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Isothermal phase transition and elastic energy dissipation in YBa2cn306+„
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Neutron-diffraction data collected under vacuum at 680 and 695 K have been compared with elastic
energy dissipation and dynamic Young s modulus measurements in YBa&Cu306+„. The orthorhombic
to tetragonal phase transition has been observed in isothermal conditions. The data suggest that a pho-
non softening occurs at the oxygen disordering, which, in these experimental conditions, precedes the
phase transition. The elastic energy dissipation presents a peak above room temperature. Its origin and
behavior are discussed in terms of an oxygen atom repopulation model, with activation energy depend-
ing on the orthorhombic strain and oxygen ordering in the basal plane.

INTRODUCTION

It is nowadays well established that the structure' and
electronic properties of YBa2Cu306+ depend on the ox-
ygen stoichiometry, at a fixed cation ratio. The critical
superconducting temperature is accordingly a sensitive
function of deviations from the exact stoichiometry.
The system presents a high oxygen mobility, in particular
of the atoms in the ( —,'00) and (0—,'0) positions of what is
usually called the basal plane. In and out diffusion
predominantly occurs in that plane and strongly depends
on temperature and pressure.

As a consequence, the YBa2Cu306+ presents various
oxygen-deficient phases, each stable in a specific tempera-
ture, pressure, and oxygen content range. ' These
phases are characterized by different ordering degrees of
the oxygen sublattice sites. Observations by electron mi-
croscopy and neutron-diffraction techniques have indicat-
ed that the so-called orthorhombic II phase is the most
stable among the different substoichiometric ones. ' It
consists of alternatively full and empty chains along the b
axis.

Neutron-diffraction studies at ambient pressure' have
shown that at high oxygen content and low temperatures
the oxygen atoms are ordered along the b axis. The equi-
librium phase is orthorhornbic. With increasing tempera-
ture, the oxygen ions begin to disorder. Finally, for each
x value, a temperature is reached where, in equilibrium
conditions, the oxygen ions are evenly distributed over
the ( —,'00) and (0—,'0) sites, and the lattice develops tetrag-
onal symmetry.

Measurements of elastic energy dissipation (internal
friction) have been, in recent years, extensively applied to
the study of short-range-order oxygen dynamics as a
function of stoichiornetry as well as for the study of the
structural transformations linked to the oxygen in and
out diffusion. This technique consists of putting into vi-
bration a sample, usually bar shaped, and measuring its
resonance frequency and vibration amplitude as it dies
away. The technique is very sensitive to detect atomic
motion between different lattice sites or interstitial posi-

tions. In YBazCu306+ its usefulness stems from the fact
that an elastic strain can easily modify the ( —,'00) and
(0—,'0) occupation degree, the oxygen atoms being the
most mobile species in this compound. Consequently,
strong anelastic effects associated to short-range-order
dynamics can be expected. Experimental measurements
performed by different research groups, ' following the
measurements by Berry, ' have confirmed that in the
temperature range where appreciable oxygen mobility is
expected, strong relaxational damping maxima can be
detected.

There is an increasing amount of experimental data
demonstrating that the system exhibits two thermally ac-
tivated peaks with activation energy of 1 —1.5 eV. '

One of them is typical of oxygen-rich specimens: x =0.9,
while the other has maximum intensity for x -=0.5. Their
activation energy, relaxation time, and a clear, even if not
simple, dependence of their intensity on the oxygen
stoichiometry, suggest that they are due to the oxygen
mobility. A number of models, based on internal friction
data, have been proposed to explain the peak origin. Un-
fortunately, the data do not seem to be clear enough to
unambiguously attribute the peaks to some specific mech-
anism.

In this paper, we present internal friction and dynamic
modulus data obtained on YBa2Cu306+ samples of
different stoichiometry. Some of the data refer to sam-
ples prepared with x )0.9 and kept under vacuum at
(constant) temperatures high enough to allow an oxygen
outflow. In these measurements the sample is in thermal
equilibrium but out of equilibrium in regard to the oxy-
gen content, and we measure the kinetics with which the
equilibrium is reached. These data are correlated with
the results of neutron diffraction obtained in the same ex-
perimental conditions. The Rietveld refinement of the
neutron data during the equilibrium approach provided
us with a number of changing structural parameters. We
will explain in the following how these isothermal mea-
surements, together with the usual measurements as a
function of temperature, can help our understanding of
the detailed mechanism of the above-mentioned internal
friction peaks. Furthermore, we present the first experi-
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mental evidences of an orthorhombic oxygen disordered
state.

