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We have investigated the modifications occurring in the oxygen sublattice and in the phonon spectra
of chlorinated YBa,Cu3;O¢.5 (YBCO) compounds. Susceptibility measurements suggest that the
diffusion of chlorine is different in oxygen-deficient and in oxygen-rich materials. We find occurrence of
superconductivity after chlorine treatment at 200°C in an initially nonsuperconducting reduced sample.
X-ray photoelectron spectra and x-ray-diffraction patterns of this sample show that the oxidation num-
ber of chlorine is between —1 and O in the lattice. To explain this result we assume that when an
oxygen-deficient sample of approximate composition YBa,Cu;Og,, is substantially chlorinated, the
chlorine enters the structure at vacancies of BaO planes and promotes the diffusion of oxygen towards
empty O(1) sites of copper planes. This conclusion is supported by a comparison of vibrational results
from chlorinated YBCO with those recently obtained on YBCO pristine thin films presenting oxygen-
sublattice disorder and by the different magnetic behavior of chlorinated reduced and oxidized samples.
A Raman resonant feature is found at 72 meV (580 cm™!) and is ascribed to defect-induced modes of the
oxygen sublattice rather than to electronic excitations. Indeed at 10 K, the line shapes of this band are
clearly asymmetric and can be fitted using different Fano functions indicating phononic interaction with
an electronic spectrum. The unusual broadening of this line on going from normal to superconducting
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state suggests the presence of charge-transfer excitons traveling from CuO, planes to CuO chains.

I. INTRODUCTION

The crucial role of oxygen stoichiometry in cuprates
superconductors has created a considerable amount of
work in order to understand which crystallographic sites
of the oxygen sublattice are concerned with superconduc-
tivity. One way of exploring the problem is to substitute
or intercalate atoms with similar chemical properties at
oxygen sites. Chlorine is a good candidate for intercala-
tion in the YBa,Cu;04, 5 system (YBCO or 1:2:3) since
its electronegativity is 3 (eV)!/2 on the Pauling scale and
its covalent and ionic radii are 0.99 and 1.8 A [respective-
ly, 3.5 €V)'/2,0.73 and 1.4 A for oxygen]. One may ar-
gue that sulfur could be a better candidate for improving
the superconducting properties since it possesses the
same valence as oxygen but it appears the intercalation
and treatment of YBCO with chlorine atoms is much
easier and convenient because it needs fewer manipula-
tions. Chlorination of the YBCO system was presented
before in some papers. Osipyian et al.,! Pavlyukhin
et al.,> and Radousky et al.’ operated with gaseous
chlorine, whereas Stewart et al.* and Myrha et al.’ used
also a different route with a mixture of CuO and CuCl as
starting constituents in order to achieve a better doping.
In this study we have carried out systematic magnetiza-
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tion and x-ray-diffraction measurements, Raman spec-
troscopy, and elemental analyses on two chlorinated
YBCO series. In one of the series we used reduced (or
deoxygenated) semiconducting samples as starting ma-
terials which then were assumed to have an oxygen sub-
lattice restricted to the BaO and CuO, planes and copper
layers nearly free of oxygen. In the other series we used
fully oxidized (or oxygenated) superconducting starting
materials thus presenting a more ordered oxygen sublat-
tice with few vacancies in the CuO chains. The different
behavior with chlorine treatment between the two series
will give interesting information about the possible
modifications occurring in the oxygen sublattice and re-
sulting from chlorine insertion in the lattice. These sys-
tematic experiments include original magnetization and
Raman data which were not presented before. Raman
technique is particularly interesting since it deals mainly
with vibrations of oxygen, an element which is difficult to
trace with x-ray diffraction. We have directly probed
each oxygen species to detect changes induced by
chlorine insertion. In this paper we use the notation of
several Raman specialists: O(1) and Cu(1) for positions of
chain atoms along the b axis, O(4) for the apex oxygen of
the BaO plane, Cu(2), O(2), and O(3) being the positions
of the atoms of the superconducting CuQO, layers. The
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apex oxygen atom is often referred as the “bridge” atom
between CuO chains and CuO, layers. Other authors
note O, and O, the positions of the apex and chain oxy-
gen atoms.

