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Effect of oxygen pressure on the orthorhombic-tetragonal transition in the
high-temperature superconductor YBa;Cu30;,
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High-resolution in situ x-ray-diffraction measurements were made of the lattice constants of
YBa;Cu3O; as it was heated and cooled through the orthorhombic-tetragonal transition at a
series of O pressures. The transition is sharp, continuous, and reversible in temperature and
pressure. As O pressure is reduced from 1.0 to 0.005 atm, the transition temperature falls from
676 £5°C to 521+ 10°C while oxygen content at the transition falls from 6.66 +0.01 to
6.59 +0.02. Dilation along the ¢ axis is observed as oxygen is removed. Under helium, an ir-

1 MAY 1988

reversible but time-dependent orthorhombic-to-tetragonal transition occurs during heating.

I. INTRODUCTION

Following the discovery of superconductivity above 90
K in the oxygen-deficient perovskite YBa,Cu;O, (Refs. 1
and 2), several reports have been made of a structural
phase transition in the compound.>® Since high-
temperature superconductivity is commonly associated
with structural instabilities,? it is likely that understand-
ing the structural dynamics of these new superconductors
will elucidate understanding of their extraordinarily high
superconducting temperatures.

X-ray>* and neutron® powder diffraction measure-
ments have established an orthorhombic room-tem-
perature structure which transforms upon heating under
an oxygen atmosphere to a tetragonal structure with re-
ported orthorhombic-tetragonal transition temperatures
ranging from 610°C (Ref. 4) to 750°C (Ref. 3). A
reduction in O; pressure from 1 to 0.02 atm reduces the
transition temperature by about 80°C (Refs. 5 and 6).
The magnitude at room temperature of the orthorhombic
distortion A=2(a—b)/(b+a), where a, b, and c are the
lattice constants, has been variously reported as 0.0036
(Ref. 10) t0 0.018 (Ref. 2).

Such variations in structure are attributed!"!? to the
temperature and oxygen partial pressure under which the
sample is prepared and the rate at which the sample is
cooled. In an extreme case, the observation ' of a tetrago-
nal structure at room temperature was attributed to rapid
cooling through the orthorhombic-tetragonal transition.
Heating under a helium or reducing atmosphere has been
shown*!112 to induce an irreversible transition to a
tetragonal phase stable to room temperature. As the O,
treatment varies, the superconducting transition tempera-
ture T, changes. In samples quickly cooled after anneal-
ing at various temperatures in air, 7, has been shown 1415
to vary with O, content. According to Beyers etal.,'!
samples annealed under either helium or 6 atm O, become
superconducting at 21 and 60 K, respectively; this ap-
parently conflicts with another report 2 that annealing un-
der 40 atm O; increased T, by 1 K.

Oxygen pressure can have a dramatic effect on both the
phase stability and T, because the oxygen content of
YBa,Cu3;0, is nonstoichiometric and easily varied. Re-
ported values of x at room temperature for the ortho-
rhombic phase range from 6.8 to 7.0 (Refs. 2, 5, 11, 12,
and 14-18). The orthorhombic-tetragonal transition has
been reported to occur at a constant value of x =6.5 (Ref.
5) or 6.6 (Ref. 6) between 0.02 and 1 atm.

To better understand the effect of O, pressure on the
orthorhombic-to-tetragonal transition temperature, we
have made high-resolution in situ x-ray diffraction mea-
surements as the sample transforms at a series of O pres-
sures ranging from 0.005 to 1 atm. We have carefully
measured the lattice constants of a YBa;Cu30, sample as
it is heated in ambients from 1 atm O; to helium and back
to 1 atm O, to check for reversibility, stability, and repro-
ducibility. We report thermogravimetric measurements
made on similarly prepared samples which establish O,
stoichiometry x. Magnetic susceptibility measurements of
T, are reported. We describe our x-ray diffraction data in
Sec. 11, susceptibility data in Sec. III, thermogravimetric
data in Sec. IV, and discuss the implication of these re-
sults in Sec. V.