EXPERIMENTAL

695 K ORTHORHOMBIC
{a)

C)
C)
C)

2

YBazCu306+ samples were produced by the standard
solid-state reaction technique: Yttrium, barium and
copper oxides reacted, while kept at 1220 K in a flowing
oxygen atmosphere for 8 h, and were subsequently an-
nealed at 770 K for 8 h. The reacted powders were
pressed in pellets, annealed in oxygen, and ground several
times. This procedure gives nearly stoichiometric sarn-
ples, with x )0.9 and up to x =0.95. All internal fric-
tion measurements were performed on sintered bars pro-
duced with this technique, while powders used for the
neuron measurements were obtained from ground bars.
Typical specimen dimensions were 20XSX1 mm . The
oxygen content of as-cast specimens was measured by
iodiometric titration, and the results were found in satis-
factory agreement with those obtained by neutron
diffraction. Small amounts of impurity phase are present
in the samples and are probably responsible for the
differences of the oxygen values measured with the two
methods.

Neutron-powder-diffraction data were collected at 680
and 695 K with the rnultidetector powder diffractometer
G4. 1 at the Orphee Reactor facility (Leon Brillouin Lab-
oratory, CEA-CNRS, Saclay, France) using a wavelength
X=0.243 nm. The collected data, belonging to the angu-
lar range 10'&20&90 were analyzed with the Rietveld
refinement program Fullprof, which allows the simul-
taneous refinement of more phases. ' An orthorhombic
and tetragonal phase spectra, respectively, are reported in
Figs. 1(a) and 1(b). Their successive refinement also in-

eluded two impurity phases: CuO and Y2BaCu05. Each
diffraction spectra was collected in slightly less than 1000
s in vacuum (p & 0. 1 Pa). In such a time interval, a small
amount of oxygen outflows the sample, so that it is possi-
ble to regard each spectrum as referring to a constant ox-
ygen content. This hypothesis is well supported by the
data (see, for example, Fig. 6 in the discussion).

Dynamic Young's modulus (modulus in short) and
internal friction measurements were performed by the
vibrating-reed technique, with electrostatic drive and
frequency modulation detection of the flexural vibration
of cantilever mounted specimens, in the (10 —10 )-Hz
range in a vacuum (p & 1 Pa) or in the (10 —10 )-Hz
range with a torsion pendulum in air. Measurements
were performed during heating runs at 2—3 K/min up to
850 K for the (10 —10 )-Hz range and up to 700 K for
the lower frequency range. Thermogravimetric measure-
ments performed using a Netzsch thermobalance on
durnrny samples and neutron-difFraction measurements
allowed us to monitor the oxygen outflow under vacuum
in our experimental conditions. An oxygen outflow be-
comes easily measurable on a laboratory time scale at
temperatures above 650 K under vacuum. On the other
hand, no appreciable oxygen content variation is rnea-
sured during heating in air up to the temperatures used
with the torsion pendulum.

A series of isotherms at selected temperatures (680
K & T &780 K) under the same vacuum condition de-
scribed above was performed for times up to 3X10 s.
Isotherms at temperatures higher than 780 K will cause
the sample to turn into the tetragonal phase before or at
the beginning of the isotherm because of the increasingly
fast oxygen outflow, temperatures below 680 K would re-
quire days of measurements, with experimental condition
stability problems. In both neutron-diffraction and inter-
nal friction isotherm tests the temperature was raised
starting from room temperature at about 15—20 K/min
and subsequently kept stable within +1 K of the chosen
temperature.
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FIG. 1. {a) Neutron-difFraction data collected at T =695 K.
This spectrum was subsequently refined as orthorhombic. {b)
Same specimen and temperature as before but 3X10 s later.
This spectrum was refined as tetragonal.