II. EXPERIMENT

The fully oxidized YBCO phase is prepared by solid-
state reaction by mixing and grinding commercial start-
ing constituents Y,0;, BaCO;, and CuO with nominal
purities 99.99%, 99%, and 99%, respectively. The
ground powder is pelletized and heated at 918°C in air
atmosphere for 120 h. The temperature is then lowered
down to 450°C during a few hours and the pellets are
finally slowly cooled down to ambient temperature. This
process insures that oxygen atoms could occupy O(1) po-
sitions of the CuO chains which are thermodynamically
stable. The whole procedure should be repeated three or
four times to obtain pellets with good T, and supercon-
ducting volumes and to avoid secondary phase formation.

The fully reduced semiconducting phase is obtained by
heating the superconducting material at 600°C in a
quartz tube under dynamical pumping during about 8 h.
It is important to note that the reduced material comes
from the same fully oxygenated ceramic which was deox-
ygenated by this procedure. Since the mixing, the grind-
ing, and the sintering conditions are the same for both
deoxygenated and oxygenated materials they have the
same grain sizes, the same porosity, and the same com-
pactness and chlorination effects in both materials will be
comparative.

Chlorination of these materials is achieved by placing
ceramic chunks in pyrex tubes mounted on a vacuum line
(1073 torr) and introducing 5X10™* mol of gaseous
chlorine at 1 bar. The tubes were then heated at
T,=150, 200, 250, 300, and 350°C during 150 min.
After these five annealings all the pieces except those
treated at 150 °C were powdery indicating strong reaction
with chlorine. The chlorinated reduced materials were
noted CR-150, ...CR-350 the extension indicating the
annealing temperature. They are referenced as the CR
series in the text. Similarly, chlorinated oxidized samples
were noted CO-150, . . .CO-350 and referenced as the CO
series. We also called YO6 and YO7 the pristine deoxy-
genated (reduced) and fully oxygenated samples. Zero-
field-cooled magnetization measurements were made us-
ing a commercial SQUID magnetometer operating at 50
G. X-ray diffraction of powders was made with an Inel
diffractometer using Cu K a radiation and data were ana-
lyzed with Prolix and U-fit softwares. °

The Raman spectra were recorded with a Jobin-Yvon
T64000 multichannel Raman spectrometer turned in a
triple substractive monochromator configuration and
equipped with a liquid-nitrogen-cooled charge-coupled
device detector ensuring (i) a high signal-to-noise ratio at
low-excitation power, (ii) elimination of the Rayleigh con-
tribution at low frequencies. The samples were analyzed
using several laser lines: 457.92 nm (2.708 eV) and 514.53
nm (2.41 eV) with an Ar™ laser, 676.44 nm (1.834 eV)
with a Kr™ laser, both at 10 and 293 K. For low-
temperature measurements we used a flowing He cryostat

and macro-Raman configuration with a laser power den-
sity of about 1 MW/m2. At room temperature we used a
microscope with 100X objective giving a laser spot of
about 4 um and corresponding to a power density of ap-
proximately 80 MW/m?. Spectra were recorded on non-
degraded samples with either unpolarized or polarized
light.

Elemental analyses were carried out with energy-
dispersive analysis of x rays (EDX) using a Tracor detec-
tor. Additional determination of oxygen and chlorine
content was made with (i) iodometry titration, (ii) Raman
spectroscopy, (iii) x-ray diffraction, (iv) argentometry and
weight uptake measurements.

