
PHYSICAL REVIEW B VOLUME 51, NUMBER 14 1 APRIL 1995-II

Existence of superconductivity in oxygen-disordered YBa2Cu307 —$
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Understanding the role of Cu02 planes and Cu(1)-O(1) chains is critical to the mechanism for high-
temperature superconductivity in YBa2Cu307 z. By applying low-energy nanosecond excimer laser ra-
diation on epitaxial single-crystal YBa2Cu307 thin films on various substrates, we have shown that super-
conductivity can exist in these specimens even when the Cu(1)-O(1) chains are disordered. Raman re-
sults show that ultrarapid controlled laser heating and cooling rates (-10 -10' K/sec) result in selec-
tive disordering of the weakly bonded copper-oxygen chains without aftecting the oxygen in the copper-
oxygen planes. Microstructure-property correlations showed the existence of two regimes. In regime I,
which exists below a certain laser-energy-density threshold, no degradation in the superconducting prop-
erties was observed even though the scattering efficiency of the Raman signal from the Cu(1)-O(4) vibra-
tions is strongly diminished. The scattering efficiency of the Cu(1)-O(4) vibrations has been attributed to
the Cu(1)-O(1) chains. Above the threshold laser fluence, regime II initiates, which is accompanied by
concomitant degradation in the microstructure as well as in the superconducting properties. This re-

gime has been correlated with the melting of near-surface regions in the film.

One of the most intriguing features of YBazCu307 & is
the contribution of copper-oxygen planes and chains to
the superconducting phenomena in these materials. '

Extensive investigations on the structure and properties
of YBazCu307 & have shown that a high degree of order-
ing in Cu-Oz planes and Cu(1)-O(1) chains leads to superi-
or superconducting properties. Although more recent
studies indicate that the Cu-Oz planes are primarily re-
sponsible for high-temperature superconductivity, there
has been considerable speculation on the role of Cu-0
chains in the superconducting process. Figure 1 shows
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FICx. 1. Schematic diagram of the fully oxygenated supercon-
ducting YBa2Cu30& unit cell (adapted from Ref. 20).

the positions of all the atoms of a fully oxygenated (5=0)
YBa2Cu307 & superconducting unit cell. For 5 = 1,
YBa2Cu307 & is nonmetallic and nonsuperconducting,
while for 5 &0.1, a maximum T, of -93 K is observed.
The transition from the superconducting to the nonsuper-
conducting state is accompanied by an orthogonal-to-
tetragonal phase transition with the onset of antifer-
romagnetism. During this transformation a vacancy is
created in the O(5) position in the unit cell, which leads
to formation of Cu(1)-O(1) chains. There has been
considerable debate on the contribution of chain oxygen
atoms to the superconducting mechanism. The disap-
pearance of superconductivity with concomitant disor-
dering of Cu(1)-O(1) chains in oxygen-deficient samples
led to initial speculations that the ordered Cu(1)-O(1)
chains were responsible for superconductivity. However,
with the discovery of copper-oxygen-chain-free bismuth-
based superconductors, researchers argued that the
copper-oxygen planes and not the chains were primarily
responsible for high-temperature superconductivity. Al-
though the exact mechanism for the occurrence of super-
conductivity is still not clear, it is widely believed via in-
direct observations that the superconductivity in these
compounds arises only due to the two-dimensional Cu-O2
planes. A direct correlation has been established be-
tween the hole concentration in the Cu-O2 planes and T, .
In an insulating YBa2Cu306 structure, the lack of oxygen
atoms at the chains isolates the Cu02 planes from the
chains, rendering the sample nonsuper conducting,
whereas in a fully oxygenated YBa2Cu307 structure, the
chains act as an electron reservoir for electron transfer
from the planes to the chains.

0163-1829/95/51(14)/9155(6)/$06. 00 51 9155 1995 The American Physical Society



RAJIV K. SINGH et cl.