DISCUSSION

Internal friction peaks

When measuring as a function of temperature the
internal friction and dynamic Young's modulus of an
YBa2Cu306+„bar with oxygen content equal to 6.9 or
greater, a Q

' peak, whose intensity is usually between
0.01 and 0.04, is seen around 680 K (1 kHz). It will be re-
ferred to as peak Po&. A modulus relaxation is observed
in accordance with it; see Figs. 2(a) and 2(b). The peak is
larger than a simple Debye peak' of

CO1

1+co r
and asymmetric. co is the sample resonance angular fre-
quency and ~ the relaxation time. The peak asymmetry is
due to the fast oxygen outflow, which occurs in a vacuum
above 650 K, resulting in the oxygen disordering in the
basal plane and in the transformation from orthorhornbic
to tetragonal phase. The process is accompanied by a fall
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FICi. 2. (a) Elastic energy dissipation as a function of time for
specimens with x )0.9. The low-frequency sample (full
squares) was measured with a torsional pendulum in air and the
high-frequency one (open circles) with a vibrating-reed ap-
paratus under vacuum conditions. Data were acquired during
heating, with temperature raising at 2—3 K/min. The frequency
reported in the figure was measured at room temperature at the
beginning of the test. (b) Dynamic modulus corresponding to
the curves in (a). Also reported is the modulus curve of a
second run under vacuum on the sample whose internal friction
is shown in Fig. 3. The statistical uncertainties of the data are
smaller than the size of the symbols.

of the internal friction peak and by a downward modulus
cusp. In measurements performed in air at a few Hz fre-
quency, without oxygen outAow, the peak is located at
lower temperature, is still an enlarged Debye peak, is
symmetric, and there is no cusp in the modulus trend.

In subsequent runs in the same experimental condi-
tions, a peak whose position is about 90—100 K lower in
temperature than Pp„ is observed; see Fig. 3. It is again
larger than a simple Debye peak, and its strength is a
function of the oxygen content in the sample, with a max-
irnum around 6.5.' It will be referred to as peak Pp2.

These two peaks, which have been observed by other
groups, ' ' are thermally activated; that is

roexp(H/kT), where k is the Boltzmann constant, T
the temperature, ~p the relaxation time, and H the activa-
tion energy of the process (that is the height of the poten-
tial barrier seen by the oxygen atoms, in the hypothesis
that the peak occurs because of the oxygen jumping in
the basal plane). Their activation energies were measured
by several authors. "' ' ' ' The most accurate result
was published by Cost and Stanley, who gave an activa-
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FIG. 3. Elastic energy dissipation measured in second run
under vacuum with raising temperature. Note the different posi-
tion of the peak with respect to Fig. 1(a). Resonance frequency
at room temperature 1612 Hz.

tion energy of (1.120+0.015) eV. This result was ob-
tained by joining data of the mechanical aftereffect with
those of internal friction (independent data of several ex-
perimental groups) to span a frequency range of more
than 11 orders of magnitude.

A Debye peak, Eq. (1), has its maximum at ~r = 1 and,
if thermally activated, occurs at temperatures changing
with frequency. A plot of the logarithm of ~ taken at the
maximum vs 1/kT for a series of measures with different
sample resonance frequency, will be a straight line whose
slope is H. Then, the wider the frequency range, the
better the measure of H. Cost and Stanley also analyzed
the peak width in terms of a distribution of relaxation
times, suggesting that local inhomogeneity in the system
in nonstoichiometric conditions causes the peak broaden-
ing. Unfortunately, some of the data used for the activa-
tion energy calculation comes from samples of unknown
stoichiornetry or submitted to an anneal under vacuum
(oxygen outAow) before the measurement. All data were
considered to belong to one peak only (reasonably P02),
but this is probably not, true. We measured an activation
energy of (1.54+0.09) eV for Pot and (1.3+0.1) eV for
Ppp ~ We cannot discount that our results are affected by
some error. In fact, as will be better explained further on
during the discussion, in our experimental conditions
stoichiornetric effects are possible, which bring about
mistakes in the peak position evaluation.

Nevertheless, the peak activation energies and their
dependence on the oxygen content suggested from the
beginning that their origin could be due to some kind of
oxygen motion in the lattice. As revealed by neutron-
and x-ray-diffraction measurements, ' the oxygen atoms
in positions ( —'00) and (02'0) of the unit cell are by far the
most mobile of all atomic species in this compound. This
restricted the models to certain mechanisms, only involv-
ing the motion of oxygen atoms between these positions.
We will consider three models, which are to us the most
promising to explain the experimental observations; see
Fig. 4.