For x-ray photoelectron spectroscopy experiments
(XPS), a ESCA LEYBOLD LH 12 spectrometer (Univer-
sité de Nantes-CNRS) was used with Mg K a radiation at
1253.6 eV. Binding energies data were referenced to Au
4f,,, line (84 V) from a gold probe fixed on the sample
holder. The chlorinated YBCO powder was deposited on
a double-side adhesive tape attached to the metallic hold-
er. Spectra of untreated YBCO recorded on solid sam-
ples were also taken for comparison purpose. The data
were processed by computer with satellites and back-
ground subtraction, smoothing, and decomposition for
obtainment of different components.

III. RESULTS
A. Elemental analyses

1. A-EDX analysis

The results are summarized in Table I where we indi-
cate the atomic proportion of the Y, Ba, Cu, and CI ele-
ments for different test specimens. The Y/Cu and Ba/Cu
ratios are very near from theoretical values (0.33 and
0.66) of undoped 1:2:3 samples. When the annealing tem-
perature is raised we note that chlorine diffuses inside the
material and promotes the degradation of the crystalline
structure. In CR-200, the presence of copper chloride is
evidenced: since the ratio Cl/Cu is about 2/3 we may
have either CuCl or CuCl,. In CO-200 and CO-250 we
have BaCl, presence. When T, is raised, the chlorine
proportion increases: Table I shows this effect on both
reduced and oxidized chlorinated test specimen.

In particular, the results show that CR-250 has the
1:2:3 stoichiometry and contains 44-53 % of Cl atoms
whereas CR-200 and CR-150 have a lesser chlorine con-
tent. In the case of CR-200, two of the four measured
crystallites show secondary phases, respectively, CuCl,
and BaCl,. In the other crystallites, we find Y, Ba, and
Cu elements roughly in the 1:2:3 proportion and a strong
proportion of chlorine. In the oxidized chlorinated series
CO-200 is also a 1:2:3 compound with 2-11% of
chlorine and the third measurement shows explicitly a
secondary phase coexisting with the superconductor,
finally CO-300 and CO-350 have 1:2:3 stoichiometry and
contain roughly the same amount of chlorine with an
average value of 50%.

It is seen that EDX analysis is subject to some varia-
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TABLE 1. EDX analysis of pristine and chlorinated samples (atomic percentages). Asterisks show

secondary phases.

YO6 CR-150 CR-200 CR-250  CR-300 CR-350

Y 15 15 8 1 2 0* 11 8 o0* 7 7 Important

Ba 35 35 25 3 32 4 23 18 33 17 12 proportion

Cu 50 51 41 57 42 57 37 33 5 23 37 of chlorine

Cl 0 0 26 39 23 39 28 41 62 53 44 in these compounds

YO7 CO-150 CO0-200 CO0-250* CO-300 CO-350

Y 13 16 14 15 25 0 8 11 11 8

Ba 31 32 28 34 29 32 16 14 12 14

Cu 55 50 46 48 7 1 29 33 23 28

Cl 0 0 11 21 6l 65 47 41 53 48

tions depending on the crystallites analyzed. Therefore,
other estimates of chlorine contents using either mass up-
takes or chemical titration are necessary.

2. Chlorine titration

We measure the mass variations of our compounds
during their thermal treatment with a microbalance of 1
ug sensitivity. The pristine material is placed in a pyrex
tube already weighed and its mass is determined by sub-
tracting the full and the empty tube. After annealing, the
sealed tubes are cut and carefully weighed. Another
weighing is made after cleaning the tubes. The weighing
differences give the masses of the annealed materials and
the number of chlorine moles inside the samples. The
weighing accuracy is 2 ug.

The neutral chlorine atom has seven electrons in its
external shell, but its maximum stability occurs with
eight electrons. This means that chlorine completes the
3p subshell by the capture of one electron and becomes
Cl™!. However, in the YBCO crystal structure chlorine
may have a mixed valency. This issue can be solved by
measuring out the chloride ions with silver nitrate in acid
solution and by comparing the results with the total
chlorine content having reacted with the pristine materi-
al.