II. X-RAY DIFFRACTION

A. Sample preparation

YBa,Cu;0, was prepared from Y,0; (Morton Thiokol,
99.999%) heated to 1100°C and cooled in a desiccator,
BaCO; (Johnson Matthey, 99.997%) heated to 275°C in
air and cooled in a desiccator, and CuO (Johnson
Matthey, 99.999%) heated to 600°C and subsequently
cooled in dry O,. The substances were transferred to a
helium drybox with H,0, CO;, and O, content less than 2
ppm, in which all weighing, grinding, and filling into dies
was conducted.

Weighed amounts of the starting materials were ground
together in an Al,O3; mortar, cold pressed into a pellet,
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and calcined in O, first at 900°C for 4 h, then at 920°C
for 16 h. The pellet was twice reground, repressed, and
sintered, first at 940°C for 14 h, then 950°C for 16 h and
cooled to room temperature in approximately 10 min.
The sample was finally ground into a fine powder for x-ray
diffraction measurements, and found to superconduct at
92K.

B. Data collection

Either silver filings passed through a 325 mesh sieve
and mixed with the YBa,Cu3;0, powder or the pure plati-
num heater served as a diffraction reference. The sample
was then wetted with toluene and spread in a thin layer on
a resistively heated platinum ribbon mounted in a Scintag
PAD X high-temperature powder diffraction unit with 6,6
geometry and a copper-anode x-ray tube operated at ap-
proximately 2 kW.

The 26 resolution was 0.050° in the 20 range of 43-45°
where most of the data was collected. The high angular
resolution provides accurate lattice constants but makes
intensity measurement less reliable by limiting the num-
ber of grains diffracting; the sample was finely ground to
minimize this effect and to make equilibration more rapid
than for a sintered sample. A solid-state detector moni-
tored scattered x rays with a single-channel analyzer set to
7% energy resolution about Cu Ka.

Other than the approximately 5 min exposure to air
while mounting, the sample was always held under an am-
bient atmosphere of either pure helium, or oxygen, or a
mixture of O, with Nj, He, or Ar to a total pressure be-
tween 0.25 and 1 atm. Temperature was measured with a
Pt/(Pt-10% Rh) thermocouple welded to the back of a 5-
mil-thick platinum resistance heater. Temperature cali-
bration of the Pt/(Pt-10% Rh) thermocouple was made at
room temperature and at the known 573+ 1°C quartz
a-B transformation temperature.'® All temperatures were
then read directly from the thermocouple with variations
of £2°C over a diffraction scan. This thermocouple
reading, thermal expansion data?® on Ag and Pt, and their
room-temperature lattice constants?! were used to correct
sample lattice parameter measurements at temperature
for diffractometer alignment errors according to the fol-
lowing formula:

asims =agesle + [aRG g™ 1+ AL/L) T — aBi3845°1

(1

where RT indicates room temperature and AL/L is the
temperature-dependent linear thermal expansion. Values
of aRT-known of 4 0880 A for Ag and 3.9231 A for Pt were
used with Cu Ka;=1.5406 The Ag and Pt (200)
diffraction lines within 3.5° and 1.2° 28, respectively, of
the (006), (020), and (200) sample lines were used in Eq.
(1). The 26 dependence of the correction was less than
+0.0002 A over a range of +6° 26 as determined with
additional measurement of the Ag(220) and Pt(111)
lines. Thus, corrected lattice constants determined on the
same sample during a run can be compared to =+ 0.0002
A except near the transition because of broadening of the

diffraction lines, but absolute errors may be close to
+0.002 A due to uncertainties in the reported lattice con-
stants of Ag and Pt. Careful calibration of the tempera-
ture gradient in the x-ray furnace was undertaken to
determine the sharpness of the phase transition. Data in
2°C steps were taken of the sharp a-p transition in quartz
at 573 £ 1°C (Ref. 19), serving to calibrate both the tem-
perature and gradient of the furnace. After the optimiza-
tion of thermal shielding, quartz sample thickness was re-
duced to a minimum, giving an a-pB transition occurring
over a 5°C full width at half maximum (FWHM) tem-
perature range in 1 atm O,. We believe this reflects a gra-
dient from the hotter platinum ribbon to the cooler sur-
face and expect a similar temperature gradient in our
YBa;Cu3;0, sample. We then measured the temperature
gradient as a function of total gas pressure and found AT
to be =<6°C FWHM at pressures down to 0.2 atm or
9°C to 0.1 atm and approximately 100°C in vacuum.
We chose to operate at gas pressures above 0.2 atm to
keep the temperature gradient of the sample to approxi-
mately 5 °C or less.