(a) The motion of the oxygen basal-plane atoms occur-
ring at the twin boundaries, which are present in the or-
thorhornbic phases. ' ' This model comes from the ob-
servation that the orthorhombic phase is rich in twins,
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that is, boundaries between. crystals with a and b axes in-
terchanged. In these boundaries the oxygen mobility
would be particularly high and originate the elastic ener-

gy dissipation. Twins are observed in the orthorhombic
II phase also, while they cannot be present in the tetrago-
nal phase, where a =b. The peak height would depend
on the sample preparation, which determines the twin
density, and on the oxygen content.

(b) The dipole reorientation model, where the dipole or

elastic lattice deformation is made of an oxygen in posi-
tion ( —,'00) and a lattice vacancy in position (0—,'0). Such
a dipole represents a defect with monoclinic symmetry in
an orthorhombic lattice and thus could cause an elastic
energy dissipation through reorientation between the
[110]and [ —110] directions under the action of an ap-
plied stress. In this model the peak should only be present
in the orthorhombic phases because in a tetragonal lattice
the two oxygen positions are equivalent, and an oxygen
atom in ( —,'00) or in (0—,'0) would no longer represent an
elastic deformation of the same kind. The peak intensity
would depend on the dipole number, and an oxygen dis-
ordering in the orthorhombic phase should be accom-
panied by an internal friction increase, since a disorder-
ing would mean an increased dipole number.

(c) Site repopulation model. ' ' ' In this model the
oxygen atoms, under the action of the applied stress,
which slightly modifies the energy levels of the ( —,'00) and
(0—,0) lattice positions, change their relative concentra-
tion along the a and b axes. The peak is present in all
crystal phases, and its intensity depends on the oxygen
content and relaxation rate. The main difference between
(b) and (c) is that two atomic jumps are needed for the re-
orientation of an elastic dipole, while a single jump from
(0—,'0) to ( —,'00) or vice versa is the elemental action in the
repopulation scheme.

Order-disorder transformation

In the usual tests with raising temperature, both tem-
perature and oxygen content vary. In order to reduce the
number of contemporary changing parameters, we decid-
ed to study the system behavior in isothermal conditions.
Figures 5(a) and 5(b) show the internal friction of two iso-
therms, at the temperatures of 680 and 730 K, while Figs.
6 and 7 show the oxygen content and the basal-plane axis
lengths for T =680 and 695 K as deduced from the neu-
tron data refinement. The modulus trend, reported in
Fig. 8 at different temperatures as a function of the loga-
rithm of time, is as classically predicted for a second-
order phase transition, that is, with a downward cusp.
The behavior, with oxygen replacing temperature, is as
follows (Ref. 22, Chaps. 16 and 25):

MoM=
1+c/IT (2)

FIG. 4. YBa2Cu306+ basal plane with oxygen atoms (open
circles) and copper atoms (fu11 circles). (a) A twin boundary.
The arrows suggest possible oxygen atomic jumps in correspon-
dence to the boundary. (b) Dipole model. The two possible di-
pole orientations are sketched in this Agure. (c) Repopulation
model. The oxygen atom jumps along the a and b axes are indi-
cated by the arrow.

with c constant and Mo the limit value for T~~.
It is found from observation of the oxygen content as a

function of time, as reported in Fig. 6, that a logarithmic
time scale corresponds quite well to a linear oxygen
change. Thus, the choice of a logarithmic scale in Fig. 8
is the most appropriate, since at constant temperature the
oxygen concentration x can be the driving parameter for
the transformations undergone by the system. The
curves of Fig. 8 can indeed be rescaled with temperature
to be superimposed. This confirms that the different time
position of the cusp in isotherms at different tempera-
tures is due to the same process occurring at different
rates.

In regard to which process underlines the modulus
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T =680 K surely happens between 8.5 X 10 and 9 X 10
s, while the modulus cusp is located between 2.7X10
and 2.8X10 s. A similar difference, rescaled for the
temperature, is observed at 695 K.