Till now it has not been possible to disorder the Cu(1)-
O(1}chains selectively and still maintain superconductivi-
ty in the YBazCu307 system. The Cu(1)-O(1}bond is rel-
atively weak, which allows easy exchange and removal of
oxygen during thermal processing. The mobility of the
O(1) atom has also been confirmed by neutron difFraction
measurements, which show unusually large and aniso-
tropic temperature factors for the O(1) atom. Thus, in
principle, it should be possible to employ extremely rapid
thermal treatments which can selectively disorder the
chain oxygen atoms only. Nanosecond laser i.rradiation
under controlled Auences represents an elegant method to
introduce nonequihbrium changes in near-surface regions
(-2000—5000 A) of materials in which the surface re-
gions are heated and cooled at rates exceeding 10'
K/sec. These rates are many orders of magnitude higher
than those which can be achieved by conventional means,
such as quenching in liquid nitrogen, cte. In this paper,
wc pI'ov1dc cv1dcnec of planar superconductivity 1n R

chain-disordered YBazCu307 & system. By employing
low-energy nanosecond pulsed laser irradiation, the
Cu(1)-O(1) chains in YBazCui07 s specimens were pref-
erentially disordered without afFecting the Cu-O2 planes.
Low-energy pulsed laser irradiation (below the melting
threshold} causes rapid surface heating in the material
without causing any phase change. ' The rapid none-
quilibrium heating only disorders the oxygen atoms in
the copper-oxygen chai~s, which represent the most
weakly bonded atoms in the system. The chain-
disord. ered superconducting films still exhibit excellent
electrical properties, thus providing evidence that super-
conductivity can exist in chain-disordered YBR2Cu3O7
system.

To conduct thc experiments, epitaxial YBa2Cu307
supcrconducting thin 6lms with thicknesses ranging from
1000 to 1500 A were grown on (100) LaA103 and yttria-
stabilized zirconia (YSZ) substrates by the pulsed laser
deposition technique. Standard deposition conditions
(temperature of -650'C and pressure of 200 mtorr) were
employed during thc deposition. ' These 61ms exhibit
excellent supeI'conducting properties with T', in the range
of 90-92 K and resistive transition widths of less than 1

K. The critical current densities J, (for an electrical field
of 1 pV/cm) of the films were in the range of (4—5) X 10
A/cm at 77 K and zero magnetic field. These 61ms were
irradiated in air with a low-energy excimer laser (wave-
length A, =308 nm, pulse width r=45X10 sec). The
pulse energy density was varied from 40 to 400 mJ/cm;
however, interesting results were observed below 50—150
mJ/cm . To determine the efFect of the low-energy laser
irradiation on the microstructurc of the superconducting
thin 61ms, especially the modi6cation in the copper-
oxygcIl chains Rnd plaIlcs, Raman spcetloseopy RIld x-I'Ry
difFraction measurements were conducted and the results
correlated with thc supercondueting properties.

The understanding of the nature of laser-solid interac-
tions and the thickness of the laser-modified surface are
critical in interpreting the Raman results and the super-
conducting properties of YBR2Cu307 &. Nanosecond
pulse lasers provide a controlled source of energy which
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FIG. 2. (a) Simulated temperature pro6les across the 1000-A
YBR2CU307 ~ 61m on (100) LRA103 Rt diScrcnt times RftcI' irIR-
diation with 45-nsec excimer 1aser pu1se with energy density of
150 mJ/cm . (b) The maximum surface temperature expected
foI' YBR2Cu307 61ms on LRA103 Rnd YSZ substI'ates as R func-
tion of energy density.

gives rise to transient therIDal efFects in the solid. The
thermal history of the laser-irradiated regions can be
determined by solving the heat-Now equation with ap-
propriate boundary conditions. Figure 2(a) shows the
temperature distributions across the YBazCu307 &/