The sample was, unless otherwise noted, equilibrated at
700°C for at least 30 min in each atmosphere to assure
oxygen equilibrium, cooled in 25 °C steps, held at least 30
min at each temperature while cooling through the
orthorhombic-tetragonal transition, then reheated to
check reversibility. Reversibility was observed for sam-
ples held no more than an hour at temperatures above
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FIG. 1. Diffraction patterns showing 260 region in which
diffraction measurements were made to follow the
orthorhombic-to-tetragonal phase transition. All lattice con-
stants were standardized to either the Ag or Pt (200). Solid
lines are fits to a Lorentzian-squared line shape. Both are in the
orthorhombic phase.
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450°C even under the lowest O, pressure. Data collection
consisted of a scan through the Ag(200) and (220) peaks
or Pt(111) and (200) and the YBa,Cu30, (006), (020),
and (200) peaks. Typical scanning times were approxi-
mately 60 to 90 min. To insure that this limited number
of peaks gave an accurate measure of the unit-cell dimen-
sions, a scan over 14° <20<110° was taken at three
temperatures for each of three O, pressures: The three
YBa,Cu3;0, peaks chosen were found to give an accurate
index to the approximately 50 peaks observed.

C. Results

Typical data are shown in Figs. 1 and 2; Cu Ka; has
been stripped, leaving diffraction from the 1.5406-A Ka;
line, and a linear background of approximately 300 cpm
has been subtracted. Solid lines are a least-squares fit to a
Lorentzian-squared line shape without correction for in-
strumental resolution.

Figure 1(a) is the diffraction pattern in the orthorhom-
bic phase as initially prepared by slow furnace cooling in 1
atm O,. Here the nearly overlapping peaks are the (006)
and (020). The splitting between the (020) and the (200)
gives an orthorhombic distortion of A=0.017. At 600°C
[Fig. 1(b)], the (006) and (020) have increased their sep-
aration due to anisotropic thermal expansion, while A is
almost unchanged.

Heating through the orthorhombic-tetragonal transi-
tion and then cooling, still under 1 atm O,, we find a sin-
gle tetragonal phase at 700°C [Fig. 2(a)], both phases at
675°C [Fig. 2(b)], and a single orthorhombic phase at
650°C [Fig. 2(c)] for which diffraction line broadening is
apparent in the (020) and (200), but not the (006).

Figure 3 gives the lattice constants of YBa;Cu3Oy as a
function of temperature at each indicated pressure,
corrected as stated above to the Ag and Pt lines. Three

E. D. SPECHT et al. 37

da k)
1.98 1.94 1.90
3000  (a) Y Ba,Cu;0, ]
700°C tet
2000 - (200) ]
'r‘
(006) 4
1000 | A e ]
£y 2 4
0 j \w" m”} 777%0; ety
E (b)
S 3000 675°C N
>
- 2000 ]
@ (0!16) 2‘3::
Z 1000 | % (San 1299 n .
z N 200
< 0 fotamn £ e S, i
3000 | $oec -
;(006)
2000 |- ; 7]
T orth orth
1000 Y (orzo) (250) .
0 ‘MM: 8 °'%—a&r
| I | I |

45 46 47 48
26 (degrees)

FIG. 2. Diffraction patterns showning YBa;Cu3Ox peaks.
Solid lines are Lorentzian-squared fits. (a) Tetragonal, (b)
coexistence, and (c) orthorhombic phases. Orthorhombic and
tetragonal phase (020) and (200) peaks are indicated.