Then, which phenomenon does the modulus softening
correspond to? We believe it is the effect of the oxygen
disordering between the (0—,'0) and ( —,'00) positions. What
might happen is that, at a given oxygen content and fixed
temperature, the system free-energy minimum corre-
sponds to a disordered state. This hypothesis is support-
ed by the neutron-diffraction data refinement. As can be
seen in Fig. 9, the refinement sequence suggests an equal
occupation of the two basal plane sites at times corre-
sponding to the modulus cusp. The time at which the ox-
ygen occupancy n (a) along the a axis and n (b) along the
b axis becomes equal was assumed to correspond to an
oxygen disordered state. We believe the data need
confirmation, especially for the 680-K isotherm, where
they are rather scattered mainly because of the little tem-
perature Auctuations and the instrument peak-shape reso-
lution. In fact, while the axis length could be well

0
0 2 3 4

Time (10 s)

FIG. 5. Internal friction of two different samples, produced
with x &0.9 as a function of time during an isothermal test at
680 K (a) and 730 K (b). The full lines represent a best fit of the
data using Eq. (8). Note the different time scales at which the
decreasing trend is accomplished.

minimum, the most obvious idea is that it is an efFect of
the orthorhombic-to-tetragonal phase transformation on
the elastic constants. Unfortunately, this does not seem
to be the case. The neutron refinements on two samples
at 680 and 695 K done within the same vacuum condi-
tions under which we collected the modulus data show
that there is no agreement as regards the cusp and the
phase-transition time position. Assuming that the
orthorhombic-to-tetragonal transformation occurs when
the axes difference is (b —a) =0, the symmetry change at
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FIG. 8. Dynamic modulus behavior of a series of isotherms
at different temperatures as a function of the logarithm of time.
All curves refer to samples measured under vacuum and were
normalized to their minimum value, to better show how the
cusp position shifts at lower times when the isothermal temper-
ature increases from 680 to 780 K.

FIG. 6. Oxygen content x in the basal plane as a function of
time as deduced from a Rietveld refinement for the isotherm at
T =680 K. The exponential-like trend suggested the choice of
the logarithmic scale in Fig. 8. The experimental uncertainties
are not bigger than the size of the symbol.
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from Rietveld refinement of the isotherm at T =695 K. The oc-
cupancy becomes equal after approximately 1.3 X 10 s.

FIG. 11. Site occupancy order parameter [n (b) n—(a)] as a
function of the orthorhombic strain (b —a) as deduced from
Rietveld refinement of the isotherm at T =695 K.

refined, there are sometimes convergence problems for
other parameters such as the sites occupancy. Neverthe-
less, even the 680-K data should be considered in agree-
ment with the disordering hypothesis.

In previous works on neutron diffraction as a function
of oxygen content, ' the oxygen disordering was report-
ed to occur at the phase transition, that is, the tetragonal
phase is always disordered, while the orthorhombic phase
is always ordered. But while samples were kept at high
temperatures and low pressures to reduce the oxygen
content, they were successively brought back to room
temperature, where the neutron-diffraction test was per-
formed. A cooling of 400 K or more can well cause an
oxygen reordering of an orthorhombic disordered sample
and thus explain the different results. Furthermore, it
must be recalled that during the isotherm the system is
out of equilibrium, at least in regard to the oxygen con-
tent.

In Fig. 10 the occupancy n (a) and n(b) along the
basal-plane axes is reported as a function of the oxygen
content at T=695 K. The a and b axis occupancy be-
comes equal without any apparent discontinuity. The oc-
cupancy order parameter n(b) —n(a) results to be a
linear function of the orthorhombic strain, as shown in
Fig. 11 and reported elsewhere, but the line does not

pass through the origin, since phase and disordering
transformation does not occur at the same time. In Fig.
12 the cell volume is shown at 680 and 695 K as a func-
tion of time. Again, only the expected volume increase is
seen, without any discontinuity. This supports the idea
that in this temperature range the orthorhombic-to-
tetragonal transformation, as well as the oxygen disorder-
ing, is a second-order process.

