oxygen

content, replotted from temperature dependences®5-27 at tem-

peratures A — 160 K, x — 200 K, A — 250 K, @ — 300 K.

Dashed lines are the measurements of Nakazawa and

Ishikawa,?” dot-and-dash lines are the results of Samokhvalov
et al?®

The T-OR transition is accompanied by separation
of oxygen and vacancies into sublattices 1 and 2,
respectively.

Because a two-dimensional model cannot be
applied exactly when constructing phase diagrams,
different approximative methods are used: Monte
Carlo simulations,'®? lattice-gas model by cluster-
variation method,!"!>-18 etc. Accounting for inter-
actions between more remote neighbours (also in
c-direction) leads to a more realistic form of the
phase diagram.!7-21.22,32

In Section 2 we will show X-ray diffraction and
dc-magnetic susceptibility measurements at 77-300 K;
thermogravimetric data at 50-1000°C have been
used for phase transition investigation of YBa,-
Cu;0, with different oxygen content.

In Section 3 we will present our calculated
phase diagram by using the Dahn, Dahn and
Haering (DDH) model?” for oxygen ordering
in YBa,Cu;0,, considered as an intercalated
system.

Table 1. The thermal treatment and characterisation of YBa,Cu3;0, samples

Sample Temperature of Unit cell parameters Oxygen content
exposure (°C)
a b c From TGAdata FromRef.5 From Ref. 38
(nm)
1 550 0.3828 0.3893 1.1660 6.96 7.00 6.96
2 580 0.3833 0.3893 1.1671 6.90 6.95 6.85
3 600 0.3836 0.3892 1.1675 6.80 6.85 6.80
4 650 0.3836 0.3891 1.1677 6.78 6.83 6.78
5 680 0.3837 0.3885 1.1686 6.67 6.78 6.70
6 730 0.3842 0.3873 1.1693 6.65 6.70 6.63
7 830 0.3846 0.3856 1.1694 6.60 6.60 6.61
8 930 0.3856 0.3856 1.1848 6.35 6.35 6.20
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Fig. 3. Unit cell parameters for YBa,Cu;O, with x = 6.60

(open symbols) and x = 6.96 (filled symbols) as functions

of temperature: \/, W — a-axis; A, A — b-axis; O, @ —
c-axis, respectively.

2 EXPERIMENTAL RESULTS

Ceramic samples of YBa,Cu;0, with a density of
5.7-5.8 g/cm? are produced with traditional solid
state synthesis from high purity initial reagents.
The initial composition (YBa,Cu3;O,) was pro-
duced by annealing in oxygen atmosphere for
6-8 h at 500°C. Thermal exposures (6-8 h) at appro-
priate temperatures?® have been used to remove
oxygen (see Table 1). The oxygen content of the
samples was measured by the weight change of the
sample by thermogravimetry (TGA). We pro-
ceeded from the supposition that the endo-effect at
930°C corresponds to x = 6.25. The accuracy of
the oxygen content determination was equal to
x = £0.05. In Table 1 the oxygen content deter-
mined from the concentration dependence of unit
cell parameters according to Refs 5 and 38 is
shown for comparison.

Structural investigations were carried out on
the DRON-1UM X-ray diffractometer (CuK,, Ni-
filtered) in helium atmosphere. The lattice para-
meters determined from a least squares fitting to
about 15 diffraction line positions are shown as a
function of temperature (Fig. 3). The standard
deviation for an individual measurement is 0.013.

Magnetic susceptibility has been measured by
the Faraday method at a field of 9 kOe (Fig. 4).

From Fig. 3 we see that both samples with x =
6.96 and x = 6.60 (N = 1and N = 7 from Table 1)
have structural anomalies near 230 K, with
increased thermal expansion coeflicients, but the
more oxygen-rich sample demonstrates more
complex behaviour of unit cell parameters with a
maximum and minimum in this temperature range.

Magnetic susceptibility has a temperature inde-
pendent Pauli-like behaviour above 230 K and a
“Curie—Weiss™ contribution below 230 K for the
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Fig. 4. Magnetic susceptibility as a function of temperature
for YBa,Cu;O,: (a) with oxygen content x = 6.96; (b) x = 6.60.

sample with x = 6.96 (N = 1 from Table 1). For
sample x = 6.90 (N = 2) this “Curie-Weiss” term
appears below 290 K and has a small step at 230 K.
So at 230 K we have observed transitions occurring
both in the ORI and ORII phases, related to effects
of antiferromagnetic type localisation (with nega-
tive values of the Curie-~Weiss constant © ).