lattice constants are given in the orthorhombic phase, two
in the tetragonal; four are shown just at the point where
coexistence of both phases exists. The transformation
temperature taken from these data are given in Table L.
Unit-cell volume expansion calculated from the data of
Fig. 3 is plotted in Fig. 4. The trend towards larger cell
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FIG. 3. Lattice constants a, b, and ¢/3, under various O; atmospheres. The orthorhombic-tetragonal transformation decreases with
decreasing O pressure. A trend towards larger lattice constants, particularly the ¢ direction, is observed as the O, pressure is re-

duced. Lines are guides to the eye.
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TABLE 1. Orthorhombic-tetragonal phase transformation
temperature as a function of O; pressure. Numbers in
parentheses are twice the standard deviation of the last digit.

O, pressure Transformation temperature

(atm) Gas (°0)
1 0O, 676(5)
0.2 air 616(9)
0.1 air 593(8)
0.02 2% O in He 549(12)
0.005 2% O, in He 521(10)

volume with decreasing O, pressure is obvious, but at
800 °C the volume becomes independent of O, pressure.

Under a helium atmosphere we do not see a reversible
transition. The orthorhombic phase produced by cooling
to 25°C under O; persists up to a temperature of either
460 or 500°C depending on holding time at temperature
as the sample is heated (Fig. 5); once the sample is
transformed to the tetragonal phase, no further change
occurs as it is cooled and reheated in helium. A sample
treated at 500°C in an atmosphere of helium and slowly
cooled to retain the tetragonal phase at room temperature
was then rapidly heated to 385°C under 1 atm O, where
the transformation to the orthorhombic phase took place
over a time period of about 2 h (Fig. 6).

From 0.005 to 1.0 atm Oy, the lattice constants vary re-
versibly through the orthorhombic-tetragonal transition.
As illustrated-in Fig. 3, there is a trend towards larger lat-
tice constants as the O, pressure is lowered. In particular,
we observe a dilation of the ¢ axis at lower oxygen pres-
sures and following temperature cycling. The c axis of the
freshly prepared sample is smaller by Ac/c=2.9%10 3
than for all subsequent measurements. There is a similar
but smaller trend for the g axis and even less so for the b
axis. This trend is evident in the volume data of Fig. 4,
and we attribute this dilation to a small loss in oxygen
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FIG. 4. Unit-cell volume as a function of temperature for
various O, pressures. Lines are guides to the eye illustrating
that an increase in O; pressure has little effect on cell volume at
800°C.
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FIG. 5. Lattice constants beginning with the heating of the
orthorhombic phase under helium show an irreversible and
time-dependent orthorhombic-tetragonal transition with a large
c-axis spacing change. Lines are guides to the eye.

content of the sample. We observe that temperature- and
pressure-cycled samples do not always return to the same
values of the lattice constants. Thus, data taken under
identical conditions but after cycling the sample do not su-
perimpose well; this lack of reproducibility accounts for
most of the scatter in our data.

We examined the time dependence of the diffraction
pattern at different temperatures by comparing a scan
taken approximately 60 min after a temperature change
with one several hours later. In the tetragonal phase we
observe a small shift in lattice constants (Aa/a =8x10 ~4,
Ac/c=—1.4x10 "3) over a 3-h period under helium at
425°C. We observe a small shift after 2 h at a somewhat
higher temperature of 521°C in the orthorhombic-
tetragonal coexistence region under 0.005 atm O, with
Ab/b=—1.3x10"3 No change in the coexistence line
shape [Fig. 2(b)] was observed for a sample held at
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FIG. 6. Lattice constants for the tetragonal phase heated in 1
atm O» to 385 °C, where it undergoes a kinetic-dependent trans-
formation to the orthorhombic phase in about 2 h then reverts
back to the tetragonal phase at 676 °C. The dashed line traces
the lattice constants of the tetragonal phase taken from Fig. 5.
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676 °C under 1 atm O, for 5 h. After exposure of the pla-
tinum heating element to the sample for several days at
temperatures to 800 °C, noticeable roughening and stick-
ing of sample particles to the Pt ribbon had occurred. The
powder diffraction pattern had extra peaks (about 2% of
the diffracting volume) which were tentatively identified
as belonging to the compound Y,Pt;07.2! At tempera-
tures near 700 °C for times less than 6 h no reaction prod-
ucts were identified. Others have also reported a reaction
between platinum and YBa,;Cu30, (Ref. 22).