A mathematical description of the order-disorder
transformation can be given employing the Bragg-
Williams long-distance order theory (Refs. 27 and 28,
Chap. 4). With reference to the YBa2Cu30&+„basal
plane, one may define right and wrong "objects," where
oxygen atoms along the b axis and oxygen vacancies
along the a axis are defined as "right;" oxygen vacancies
along the b axis and oxygen atoms along the a axis are
defined as "wrong. " If R is the "right object" number
and W the "wrong object" number referring to the actual
stoichiometry, then R + W =2 XN, with X the cell num-
ber. With this definition, we avoid counting as wrong the
vacancy along the b axis present in a full ordered speci-
men with x &1. A long-distance order parameter is
defined by

R —W
2XN

so that S = 1 in a completely ordered state, regardless to
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FIG. 10. Oxygen occupancy along the a and b axes as a func-
tion of the oxygen content for the T =695 K isotherm.

FIG. 12. Cell volume as deduced from Rietveld refinement of
the isotherms at T=695 K (full circles) and T=680 K (open
circles).
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the system stoichiometry.
Suppose the energy required to produce a pair of

wrong objects in the state R, W is @(R,W). The
configurational entropy associated with the state R, 8'is
S,f=k(N lnN —RlnR —WlnW). Thus, the change ES,f
associated with b. W (wrong object number variation; here
an oxygen atom moving from b to a axis) is

b,S,&= —k(b,R lnR+EWlnW)=2k ln(R/W) . (4)

Since in thermal equilibrium the change hF in the free
energy associated with 6W must vanish (b.W&& W),
neglecting thermal entropy changes, one can readily find
the equilibrium values by writing

AF=0=@(R,W) —TKS,r

=@(R,W) 2kT ln(—R /W)

or

R =exp 4(R, W)
2kT

Internal friction at fixed temperature

Let us turn now to the elastic energy dissipation in iso-
thermal conditions. The internal friction, which, at
about 700 K, has values close to the Po& peak maximum
at kHz frequency, after a transient, decreases to the back-
ground value. A good fit to the data (full line in Fig. 5)
was obtained from Eq. (1) with a time varying activation
energy H. With H =1.5 eV, 'TO=10 ' s ' and using the
appropriate co value, a 10%%uo H shift is enough to reduce
the Po& peak strength from its maximum to the back-
ground. For this reason the activation energy time
dependence was taken as linear: H(t)=H, „—at, with
H,„ the activation energy for the stoichiometric oxygen
content and a a constant. Equation (1) becomes

Finally, with the given definitions of R, W, n(a), and
n (b), it results that R /W=n (b)/n (a).

In the framework of the Bragg-Williams theory, a sim-
ple linear relationship between 4(R, W) and S is intro-
duced as an assumption: 4(R, W) =@OS, where 4o is the
energy required to produce two wrong objects in the
completely ordered lattice (S =1). This is equivalent to a
nearest-neighbor interaction model. An implicit equa-
tion for r =@oS'/4kT is obtained:

S=tanh(40S/4kT) .

Nontrivial solutions, corresponding to an ordered
state, can be obtained for r ) r (critical). At each temper-
ature a critical @0, value exists below which the system is
in a disordered state. The higher the temperature in iso-
thermal conditions, the higher the critical 40, value. In
our dynamical measurements 4(R, W) changes with the
orthorhombic deformation, which decreases because of
the oxygen outflow. An essential point is that, due to the
entropic term, a disordered state with (0—,'0) and ( —,'00)
sites differing in energy is possible.

2 exp( —t /r)
1+2 exp( —2t /r)

(8)

with r=kT/a, 3 =coroexp(H, „/kT). This function,
after a transient time depending on temperature, reduces
to a simpler exponential decay: Q '=hA exp( t/r—).
We, therefore, suggest that as an effect of the oxygen
outflow, peak Po& shifts in position. The temperature
shift corresponding to an energy difference of 0.2 eV (the
difference between Po& and P02) can be deduced by the ra-
tio H, /H2 = T2/T, and is about 90 K at kHz frequency,
just the difference observed for our samples. Then, we
suggest that in isothermal conditions the internal friction
decrease is an effect of a position changing peak. What
causes the shift is a change in the activation energy,
which corresponds to the barrier height seen from the
jumping oxygen atoms. The activation energy has a max-
imum when x =1, like the orthorhombic strain, and pro-
gressively decreases moving towards the orthorhombic II
phase and the tetragonal phase. '

