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Origjn of the formation of the tetragonal phase near the surface of quenched YBazCu30„
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The distribution of structural phases formed in polycrystalline YBa2Cu30, by quenching has been
measured by means of x-ray diffraction. Disk-shaped samples were annealed in a temperature range of
680-800 C in air, and subsequently quenched in liquid nitrogen. The x-ray diffraction patterns revealed
that the tetragonal phase is formed near the surface although the orthorhombic phase is distributed en-

tirely in the inside. The depth to the phase boundary increased with increasing sample thickness and an-

nealing temperature. The conclusion is that the tetragonal phase is not a preserved phase from high
temperature but a newly produced phase by deoxidation during quenching. The lower concentration of
oxygen near the surface was directly confirmed by x-ray photoelectron spectroscopy. It was also
confirmed that the transition from superconductor to normal conductor takes place in the orthorhombic
phase.

I. INTRODUCTION

The study of the relationship between the crystal struc-
ture and the superconductivity in high-T, superconduc-
tors is fundamental in order to clarify the superconduct-
ing mechanism. A number of studies concerning the rela-
tionship in YBa2Cu30 have been reported. ' It is well
known that the superconducting transition temperature
decreases, showing two plateaus at -90 and at -60 K,
and the structure changes from orthorhombic to tetrago-
nal, as oxygen concentration decreases. However, the
structural phase in which the change from superconduc-
tor to normal conductor takes place has varied depending
on the investigator. ' '

The oxygen concentration has been controlled by an-
nealing temperature and quenching medium in the sam-
ple preparation. In regard to quenching, liquid N2, ' ' '

cooled He gas, and air ' have been utilized for the
quenching medium. A tetragonal phase has often been
observed near the as-quenched surface at room tempera-
ture. It has been considered that the tetragonal phase is
simply the frozen-in high-temperature phase. To our
knowledge, no one has assessed the impact the quenching
rate would have on the formation of the phase. We will
show that the tetragonal phase is not a preserved
phenomenon but is caused by deoxidation during the
quenching.

II. EXPERIMENTAL

YBa2Cu30„was prepared by firing a mixture of
powders with the proportions of 3 mol of CuO to 2 mol
of BaCO3 to —,'mol of Y203 for 24 h at 930 C in air. Re-
ground powders were pressed into disk-shaped pellets at
an applied pressure of -300 Mpa. Then the pellets were
sintered for 24 h at 940 C in air and slowly cooled to
room temperature at the rate of 1 K/min. The hydrogen

reduction method resulted in an estimate of oxygen con-
centration x =6.95. The samples obtained consisted of
fine grains with the average size of 10X10X30pm . The
samples were porous and had a density of about 5.4
g/cm which is about 85% of that for a single crystal.
The x-ray and resistivity measurements showed that the
samples have a single orthorhombic phase at room tem-
perature and a superconducting transition temperature
T, of 90 K. The sintered pellets were thinned to 0.2, 0.6,
and 2.0 mm by polishing the surfaces with fine emery pa-
pers. Each sample was annealed finally at various tem-
peratures ranging from 680 (x =6.48 ) to 800 'C
(x =6.28) for 6 h in air, then quenched into liquid nitro-
gen. The concentration was obtained from the weight
loss measured by thermogravimetry on heating in air.

The structural phases near the surface were determined
by taking x-ray diffraction patterns using Cu Ka radia-
tion. After taking the patterns, the surface was removed
by a desired thickness using fine emery papers. The
phase distribution in the sample was determined by re-
peating the same measurement and treatment. T, was
obtained by measuring the temperature dependence of dc
resistivity for the as-quenched sample using a four probe
method. The variation of the oxygen concentration with
depth was examined by x-ray photoelectron spectroscopy
(XPS).

III. RESULTS

Figure 1 demonstrates a typical example of variation in
x-ray diffraction patterns around 28=58' for the 2-mm-
thick sample quenched from 760 C (x =6.35). It is seen
that the as-quenched surface provides only the diffraction
pattern expected from the tetragonal phase. As the sur-
face is removed, the pattern turns to that of the ortho-
rhombic phase.

Figure 2 shows the variations of the lattice parameters
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FIG. 1. Variation of x-ray difFraction patterns from the as-

quenched surface. Removed thicknesses are 0, 10, 20, 35, and
130pm from the bottom. Peaks correspond to the 116, 123, and
213 reflections for the orthorhombic structure. 0.5 1.0 1.5
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a, b, and c/3 obtained from the sample for Fig. 1 as a
function of depth. The three parameters remain at con-
stant values at the deeper positions (more than 50 pm). It
is noted that the phase varies at the depth between 5 and
10 pm as seen from the lattice parameters a and b. X-
rays penetrate into the sample to some extent. The mass
absorption coefficient of 171 cm /g for Cu Ea radiation'o
and the sample density of 5.4 g/cm yield the linear ab-
sorption coefficient of 930 cm ' for the present experi-
ment. For the Bragg angle of 20', about 90%o of the mea-
sured x rays are obtained from the surface layer between
0 and 6 pm. Hence the depth does not correspond to the
exact distance from the as-quenched surface.