Finally, we consider the peak broadening event in Fig.
2(c). For the freshly prepared orthorhombic sample, all
three YBa,Cu30, peak widths were 0.09° FWHM in 26,
subtracting in quadrature the 0.05° A28 instrumental
resolution gives a width Ag =27A(26)cos6/r =4.9x10 3
A~! at ¢g=32 A~! After one cycle through the
orthorhombic-tetragonal transition, the width of the (006)
does not change, while the (020) and (200) have
broadened to 0.25° [Ag=1.7x10"2 A ! Fig. 2(c)]. The
sample was cooled from 750°C increments with approxi-
mately 90 min equilibration at each step.

Peak broadening on further cooling depends on cooling
rate. If the sample is cooled abruptly to room tempera-
ture (~1 sec), the (020) and (200) remain at 0.25°
FWHM; when cooled slowly (~1 h), they narrow to ap-
proximately 0.14° (Ag=8.7x10 "3 A ~!). In either case,
reheating to 650 °C (just below the transition) reproduces
the 0.25° FWHM linewidth.

Due to the large change in the a and b lattice constants
with temperature just below the orthorhombic-tetragonal
transition, a 5°C thermal gradient can produce as much
as 0.12° peak broadening. Since this effect is negligible at
lower temperatures, the broadening in the (200) and
(020) directions is a retention by rapid cooling of the par-
ticle size and strain effects induced at temperatures just
below the transition. The decreasing width observed on
slow cooling is an annealing out of these effects.

III. SUSCEPTIBILITY

Superconducting transition temperatures were deter-
mined from the diamagnetic response of the sample in an
alternating magnetic field. Specimen material in the form
of either 4-mm-diam sintered rods or powder contained in
a brass can of similar dimension was placed in an ac field
(200 Hz, 1.5 Oe) parallel to the rod axis. With the sam-
ple in the normal state, the voltage induced in a pickup
coil around the sample was balanced against the signal
from a similar but empty coil in the same ac field. This
difference was then measured as a function of temperature
through the transition. The signal change associated with
the transition is proportional to the amount of flux exclud-
ed from the sample. For sintered rods, flux exclusion was
essentially complete. For powders, the signal at 77 K was
about one-half that for the sintered rods. The onset of the
inductive transition was taken to be T.

Figure 7 shows the susceptibility of two samples
prepared as for x-ray diffraction, but with the final grind-
ing omitted. One sample was equilibrated in a 1 atm O,
ambient for 24 h at 950°C, 8 h at 700°C, and 16 h at
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FIG. 7. Magnetic susceptibility of samples prepared in 1.0
and 0.02 atm O, showing T, near 91 K.

550°C; the other in a 0.98 atm Ar-0.02 atm O; mixture
for 1 h at 725°C and 3 h at 450°C. There is no
significant difference between their susceptibilities; both
show a sharp superconducting transition at 91 K. Sam-
ples finely ground as for our x-ray measurements exhibit
similar behavior.

IV. THERMOGRAVIMETRY

The weight change of similarly prepared samples was
measured as a function of oxygen pressure and tempera-
ture with a modified Perkin-Elmer TGA7 thermogra-
vimetric analyzer. The gas flow-through system was
disconnected and the furnace chamber was connected to a
Mensor quartz manometer and controller which was cou-
pled to a tank with purified oxygen and a mechanical vac-
uum pump. This allowed attainment of constant pressure
in the range 0.007 to 0.74 atm (Colorado Springs’ am-
bient atmospheric pressure). The high-temperature fur-
nace of the TGA7 was utilized with the sample contained
in a platinum crucible. The temperature was registered
by a Pt-(Pt 10% Rh) thermocouple kept within 2 mm of
the sample. The thermocouple was checked against a cali-
brated Chromel-Alumel thermocouple also placed in the
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furnace and the thermocouples agreed within 1°C. A
weight calibration was performed according to the
manufacturer’s specifications. The balance accuracy is
given as better than 0.1%, but the weighing precision is
10 73%. The pressure controller was calibrated and the
absolute accuracy given as 8X10 > atm at the highest
pressure and 7X 10 ~5 atm at the lowest pressures.