Apart from our isothermal data, the Pp& peak shift is
reported by other authors' or can be deduced by pub-
lished data' referring to measures as a function of tem-
perature. In the first case, the authors claim that the
shift is only present in YBa2Cu306+ with aluminum
partially substituting copper, while in the second the au-
thors concentrate on the varying strength of the peak
with oxygen content. Unluckily, in these papers the oxy-
gen content was not measured, so it is dificult to say
what really was the thermodynamic state of the samples.
To make things more complicated, the peak strength also
is depending on the oxygen content, while the system has
a tendency towards phase separation. There are observa-
tions of phase inhomogeneity or the contemporary pres-
ence of orthorhombic I and II phases in samples with
various oxygen content, ' ' and calculations that pre-
dict possible phase separations with x values up to
x =0.94. ' This explains why in certain cases' ' '

Po&
and P02 are both present for the same oxygen content:
Po& is the peak of the jumping oxygen in the orthorhom-
bic I phase and P02 refers to the same kind of effect in the
orthorhombic II phase. These two phases correspond to
different potential barriers for the atoms and, as a conse-
quence, should give peaks that are always distinct in posi-
tion.

In a fully oxygenated specimen the atoms arrange in a
pure orthorhombic I phase and only Po& should be
present. As oxygen outflows, the peak shifts towards
lower temperatures (at fixed frequency). Recalling that
the peak is caused by the oxygen atoms, its strength
should decrease as the oxygen outflows, while some au-
thors claim it should increase. ' ' It is possible that a
dependence on the preparation condition and on the an-
nealing time has some importance determining the peak
strength. Furthermore, following the hypothesis of a
change in the peak activation energy and a repopulation
model, a change in the peak height is also deduced. The
oxygen atoms in the basal plane are one of two potential
energy minima. Their ( —,'00) and (0—,'0) occupancy n (a)
and n (b) are expected to follow Eq. (6), so that at fixed
temperature
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n(a) =exp( —b E /kT)
n(b)

with hE, the two-site energy difference corresponds to
@(R,8')/2. Recalling Eq. (7), the energy site difference
corresponding to the disordering can be simulated. It is
0.11 eV at T =680 K and 0.12 eV at T =695 K. These
values can be compared with those calculated by Chen
and Wu' on samples annealed in air at temperatures of
680 K or more that have different oxygen contents.

The effect of a little sinusoidal deformation on the en-

ergy of each level will be to periodically increase and then
decrease their energy by an amount o (small with respect

x exp[(2o+b, E)/kT]
1+exp [(2o +bE ) /k T]

(10)

The difference n'( a)
—n(a) is the level repopulation.

Now, a decrease in activation energy and in the difference
bE between levels will give a new expression like (10).
The difference between the two cases represents the effect
of an energy level change on the stress-induced repopula-
tion. This effect can be written as

to the original energy value). This energy variation will
cause a change in the population of each level. If n (a) is
the equilibrium population along the a axis before the ap-
plication of a stress, the new population will be given by

exp(bE/kT)
b(repopulation) =x

1+exp b,E/kT
exp[(2o +bE)/kT] exp[(2o +bE')/kT] exp(bE'/kT)

1+exp[(2o+bE)/kT] I+exp[(2 o+bE)/kT] 1+exp(bE'/kT)

where bE' is the new energy difference. Equation (11) re-
duces to

b.=x [ [exp(bE/kT) —exp(bE'/kT)]

X [ 1 —exp(2o /k T) ][ (12)

when 1))exp(b,E/kT), which is satisfied (with bE &0)
if

~

b.E
~

)0.2 eV. From Eq. (11) it is possible to evaluate
how a reduced energy level difference causes an increased
repopulation between the two sites as an effect of an ap-
plied stress. The intensity of the phenomenon depends
on o., but reasonable values can easily bring about a repo-
pulation variation of two times or even more. As a result
of this we expect a peak-intensity increase as the peak
shifts towards lower temperatures.