Figure 3 displays the depth (D„) of the phase bound-

FIG. 3. Depth D„ to phase boundary versus sample thick-
ness for the samples quenched from 780' and 800 C. The upper
and the lower regions of each line correspond to orthorhombic
and tetragonal phases, respectively.

ary between tetragonal and orthorhombic structures for
the samples quenched from 780 (x =6.31) and
800'C(x=6. 28) as a function of sample thickness. D„
increases with an increase in initial thickness of sample as
well as with an increase in annealing temperature. The
sample with 0.2 mm thickness quenched from 780'C
showed only the orthorhombic phase. For the 2-mm-
thick sample quenched from 800'C, D„reached 90 pm.
D„ for the samples quenched from 780'C is smaller than
that from 800'C for the sample thickness. From these ob-
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FICr. 2. Variation of lattice parameters as a function of
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FIG. 4. Change of lattice parameters a, b, and c/3 due to an-
nealing temperature measured for as-quenched surfaces of 0.2-,
0.6-, and 2.0-mm-thick samples.



3304 SHOICHI EDO AND TOSHIHIKO TAKAMA 50

servations, one sees that D„ is sensitive to sample thick-
ness and annealing temperature.

The lattice parameters measured for the as-quenched
surfaces are shown in Fig. 4 as a function of annealing
temperature. The annealing temperature at which the
structure changes from orthorhombic to tetragonal is
735'C for the 2-mrn-thick sample, 760'C for 0.6 mm, and
800'C for 0.2 mm. The temperature shifts to the low-
temperature side with an increase in the sample thick-
ness.

IV. DISCUSSION

Xexp
(2j+ 1)m.

h

It is known that the equilibrium phase of YBa2Cu30g
in air is tetragonal at temperatures greater than about
650 'C (x =6.5 )." ' If the tetragonal phase is
preserved during quenching, D„should increase with a
decrease in sample thickness, because the quenching rate
becomes higher as the thickness decreases. The predic-
tion is completely opposite to the present experimental
results shown in Fig. 3. The results can be interpreted by
considering deoxidation accompanying oxygen diffusion
near the surface layer.

The present samples were quenched into liquid nitro-
gen with oxygen partial pressure of -0 Pa. The equilib-
rium concentration of oxygen becomes lower with de-
creasing partial pressure of oxygen. ' ' Hence, under the
present conditions, the samples should deoxidize until the
temperature decreases to a critical level below which no
oxygen-atom diffusion occurs. The degree of deoxidation
is highest in the surface. This induces the structural tran-
sition from the orthorhombic to the tetragonal structure
near the surface, as observed. Since the deoxidation
period is shorter for thinner samples, the depth D„ is ex-

pected to decrease with decreasing sample thickness, as
seen in Fig. 3. For a thinner sample quenched from a
lower temperature, the quenching will be completed be-
fore deoxidation. This is thought to be the reason why a
tetragonal phase was not observed in the 0.2-mm-thick
sample quenched from 780'C. Based on this idea, the
shift of the structural transition temperature for the as-
quenched sample shown in Fig. 4 can be understood. At
greater depth, the lattice parameters are constant, as
shown in Fig. 2. This indicates that oxygen concentra-
tion is uniform in the inner part. The change in D„ for
the annealing temperature shown in Fig. 3 rejects that
the equilibrium oxygen concentration in the sample is
lower at higher annealing temperatures.

The distribution of oxygen concentration is roughly es-
tirnated by the diffusion equation' assuming that the
sample is a continuum. The concentration x(d, t) at
depth d and at time t after quenching for a
YBa2Cu306+& plate with thickness h and infinite area is

0

given by
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FIG. 5. Calculated profiles of oxygen concentration x for
sample quenched from 800'C with thickness of 2 mm. The sam-

ple is assumed to be held at 800'C for the periods shown in the
figure.

where D is the diffusion constant. Here the oxygen atoms
are assumed to diffuse out until x decreases to 6 in N2
gas. ' The concentration x(d, t) was calculated using the
measured value of D =10 crn /sec. ' ' Examples of
concentration profiles that are obtained after different
times are shown in Fig. 5. We know no exact value of the
cooling rate in liquid nitrogen. Thus, it was assumed that
the sample is held at 800'C (5o=0.28) for the periods
shown in Fig. 5. The figure shows that the tetragonal
phase is formed at deeper positions as the holding time
increases. When we assume that the transition takes
place at x =6.15, the profiles give the calculated D„
with 8 —42 pm for holding times of 0. 1 —2 sec. They ex-
plain the observed depth.