Sintered YBayCu3O, was prepared as described previ-
ously, omitting the final grinding. The furnace with sam-
ple was evacuated to 0.007 atm and filled with purified ox-
ygen to 0.74 atm a total of four times to assure that all ni-
trogen was removed. The temperature after each change
was held constant between 40 and 120 min, most often 60
min. An equilibration time of 40 min was found sufficient
to ensure the attainment of equilibrium. An absolute
scale for the oxygen-atom fraction in the sample was ob-
tained by reducing the sample in 1 atm H; at 650°C, as-
suming the reaction products are Y,03, BaO, and Cu and
by measuring the total oxygen weight loss for a known
weight of sample.

Shown in Fig. 8 are constant pressure runs performed
on a series of samples produced under similar conditions:
they agree to within Ax =0.01. Under 0.737 atm O, oxy-
gen content decreases steadily from x =6.97 at 25°C to
x=6.33 at 935°C, with a break in slope at 661 °C, close
to the value of 664°C obtained for the orthorhombic-
tetragonal transition by interpolating the x-ray diffraction
results presented in Fig. 3. As seen in Fig. 3, this transi-
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tion temperature drops as O, pressure is decreased. For
samples equilibrated in 1 atm of O, and slowly cooled,
values of x are reported to be 6.91 (Ref. 5) from neutron
diffraction data; 6.93+0.02 (Ref. 14) from thermogra-
vimetric analysis (TGA) with iodometric titration assum-
ing Ba?*, Y?* and O?~ to obtain an absolute value; and
6.72 (Ref. 11) from TGA with reduction in 4% H; in Ar
and assuming the reduction products are Y03, BaO, and
Cu metal. We obtained a value of 6.97 +0.01 with a cali-
bration technique of reduction in pure hydrogen and as-
suming the same reaction products.

Figure 9 shows similar data taken at constant tempera-
ture. These data cover the temperature and pressure
range over which x-ray diffraction data were obtained.
Measurements were made by equilibrating the sample at
the highest oxygen pressure (plotted as an open square)
then reducing the pressure to the lowest value followed by
stepwise increases and holding 5 min at each pressure
(plotted as open circles). The sample was then returned
to the lowest gas pressure and measured (plotted as an
open square) to check reproducibility. With these data we
can draw constant oxygen content contours as a function
of temperature and O, pressure and superimpose them on
our x-ray diffraction observations of the orthorhombic and
tetragonal phases. This phase diagram is shown in Fig.
10. The estimated error in O, concentration, tempera-
ture, and pressure of the phase transition is no larger than
the data points.
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batches. Data from constant temperature (1) measurements were superimposed when possible. Lines are guides to the eye.
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FIG. 9. Oxygen content from TGA analysis at various tem-
peratures and pressures. Open circles are for increasing O:
pressure while open squares show reproducibility with measure-
ments made initially at the highest pressure and on completion
at the lowest pressure.

Y. DISCUSSION

A. Lattice constants

As may be seen from the data given in Figs. 3 and 4, the
orthorhombic-tetragonal transition temperature decreases
as O, pressure decreases, and the structure dilates, in par-
ticular along the ¢ axis. Oxygen pressure affects the lat-
tice constant a more so than b. The removal of oxygen by
equilibrating in helium does reduce a in the tetragonal
phase. However, the expansion of ¢ as the oxygen is re-
moved (Fig. 5) is large. In general, c is the lattice param-
eter most sensitive to oxygen content.

