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Temperature-dependent change of Cu— O bond length in YBa,;Cu30,
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X-ray photoelectron spectroscopy of the high-7. superconductor YBa;Cu3O; is performed,
varying the temperature of the measurement (350, 230, and 180 K). The intensity of the O 1s
peak corresponding to the Cu—O bond decreased with decreasing temperature. The intensity of
the peak due to the electrons in the Cu 3d-O 2p antibonding orbitals with x2—y? symmetry
measured at 180 K is much smaller than that measured at 350 K. The top of the valence-band
spectrum shifted —0.5 eV at 180 K relative to that at 350 K. A decrease of the O atoms in the
crystal at lower temperature is observed in this experiment.

Bednorz and Miiller! first reported high-temperature
(T.~30 K) superconductivity in the La-Ba-Cu-O system
and many other workers have investigated these materials
and have recorded high superconducting transition tem-
peratures.?~* The Y-Ba-Cu-O system shows a higher T
(~90 K) than the La-Ba-Cu-O system.>® At present it is
of great interest to elucidate the origin of the high-7, su-
perconductivity.

In this paper we study the temperature-dependent char-
acter of the bond between Cu and O atoms dominated by
the instability of the Cu— O bond in the basal plane of su-
perconducting YBa;Cu307 by using x-ray photoelectron
spectroscopy as a first step toward understanding the
high-T. superconductivity of the Y-Ba-Cu-O system.

The samples were prepared from Y,03;, BaCOsj, and
CuO powders. These powders were mixed and calcined at
1200 K for 5 h in an oxygen atmosphere. After that, the
black powder obtained was milled, dried, granulated, and
molded. The molded sample (13.5 mmx19.0 mmx4.0
mm) was heated at 1230 K for 3 h in oxygen. X-ray
diffraction® confirmed that the samples were well crystal-
ized and over 95% single phase. Resistivity measurements
were made by the four-point method over the temperature
range 295-50 K. The magnetic susceptibility was mea-
sured by an ac inductance bridge. The onset and width of
the transition depended on sample preparation methods,
as reported by previous authors on the La-Ba-Cu-O sys-
tems. 12

The best samples had onset temperatures near 95 K.
Photoelectron spectroscopy of the Y-Ba-Cu-O system was
performed on the same sample used in the measurements
of resistivity and magnetic susceptibility. X-ray
diffraction® and neutron diffraction data’ of the
YBa,Cu3;07 sample showed orthorhombic structure. The
structure can be described essentially as a layered struc-
ture of the central layer of a CuOg octahedron stretched
along the ¢ axis and the other layer which possesses a
CuOs pyramid arrangement. It is obvious, as similarly
predicted in other previous papers,®® that the electronic
structure is dominated by the layered character of the
crystal structure arising from the in-plane Cu 3d and O 2p
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electron interactions forming d-p sigma bonding orbitals.
The distance between the Cu and O atoms along the a
axis was 1.942 A, which is longer than that along the b
axis (1.911 A). The lattice parameters were a =3.883,
b=3.822, and ¢ =11.690 A. The interactions between the
Cu and O atoms along the ¢ axis are considered quite
weak. It is easily seen that a wide band centered around 3
eV below the Fermi level is formed due to the strong in-
teractions between the Cu and O atoms in plane, and that
the Cu 3d electrons in nonbonding orbitals are strongly lo-
calized on the Cu atoms. A Fermi surface may nest in the
[110] direction.

A VG Scientific ESCALAB-5 electron spectrometer
was used to collect photoemission spectra with Mg Ka ra-
diation. The linewidth for the Ag 3ds;; photopeak was
1.15 eV. The spectrometer was calibrated by utilizing the
energy difference between Mg and Al Ka radiation. The
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FIG. 1. The Y 3d electron spectra measured at 350, 230, and
180 K. The electron binding energy of the Y 3ds/; and the split-
ting of the + and % are in good agreement with those of Y03
(Ref. 10).
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FIG. 2. The Ba 3ds/, electron spectra measured at 350, 230,
and 180 K. The main peak corresponds to that of BaO (Ref.
10) and the shoulder of the lower binding-energy side may be
due to metallic Ba.

Pd 3ds/,;, Ag 3ds/,, and Au 4f7/; electron binding energies
of the metal foils were 335.4, 368.3, and 84.0 eV, respec-
tively. The probable electron energy uncertainty amount-
ed to 0.1 eV. The normal operating vacuum pressure was
less than 3% 10 ~2 Pa. The electron binding energies were
referred to the C 1s line of impurity carbon, which had a
value of 284.6 eV. This value was consistent with a zero
binding energy for the Fermi level.

The core-level spectra of Y, Ba, Cu, and O of the
YBa;Cu30; sample, measured at 350, 230, and 180 K, are
shown in Figs. 1-4. The core-level electron binding ener-
gy of the Y atom was 156.5 eV, which is in good agree-
ment with Y,0; (Ref. 10) and that of the Ba atom was
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FIG. 3. The Cu 2pj; electron spectra measured at 350, 230,
and 180 K. The chemical state of the Cu atom is considered to
be CuO from the position of core level and the structure of the
satellite. At 180 K the Cu metallic state increases and the peak
position shifts to the lower binding-energy side.
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FIG. 4. The O 1s electron spectra measured at 350, 230, and
180 K. Peak a corresponds to the Ba—O and Y—O bonds.
Peak b corresponds to the Cu—O bond. The intensity of peak &
decreases with decreasing temperature.