In the above estimation, continuum matter was as-
sumed for the sample. Here, the effect of porosity in the
sample on the diffusion of oxygen is considered. The oxy-
gen atoms might diffuse out in two ways. One is out-
diffusion from the surface layer into the nitrogen around
the surface and the other is diffusion into the porosity in
the sample. When a sample is porous, the contact area
with nitrogen increases in comparison with the sample
with high density. The outdiffusion takes place more
easily and the diffusedout oxygen can be replaced by ni-

trogen. The replacement lowers the oxygen partial pres-
sure in the surrounding area. This activates the deoxida-
tion on the surface. The grain size of the specimen used,
however, has only the dimensions of 10X10X30 pm .
Thus, the contact area between grains becomes narrower
and interdiffusion between grains will be prevented. This
is counteracted by the outdiffusion into porosities in the
specimen. ' The porosities in the deep positions will be
isolated from the outside of the specimen and contain ox-
ygen atoms in equilibrium. This means deoxidation is
hard in the deeper positions. On the other hand, the
porosities near the surface should be connected to the
outside through the porosities between the grains. In this
case, the oxygen atoms from the grains can diffuse to the
porosities and can be replaced by nitrogen atoms. This
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prompts the deoxidation near the surface. The depth
deoxidized increases as the cooling rate decreases, that is,
sample thickness increases, because the atomic replace-
ment is enhanced. These circumstances are thought to be
the reason for formation of the phase distribution near
the surface.

The lack of oxygen at the surface was directly
confirmed by x-ray photoelectron spectroscopy. Figure 6
shows parts of the XPS signals from the as-quenched sur-
face and from a depth of 130pm, respectively. The peaks
at around 933 eV and the satellite peaks at 943 eV corre-
spond to signals for Cu 2p3 jp electrons and for the Cu-0
bond, respectively. The ratio of the satellite intensity to
the main intensity measured for the inside is roughly 1.4
times the ratio for the as-quenched surface. This means
that the oxygen concentration in the surface layer is
lower than in the inside. No XPS signal for the N 1s
state at around 398 eV was detected for the quenched
surface layer. This fact indicates that no replacement of
oxygen atoms by nitrogen atoms takes place in the lat-
tice.

T, (onset) is shown in Fig. 7 as a function of annealing
temperature. T, for the 0.2-mm-thick sample is higher
than that for the 2.0-mm sample. By extrapolating T, to
zero, we can estimate the critical annealing temperature
over which no sample shows the superconducting transi-
tion. The temperatures are approximately 750'C
(x =6.36) and 780'C (x =6.31) for samples with 2.0 and
0.2 mm thicknesses, respectively. The lower T, for the
thicker sample might originate from a slight deoxidation
of the whole sample during quenching.

The contribution of the surface layer with the tetrago-
nal phase to superconductivity can be neglected, because
the volume fraction of the layer is negligibly small in
comparison with that of the internal orthorhombic re-
gion. The orthorhombic structure is stable up to the an-
nealing temperature of 800'C (x =6.28) near the surface
as shown in Fig. 4. It should be emphasized that the
transition from the superconductor to normal conductor
takes place only in the orthorhombic phase. From a first
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FIG. 7. T, (onset) versus annealing temperature measured
for the 0.2- and 2.0-mm-thick samples.

look at Figs. 4 and 7 for the 2-mm-thick sample, it might
seem that the transition happens in the tetragonal phase,
but this is not correct. The measured parts are the sur-
face for structural phase and the inside for superconduc-
tivity. From the results, the disagreement about the rela-
tionship between structure and superconductivity in the
studies' ' ' so far reported is thought to be caused by
the quenching conditions such as quenching medium and
sample dimensions.

V. SUMMARY

We have clarified the origin of tetragonal phase forma-
tion near the surface of polycrystalline YBazCu30
quenched into liquid nitrogen. A change of phase from
tetragonal to orthorhombic was observed near the surface
by means of x-ray diÃraction. The depth to the phase
boundary decreases with a decrease in sample thickness,
that is, with an increase in cooling rate. A lower concen-
tration of oxygen near the surface than internally was ob-
served by XPS. The phenomena show that the surface
tetragonal phase is formed by deoxidation due to oxygen
outdiffusion during the quenching treatment. The
present study also concludes that the transition from su-
perconductor to normal conductor takes place in the or-
thorhombic phase.
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FIG. 6. XPS signals of Cu 2@3/p and of the Cu-0 bond
detected for the 2-mm-thick sample quenched from 760'C (a)
for the as-quenched surface and (b) for the depth of 130pm.
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