The dependence of the orthorhombic lattice parameters
and our thermogravimetric data on O, pressure is not con-
sistent with thermogravimetric measurements'4 showing
O, content x =6.93 at 350 °C, constant between 0.01 and
1 atm O,. However, some of the difference that we ob-
serve in cell volume following either furnace cooling or
more rapid in situ cooling is attributed to slow O absorp-
tion near 400°C, corresponding to the slow kinetics ob-
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FIG. 10. Structural phase diagram. Open squares indicate
orthorhombic diffraction pattern, filled squares indicate tetrago-
nal, and x-filled squares indicate the point of transformation.
Constant oxygen content contours are taken from Fig. 8.

served in our diffraction pattern. More rapidly cooled
samples will have even lower oxygen content x and a
larger cell volume.

Magnetic susceptibility (Fig. 7) indicates the same su-
perconducting transition temperature for samples an-
nealed in 1.0 and 0.02 atm O,, suggesting a room-
temperature structure not strongly dependent on oxygen
pressure. Similarly, other experiments show that equili-
brating in 40 atm of oxygen increased T, by only 1 K
(Ref. 12).

While cooling rate will affect ¢, neither that nor O,
pressure greatly changes a or b, so the reported variation
in orthorhombic distortion at room temperature must
have another explanation. Confirming this, we note that
the samples exhibiting the extreme values of A=0.0036
and 0.018 were reportedly prepared under similar condi-
tions.'® Our value of A=0.017 is in close agreement with
those reported most recently.

Table II is a compilation of the crystallographic data
obtained from this experiment. The volume of the unit
cell derived from the 1 atm O, data presented in Fig. 4
shows no obvious inflection points near the transition tem-
perature. Coefficients of thermal expansion, a, for various
temperature ranges are listed. Since oxygen loss above
400°C accounts for part of the c-axis expansion, data
below that temperature were used so that a reflects
thermal expansion at near-constant oxygen content.
Thermal expansion data taken in helium for the tetrago-
nal phase reflect constant oxygen content over the entire
temperature range. The thermal expansion of the ¢ axis is
almost twice that of the a or b axes. We note that the
values of a are similar for both the orthorhombic and
tetragonal phases.

We observe from Figs. 3 and 5 that the linearly extra-
polated a-axis spacing of the tetragonal phase is 0.008 A
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TABLE II. Unit-cell volume of YBa3sCu3Oy in 1 atm of oxygen for various temperatures and values of x. Interpolated values of
¢/3 for 1 atm of oxygen and helium are given. The oxygen content of the oxygen-equilibrated sample varies with temperature where
for helium it is fixed at x =6.1. Coefficients of thermal expansion, a, for the orthorhombic and tetragonal phases are given for the
sample equilibrated in 1 atm of oxygen and 1 atm of helium, respectively. In the last column the coefficients of c-axis expansion per
oxygen atom per formula weight, Ac/cAx, are listed. The numbers in parentheses are twice the standard deviation of the last digit.

1 atm oxygen 1 atm helium
Unit-cell a a Ax
volume x c/3 25-400°C c/3 25-750°C x—6.1
Temperature ortho. oxygen ortho. ortho. tet. tet. oxygen
(°C) (A% atoms A (1079 K™ A) (107 K™Y atoms Ac/cAx

20 173.5(2) 6.97(2) 3.893(2) a:=19(1) 3.939(2) a:=21(1) 0.87(9) -0.012(2)
150 174.6(2) 6.97(2) 3.906(2) a;=11(1) 3.949(2) a,=10(1) 0.87(9) —0.012(2)
250 175.5(2) 6.97(2) 3.914(2) ap=13(1) 3.957(2) 0.87(9) —0.012(2)
350 176.0(2) 6.96(3) 3.921(2) 3.966(2) 0.86(9) —0.013(2)
450 177.2(2) 6.95(2) 3.934(2) 3.978(2) 0.85(9) —0.013(2)
550 178.4(2) 6.84(2) 3.949(2) 3.984(2) 0.74(9) —0.012(3)
650 180.1(2) 6.71(2) 3.962(2) 3.992(2) 0.57(9) —0.011(3)
750 181.4(2) 6.56(2) 3.978(2) 4.000(2) 0.48(10) —0.007(3)

greater than Vab of the orthorhombic phase. We can un-  conclude that the transition observed in YBa;Cu3Ox is
derstand this asymmetry from the crystallography of the  similarly sharp, <1°C, and that a thermal gradient of
phase transformation obtained from neutron diffraction about 5 °C must exist in the sample.