LRA163 sample at difFerent times after irI adiation with a
45-nscc excimer laser pulse with energy density of 350
mJ/cmz. Although the absorption depth for the laser
beam is approximately 350 A, the thickness of the heat-
afFected I'egions is much larger, due to the thermal
difFusion of the laser-deposited energy. ' In these calcu-
lations, the thermal conductivity of the 61m and the
I,RA103 substrate were assumed to be 0.02 and 0.1
Kern ' K ', respectively, while the speci6c heat of the
superconducting film was assumed to be 0.39 J
g K . * The 6gure shows that the temperature
pro61es are discontinuous at the film/substrate interface
primarily because of the large difFerences in thermal con-
ductivity of the two materials. The heat-afFected zone is
approximately 5000 A at 30 nsec and increases to approx-
imately 1 pm at 100 nsec. Thus the whole thickness of
the 61m is afFccted by the laser pulse. It should also be
noted that the Raman measurements using laser radia-
tion at 514.5 nm have a penetration depth of 1200 A in
YBazCu3O7 . Thus these measurements are also ex-
pected to provide structural information from the whole
film.
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Figure 2(b) shows the maximum temperature expected
after laser irradiation as a function of energy density in
superconducting thin films deposited on LaA103 and
YSZ substrates. Due to the lower thermal conductivity
of YSZ (0.04 Wcm 'K ') in comparison to LaA103, the
maximum surface temperature in YSZ is higher than in
LaA103 for a fixed energy density. For example, at 80
mJ/cm, the maximum surface temperatures are approxi-
mately 750 and 1250 K, for YBa2Cu307 films on LaA103
and YSZ substrates, respectively. These calculations also
show that, if the laser energy density on superconducting
films on (100) LaA103 substrates exceeds 150 mJ/cm, the
surface temperature will exceed the melting point of
YBa2Cu307, thus initiating melting at the surface. From
this graph the melt threshold has been calculated to be 90
and 160 mJ/cm for 1000-A superconducting films on
YSZ and LaA103 substrates, respectively. Calculations
conducted on nanosecond laser melting of semiconduc-
tors and metals have shown that the maximum melt
depth varies approximately linearly with the energy den-
sity. ' Thus, if degradation in the superconducting prop-
erties is observed due to melting, the thickness of the de-
graded layer will be a function of pulse energy density.

Figure 3(a) shows the resistivity versus temperature
curves of the YBa2Cu307 & film on (100) LaA103 sub-
strate irradiated at difFerent energy densities. The resis-
tivity curves show ideal metallic curves. Based on the
resistivity and the critical current density data, two
separate regimes are observed. In regime I, no distinct
change in resistivity versus temperature curves is ob-
served. Resistivity versus temperature measurements
made in this regime show no change from the unirradiat-
ed data. As shown in the figure, the upper limit for the
energy-density threshold for regime I is below 180
mJ/cm . This energy-density threshold was found to be
dependent on the substrate material. For YSZ substrates,
the laser energy threshold was approximately 90—100
mJ/cm . Regime II initiates above this laser fiuence,
when the room-temperature resistivity starts to increase.
However, even in this regime, the resistivity curves show
nearly perfect metallic behavior with sharp resistivity
transitions near 90 K. Similar resistivity-temperature
behavior was observed for laser-irradiated superconduct-
ing films on YSZ substrates. The sudden increase in
resistivity correlates well with the thermal calculations,
and is attributed to the partial deterioration of the film
due to near-surface melting. This statement was further
corroborated by the critical current density measure-
ments on these films as shown in Fig. 3(b). The J, values
represent a more critical parameter because they are
strongly dependent on the volume of superconducting
material and the nature of intergranular current trans-
port. The J, of the unirradiated samples was approxi-
mately 5.0X 10 A/cm at 77 K at zero magnetic field for
LaA103 substrates. The high J, value suggests that the
films possess excellent epitaxial microstructure which is
free of extended defects. As seen in the figure, the critical
current densities of the film do not degrade in regime I.
This suggests that no appreciable reorientation in the
grain microstructure occurs in regime I. However, in re-
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FIG. 3. (a) Resistivity as a function of temperature and (b)
critical current density as a function of laser fluence for super-
conducting YBa2Cu307 films on (100) LaA103 substrates irradi-
ated with a XeC1 laser at different energy densities.

gime II, J, values for the films decrease along with a con-
comitant increase in room-temperature resistivity as
shown in Fig. 3(a). Surface observations of the film have
shown that partial melting of the film takes place above
the threshold energy-density value, causing a precipitous
drop in the J, value. Based on the superconducting mea-
surements and the thermal calculations, regime II can be
correlated with the melting of the surface.