779.7 eV, which is in good agreement with BaO.!® The
lower binding-energy side shoulder of the Ba spectra may
be due to metallic Ba.!! The core-level electron binding
energy of the Cu atom was 933.6 eV, which is in good
agreement with CuO (Ref. 10), and the satellite structure
of the spectra confirms that the systems are in a d 9 elec-
tron state such as the Cu(II) ion.'? The O ls electron
binding energy of Y,O3 has not yet been reported; that of
BaO is reported as 528.6 eV (Ref. 11) and that of CuO is
reported as 530.3 eV.!3 It is possible to partition the
chemical bond of the O atom into three characters corre-
sponding to Y,03, BaO, and CuO.

The core-level electron spectra of the Y and Ba atoms
were invariant with respect to changes in the measure-
ment temperature. The core-level electron spectra of the
Cu atoms were different in detail. At 180 K the com-
ponent of metallic Cu increased slightly. The O s spec-
tra differed with the temperature. As shown in Table I,
the number of O atoms decreased with decreasing mea-
surement temperature. In particular, the intensity of the
O 1s spectra of the Cu— O bond decreased with decreas-
ing temperature, as shown in Table I. No change in the
intensity of the O 1s spectra due to the other bond charac-
ters was observed with temperature variation. This result
is consistent with those shown in Figs. 1 and 2. It is clear
that the O atoms bonded to the Cu atoms decreased with
decreasing temperature. The lattice instability in the

TABLE I. The atomic ratios of oxygen to other metals in the
crystal and the intensity ratios of the oxygen peaks b to a in Fig.
4.

Temperature (K) 350 230 180
Atomic ratios [O/(Y +2Ba+3Cu)] 7.4 6.7 4.4
Intensity ratios (b/a) 1.9 1.7 1.3
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FIG. 5. The valence-band spectra measured at 350, 230, and 0 ki censheicbert NKI4)
0 60 120

180 K. The intense peak around 3 eV is Cu 3d-O 2p o bond-
ing. The peak corresponding to Cu— O antibonding orbitals po-
sitioned 1 eV above the Fermi level decreases with decreasing
temperature. The peak top of the valence band shifts to the
lower binding-energy side with decreasing temperature.

basal plane of the Y-Ba-Cu-O systems is enhanced with
lower temperature because the O atoms decrease with de-
creasing temperature.

The valence-band spectra are shown in Fig. 5. The in-
tense peak positioned at ~3 eV is due to strong interac-
tions between the Cu 3d electrons and the nearest-
neighboring O 2p electrons with x2—y?2 symmetry in the
x-y plane, and it has a tendency to split with decreasing
temperature into two peaks: Cu 3d and O 2p. Below 230
K, the component of the O 2p orbital apparently appears
at ~5 eV and decreases in intensity with decreasing tem-
perature. The peak due to the Cu 3d orbital shifts to the
lower binding-energy side. The enhancement of the
deficiency of O atoms in the x -y plane at lower tempera-
tures increases the intensity of the component of the Cu
3d-Cu 3d = bond. The intensity of the peak due to the
electrons in the Cu—O antibonding orbitals decreases
with decreasing temperature. Lower than 230 K it is ob-
vious that the peak intensity of the Cu—O antibonding
orbitals is much smaller than that measured at 350 K.
The electron binding energy of the Cu 3d level measured
at 180 K shifts —0.5 eV relative to that measured at 350
K.

The total pressure and partial pressures of the com-
ponents of the residual gas in UHV were measured by an
AQA 360 residual gas analyzer of Anelva Corporation,
and are shown in Fig. 6 as a function of the cooling time
of the sample with liquid nitrogen through the
ESCALAB-5 cooling pipe leading to the rotary pump.

COOLING TIME (min)

FIG. 6. Total pressure of the residual gas and partial pres-
sures of the components in UHV of ESCALAB-S5 vs the cooling
time of the sample by liquid nitrogen. The increase of total
pressure and those of the partial pressures of H,O, OH, CO, and
CO; are parallel. Of course no change of the total pressure in
UHV was observed for cooling of the sample holder with no
samples.

The total pressure increased with increasing cooling time.
The partial pressure of H,O (mass number 18) increased
drastically, and those of OH (17), CO (28), and CO,; (44)
increased slightly. The intensity of the peak of mass num-
ber 14 due to N was very small. The peak of mass num-
ber 28 is dominated by CO. The increase of total pressure
and partial pressures is consistent with the results of the
photoemission experiment, i.e., of decreasing oxygen
atoms at lower temperature.

It is possible that the decrease of the electron popula-
tion in the antibonding orbitals make the wave functions
localize on the Cu and O atoms. The enhancement of the
oxygen deficiency in the x-y plane of the crystals makes
the effective interactions at the Fermi level more attrac-
tive at lower temperature. The enhancement of the oxy-
gen deficiency at lower temperature accompanies the in-
crease of the lattice instability of the crystals and may
correlate with the commensurate-incommensurate phase
transition of the YBa,Cu3;O; crystals. Charge-density
waves in the two-dimensional systems such as Y-Ba-Cu-O
may give rise to high-7, superconductivity similar to
La,CuOy crystals. %14
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