data.’ The copper-oxygen containing plane midway be- Our data are consistent with a second-order phase tran-
tween the two barium atoms has the oxygen atom only  sition. The coefficient of thermal expansion will diverge
along the b axis in the orthorhombic phase. On trans- along the a and b axes as the transition is approached

forming from the orthorhombic phase where x ==6.65 in 1 from below. We see broadened orthorhombic phase peaks
atm O3, one-half the O, atoms (or Ax =0.32) move from as we would expect in the presence of a thermal gradient.
the b row to fill 0.32 of the vacant oxygen sites along the a We observe no peaks with orthorhombic distortion
axis. Since the removal of oxygen atoms from the 65% oc- 0 <A <0.005; either this is a small first order jump or the
cupied b row produces a smaller contraction (—Ab) than  broadened peaks become too weak to observe.

the expansion (Aa) caused by adding these atoms to a va- While we observe a drop in transition temperature from
cant row, the interatomic forces differ depending on the ~ 676°C in 1 atm O; to 521 °C under a partial pressure of
degree of occupation. 0.005 atm O, (Table I), there is only a slight reduction in

A measure of the effect of increasing oxygen content on  the O, content at the transition (Fig. 10) from x =6.66 at
the contraction of the ¢ axis is given by the parameter 1 atm to x =6.58 at 0.005 atm. This result differs from
Ac/cAx. A minimum value of x =6.1 for the oxygen con- that of Jorgensen et al.,> who observe the transition at a
tent of the helium-treated sample independent of temper- constant oxygen content of x =6.5. We report thermo-
ature was chosen for the following reasons. Our minimum gravimetric measurements of total oxygen content, while
value of x is near 6.05 and was obtained in 10 %! atm of  Jorgensen etal. deduce oxygen content from their
oxygen at 875°C. A value of x =6.1 was reported from diffraction pattern; while ours is a more direct measure, it
TGA analysis' in 10 ™4 atm of oxygen at a temperature  will include any oxygen in grain boundaries or other de-
above 650 °C and a value near 6.1 was obtained from neu- fects.
tron diffraction data’ in 0.02 atm of oxygen at a tempera- Under a partial pressure of oxygen, the transition is re-
ture near 900°C. Values of Ac/cAx per oxygen ion were versible so it reflects equilibrium behavior. Under a heli-
found to change from —0.012 at room temperature to um atmosphere, oxygen can only evolve, so we see an ir-

—0.007 at 750°C and are given in Table II. reversible transition reflecting the kinetics of oxygen
transport. Our equilibrium measurements show an ortho-
B. Orthorhombic-tetragonal transition rhombic phase above x = 6.6, tetragonal below; this is

likely to be true even for samples out of equilibrium.
A measure of the homogeneity of our sample is the For samples cooled in O; then reheated in He, the in-
abruptness of the observed structural transition. We ob- crease in transition temperature with heating rate (Fig. 5)

served coexistence of the orthorhombic and tetragonal  shows that oxygen evolution occurs in approximately 1 h
phases over a range of approximately 1°C after correcting  in the 456~506 °C temperature range. Cooling in He and
for the temperature gradient. When quartz is substituted  heating in O, shows that oxygen uptake is faster, as the
for YBayCu3Oy in our x-ray furnace, we observe coexist-  sample transforms to orthorhombic at 400°C (Fig. 6).
ing a and B phases over a similar range at 573°C. Since Some of this difference may reflect the need for evolved
this transition is known to be sharp, <1°C (Ref. 19), we O, to diffuse out through helium.
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