The change in the microstructure and oxygen
stoichiometry of YBa2Cu307 & films after laser irradia-
tion was determined by Raman spectroscopy. Very few
techniques are available to identify the exact location of
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oxygen in the YBa2Cu307 unit cell. Polarization experi-
ments in Raman spectroscopy combined with lattice-
dynamic calculations have been used to identify the loca-
tion of the oxygen signal from a superconducting unit
cell. ' ' The dominant contribution to the Raman po-
larizability have been observed to come from the Cu-0
and 0-0 interactions. ' Figure 4 shows the Raman spec-
tra obtained from YBa2Cu30& s films on (100) LaA103
substrates which have been irradiated with different pulse
energy densities (a) 0, (b) 90, (c) 150, (d) 250, and (e) 400
mJ/cm . The virgin film shows the characteristic Raman
peaks at 116, 145, 230, 340, and 500 cm ' corresponding
to the Ag phonon vibrations of the YBa2Cu307
phase. ' ' %e have determined that the peak at 110
cm ' corresponds to plasma excitation of the sample. It
has been established that the 230-, 340-, and 500-cm
lines in the Raman spectra are due to the oxygen vibra-
tions, while the other two lines at 116 and 145 cm
represent Cu and Ba modes, respectively. The Raman
peak at 145 cm ' has been assigned to vibrations due to
the symmetric stretching of the barium planes, while the
116-cm peak arises due to Cu(2) vibrations along the c
axis in the Cu02 planes of the superconducting unit cell.
The higher-frequency Raman modes have been assigned
to different oxygen vibrations. The Raman peak at 340
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FIG. 4. Raman spectra of YBa2Cu307 film on LaA103 sub-
strates after XeCl laser irradiation at different energy densities.
Increased ordering in Cu-02 planes coincides with disordering
in Cu-0 chains for increasing energy density up to the melt
threshold.

cm ' has been unambiguously assigned to the in-phase
bond bending of the O(2) and O(3) atoms in the CuOz
planes, while the peak at 500 cm ' has been assigned to
axial symmetric stretching of Cu(1)-O(4) bonds as shown
in Fig. 1. This assignment for the 500-cm peak has
been confirmed by varying the peak position as a function
of oxygen composition in YBa2Cu306. ' The scattering
efficiency of the Cu(1)-O(4) vibrations at 500 cm ' has
been attributed to the Cu(1)-O(1) chains. ' Thus a weak-
er signal at 500 cm ' directly relates to the disordering of
the Cu(1)-O(1) bond. Experiments conducted with
single-crystal untwinned samples have established that
the 500-cm ' peak is observed when the Raman beam is
parallel to the c axis; however, its intensity is much larger
when the Raman laser beam is perpendicular to the c
axis. ' Thus by observing the changes in intensity of the
340- and 500-cm ' Raman peaks, information on the
Cu-02 planes and Cu-0 chains can be obtained.

Upon laser irradiation of the YBa2Cu307 films at
different energy densities, some distinct changes are
clearly observed. The crystallinity of the films shows a
distinct improvement until an energy density of 150
mJ/cm . This is shown by the stronger and cleaner low-
frequency Raman peaks at 145, 230, and 340 cm '. The
first two peaks correspond to the vibrations from the
copper and barium atoms, while the stronger 340-cm
Raman peak shows an increased crystallinity in the oxy-
gen atoms present in the copper-oxygen planes. The im-
provement in the crystalhnity of the films and ordering of
the oxygen atoms in the Cu02 planes after low-intensity
laser irradiation may lead to improvement in the super-
conducting properties. The stronger Raman signal from
oxygen atoms in the copper-oxygen planes has been
confirmed to be due to the removal of surface particles
after controlled laser irradiation. ' However, there is a
deterioration and broadening of the high-frequency Ra-
man peak at 500 cm ' which suggests the disordering of
the chain oxygen atoms with increasing pulse energy den-
sity. The 500-cm ' peak completely disorders at low en-

ergy density without any deterioration in the vibrations
corresponding to the Cu-02 planes. At larger energy-
density values all the Raman peaks show a marked degra-
dation, suggesting loss in crystallinity of the film. Thus a
correlation of the Raman and electrical properties shows
that YBa2Cu 307 & films are superconducting even
though the Cu(1)-O(1) chains have been disordered. It
should be noted that all these measurements were carried
out on different areas of the same substrate, thus elim-
inating misorientation effects in these experiments.