Assuming that the “Curie-Weiss” term in the
susceptibility for samples with x >6.8 is con-
ditioned by the ORII-phase contribution, we
attempted to find the (ORI + OTII)-ORI bound-
ary using thermogravimetry. Except for two small
endothermic effects at 220-240°C and 440°C,
nothing was observed. The first effect has its
maximum value for concentration x = 6.8-6.9
and is connected with small extraction of oxygen
from the sample, whereas the second is greatest
for x = 6.0-6.7; it is connected with insertion of
oxygen into the sample. Both of these effects are
related to exchange of oxygen between ORI-ORII
clusters because of differences in oxygen chemical
potentials between them.

The absence of a plateau on the concentration
dependence of unit cell parameters for YBa,-
Cu;0,, both at room temperature and at high
temperatures,>3*-3° could indicate the absence of
phase mixtures (ORI + ORII).

3 CALCULATIONS

For intercalated compounds, Safran* suggested a
model describing phase diagrams with a Hamiltonian:
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H= —,uZia,-—{—-;-Uonqf—%Zij Vioiaj,

where / is the number of the row, U, >0 and V;
>0 are the energy of interaction of inserted ions
within and between the rows, p is the chemical
potential, and o is the concentration of inserted
ions in the row.

This Hamiltonian was completed by the term of
quasi-elastic interaction between intercalated ions
and host lattice:?’

Ulo) =Jo/(a+ o),

where o is the constant of quasi-elastic interaction,
and J ~ 0.7 eV. It was shown*' that the DDH
model can be successfully used for quantitative
description for a real system with inserted atoms.

Using a mean field approximation we find a free
energy minimum as a function of oxygen con-
centration, with chemical potential as the para-
meter. Experimental results®’ were used for
obtaining chemical potential as a function of
oxygen content. A quasi-elastic constant, o, was
obtained from the concentration dependence of the
cell parameters.>3%

We suggest that the entropy depends only on the
concentration of oxygen in the row and is not
connected with occupation of the other rows.

The YBa,Cu3;0, phase diagram, computed with
a model accounting for interactions up to 4 chains,
is shown in Fig. 5 for interaction parameters U, =

T.K
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Fig. 5. Pseudo-binary phase diagram as computed with the

DDH model*” (U, = 001, V;; , | = 08, ¥;; + » = 0.1, =
0.4). Filled and open circles are experimentally measured
transition points.*® x — experimental points of internal

friction anomalies?®-2%30:3! in the temperature range 200-320 K

at a frequency of 60-90 kHz. T-ORII and ORII-ORI bound-

aries obtained from thermoelectric power and dc-magnetic

susceptibility measurements (see Figs 1 and 2) are shown as
points.
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001, V;;+1 =08 V;; + 2 =0.1,a = 0.4, where
U,, Vii + 1, V;; + » are parameters of interaction
within the row, between nearest rows and between
next-nearest rows, respectively.

Main features of our calculated phase diagram

are the:

1. presence of a T-point, above which the ORI~
ORII boundary becomes a second order phase
transition without phase mixing;

2. presence of more high stage ORIII-phase
which vanishes at negative values of the U,
and V;; . , parameters;

3. width of ordering stage regions ORII, ORIII
which decrease as the temperature decreases;

4. decreasing quasi-elastic interaction constant,
leading to the disappearance of the triple-
point.

4 SUMMARY

According to diffraction and magnetic data (Figs
2-4), we can conclude that the phase transition
lines of T-ORII and ORII-ORI are almost parallel
to the T-axis at low temperature. These features
are in our calculated diagram (Fig. 5). From this
figure one can see that the model developed here,
with quasi-elastic interactions between lattice and
inserted atoms, is suitable for the description of
the phase diagram of YBa,Cu;O, with oxygen
ordering.

In spite of the fact that in our model the transi-
tion ORI-ORII is first order at low temperature,
the phase mixture (ORI + ORII) can not be
founded by experimental methods: concentration
dependences of critical temperature and unit cell
parameters®® have a significant change upon
increasing the oxygen content from 6.8 to 7.0. But
the observed contribution of the ORII-phase to the
properties of compounds with x = 6.8-6.96 (mag-
netic and diffraction data,?%?” Fig. 4) can be con-
nected to the microscopic mixture of ORII-cells in
the ORI-lattice. For example, critical temperature
concentration dependence was described in the
model of the ORI and ORII micromixture.*?

We suggest that discrepancies between calcu-
lations and experimental results can be related to
the occurrence of metastable states.
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