With decreasing x, the system enters the orthorhombic
II phase existence range. Then Pp2 appears and rises in
intensity, with a maximum around x =0.5, where that
phase is stoichiometric. At even lower oxygen concentra-
tions Pp2 decreases. Peak Pp2 should also shift with oxy-
gen content, which is not clearly seen in the experiments.
What might happen is that an oxygen outAow in these
conditions triggers a change in the relative proportions of
the various phases present in the sample so that the or-
thorhombic II phase decreases in volume keeping nearly
constant a and b axis values. In Ref. 18 a peak corre-
sponding well to Pp2 is measured in a sample with x es-
timated to be equal to 0.3, which is tetragonal, at least
macroscopically. The peak is rather feeble immediately
after quenching down to room temperature from 990 K
and increases without appreciable shift after thermal
treatments. This could well be an oxygen ordering and
particularly the formation of further orthorhombic II
phases during the slow cooling from high temperature.

No clear observations of the system in a pure tetrago-
nal phase are available because of the tendency to the for-
mation of orthorhombic microdomains in macroscopical-
ly tetragonal samples. Even samples with overall tetrago-

nal symmetry and oxygen content below 6.5 exhibit a
temperature range where the basal-plane oxygen atoms
are not completely disordered but are aligned in small
chains, and orthorhombic domains exist. There is evi-
dence of a peak around 500 K at 1 kHz frequency, which
could be due to the tetragonal phase, even if it is uncer-
tain whether the peak is thermally activated or not. The
latter case would strongly support the hypothesis that the
peak corresponds to some kind of structural transforma-
tion. ' (We also obtained similar results on a sample an-
nealed 2.5 h at 1000 K in fiowing argon. ) It must be un-
derlined that these specimens, treated at high tempera-
ture to reduce the oxygen content, also present a partial
chemical decomposition (formation of Y2BaCuO~), which
complicates the data analysis. Finally, there are claims'
that the peak occurring in the tetragonal phase has a
really low activation energy of 0.11 eV, being located
below 100 K at about 1 kHz frequency.

CONCLUSIONS

The most reasonable mechanism originating the peaks
existing in YBa2Cu306+„above room temperature seems
to be the repopulation process. The main reason to ex-
clude a twin mechanism is because an internal friction
peak can be measured in conditions where twins are ab-
sent because the system is made of such small oxygen-
atorn-ordered domains that the concept of twins lose
meaning. Nevertheless, it must be said that a direct mea-
sure assuring that Pp& or Pp2 exists in twin free samples
has never been done, at least to our knowledge. At the
same time, the complete absence of any internal friction
increase during the isothermal tests, described above in
the discussion, seems to be a major inconvenience for the
dipole model proposed by Cost and Stanely. In spite of
the oxygen outAow, as oxygen disorders between the a
and b axes, the dipole number increases. Since the peak
intensity is directly dependent on the dipole number, and
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we are measuring at or near the peak maximum, an inter-
nal friction increase strong enough to be easily detected
should be present. On the contrary, only a monotonous
decrease (Fig. 5) is seen.

What is left is then the repopulation mechanism. We
also suggest that the peak activation energy changes with
the orthorhombic strain and with the kind of order of the
oxygen atoms in the basal plane. Po& as shown in Fig.
2(a) is the peak due to the repopulation in an oxygen-rich
orthorhombic I specimen; P02 (Fig. 3) is caused by the
same process in the orthorhombic II phase, correspond-
ing to a smaller activation energy of about 0.2 eV. The
peak intensity depends on several factors: oxygen con-
tent, energy difference between ( —,'00) and (0—,'0) sites, and
phase volume. We are trying at the moment to theoreti-
cally predict the peak intensity as a function of all param-
eters.

Finally, the phonon softening attributed to the ortho-
rhombic to tetragonal phase transition, observed for the
first time by Talion, Schuitema, and Tapp working at
40-kHz frequency and successively on our samples at 1

kHz, is an effect of the oxygen atom disordering in the
basal plane. This explanation is suggested by the com-
parison of modulus and neutron-diffraction measure-
ments. Under vacuum, a temperature range exists where
the kinetics of the oxygen outAow and phase transforma-
tion are such that the YBa2Cu306+ system turns into an
oxygen-disordered orthorhombic phase. The modulus
downward. cusp, predicted for a second-order phase tran-
sition, corresponds to the oxygen-disordering and not to
the lattice-symmetry transformation.
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