Similar microstructural changes were also obtained for
laser-irradiated superconducting films on YSZ substrates.
Figure 5 shows the Raman spectra obtained from
YBaiCu307 s films on (100) YSZ substrates which have
been irradiated with different pulse energy densities (a) 0,
(b) 50, (c) 90, and (d) 150 rnJ/cm . This figure also shows
that in regime I the signal strength of the 500-cm ' peak
diminishes strongly while the intensity of the 340-cm
peak does not change. However, in this case we observe
that the threshold laser fluence for regime I is approxi-
mately 90—100 mJ/cm . The lower threshold energy
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FIG. 5. Raman spectra for YBa2Cu307 film on YSZ sub-
strates irradiated with XeCl laser pulses at di8'erent energy den-
sities (0, 50, 90, and 150 mJ/cm ).

density is attributed to the lower thermal conductivity of
the material, which results in a higher near-surface tem-
perature under similar laser irradiation conditions. In re-
gime II, all the Raman peaks broaden, suggesting
deterioration of the sample. Thus these experiments
confirm that under certain laser irradiation conditions it
may be possible to selectively disorder the Cu(1)-O(1)
chains.

X-ray diffraction rneasurernent were also conducted to
determine the oxygen location after low-energy laser ra-
diation. When a unit cell of YBa2Cu307 & is altered in
either size or lattice occupancy, the relative intensities as
well as the position of the x-ray diffraction peaks shift.
The relative intensities of the (001) peak, I =1,2, 3, . . . ,
were found to change upon laser ir radiation in regime I
conditions. The relative intensities of (001), (002), (003),

(004), (005), and (007) peaks were found to increase rela-
tive to the strength of the (006) peaks. Preliminary simu-
lations showed that this can be linked to the removal of
the oxygen atom from the chain position. However, it
should be noted that unambiguous information cannot be
obtained because the structure factor which controls the
scattering intensity can also change, with possible change
in the atomic positions of other atoms in the supercon-
ducting unit cell. It should, however, be noted that the
c-axis lattice parameter was not altered by the laser irra-
diation process.

The selective disordering of copper-oxygen chains can
be linked to the high mobility of the O(1) atoms in the su-
perconducting unit cell. The isotropic temperature fac-
tor of O(1) is more than a factor of 5 greater than that of
the other oxygen atoms in the superconducting unit cell.
Thus the O(1) atom can be selectively removed during
rapid heating and cooling. The thermal calculations in
Fig. 2(a) show that the films are at the elevated tempera-
tures only for very short times ( —100 nsec), thus freezing
the thermodynamically favorable tran sformations and
preventing the loss of superconductivity in the thin film.
The threshold for partial melting of the film lies between
90 and 100 mJ/cm for YSZ substrates, while it is ap-
proximately 160 mJ/cm for LaA103 substrates. Thus
the initiation of regime II is in good agreement with the
melt threshold. During melting, the structure of the su-
perconductor is completely destroyed. In the resulting
resolidification, new phases can be formed, which may
explain the new Raman peaks observed in regime II con-
ditions in Fig. 4. It should be noted that, even though
the whole thickness of the film may be thermally affected,
the diffusion of oxygen can be different. Oxygen can
diffuse more easily from the near-surface regions than
from the film/substrate interface. Even in this scenario,
the conclusions remain the same. Because no change in
J, and concomitant Cu-0 chain disordering is observed
in regime I, we can still conclude that superconductivity
exists in chain-disordered films. If not, there would be a
drastic decrease in J, in this regime.

In conclusion, we have observed that superconductivi-
ty can exist in metastable chain-disordered YBa2Cu307
samples. This was accomplished by subjecting the super-
conducting samples to controlled nanosecond laser irradi-
ation, which causes the highly mobile oxygen atom in the
copper-oxygen chain to selectively disorder. No
deterioration in the superconducting properties was ob-
served under these conditions.

Part of this research is sponsored by the National Sci-
ence Foundation Contract No. DMR90832.
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