The chlorine titration is made by dissolving about 35
mg (accuracy of 0.01 mg) of chlorinated material in 2 cm?
of 0.5 N nitric acid diluted in 20 cm® water. The
Agt+Cl™—AgCl reaction is measured by pouring a
volume ¥ of M/100 Ag*NOj in the solution with a mi-

croburet (accuracy 0.05 ml). A silver combined electrode
XM950, and a reference electrode Hg,SO, (0.642V) are
used for the potentiometry. We measure the evolution of
the potential E g /5, Of the silver electrode in the solu-
tion versus the volume of silver nitrate. The slope change
of the E Ast/Ag f (V) curve gives the equivalence when
AgCl precipitates. Then, measurement of the corre-
sponding silver nitrate volume gives the number of Cl1™!
moles. The error in chloride titration is less than 2%
with this procedure. We have summarized the results in
Table II. Our results indicate that in the annealed ma-
terials approximately 10% of chlorine is ionic (—1 valen-
cy).

3. Iodometry

The iodometric titration was used to determine the ox-
ygen stoichiometry of the pristine reduced YBa,Cu;O¢. 5
and oxidized YBa,Cu;0,_; materials. The method has
been described elsewhere’ and we found that our starting
materials have the average composition YBa,Cu;Og 59
(YO6) and YBa,Cu;O45; (YO7) with a & accuracy
A8=0.05.

B. Magnetization curves

Magnetization results are summarized in Table III
which gives the critical temperature, the superconducting
transition width and the susceptibility at 0 K. Figure 1
presents the magnetization curves of the CO series [Fig.
1(a)] and the CR series [Fig. 1(b)]. The most important

TABLE II. Determination of CI° and Cl1~! mole numbers in chlorinated YBCO samples from weight

uptake and titration.

Compounds CR-150 CR-200 CR-250 CR-300 CR-350
Cl, moles 1.75Xx1073 1.53x107* 1.77X107* 1.42X1074 1.57x107*
Cl™ moles Zero 1.0X107° 2.0X107° 3.5%X1073 1.2x107*
Compounds CO-150 CO0-200 CO0-250 CO-300 CO0-350
Cl, moles 2.25%107° 2.02X107* 1.86Xx10™* 1.06 X 1074 1.46X107*
C1™ moles Zero 3.5X107° 4.05X107° 7.7X107° 8.8X107¢
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TABLE III. Magnetization data for superconducting chlorinated YBCO samples.

AT, x 0 K)
Compound 7, (K) (K) (107 emu/g) Observations
YO7 92 5.5 —10.2 The curves show a good superconducting state
CO-150 92 4.5 —9.0 for T <T,. Pauli paramagnetism at T >T..
CO-200 92 4.0 —84
CO-250 92 6.0 —3.8 Deterioration of superconductivity
CR-200 92 19 —12 Superconductivity occurs
CR-259 92 11 —0.03 Weak superconductivity. Paramagnetic substances.

result is the occurrence of superconductivity at 92 K for
CR-200. Figure 1(c) shows a magnification of the magne-
tization curves of nonsuperconducting CR samples. In
Fig. 1(d) we have plotted the superconducting fraction
differences between chlorinated samples annealed at the
same temperatures and the pristine oxygenated sample.

C. X-ray diffraction

The x-ray-diffraction patterns of pristine reduced and
oxidized YBCO showed sharp and intense lines charac-
teristic of good crystalline samples. No impurity phases
lines and no starting constituent lines were observed.

The patterns of the chlorinated samples recorded for all
samples between 26=0° and 90° are not very intense and
the lines are quite large for samples treated at
T,>200°C. Additionally, we found that the patterns of
CR-350 and CO-350 were completely modified and that
some of the peaks may characterize secondary phases re-
sulting from reactions between chlorine and YBCO ele-
ments. The indexing of most compounds was successful
since the 100-intensity line was always indexed (Table
IV). It was possible to index the CR-200 superconductor
using both tetragonal and orthorhombic structures. This
suggests that two phases coexist in this sample. Note,

TABLE 1V. X-ray-diffraction pattern indexing of pristine and YBCO chlorinated samples. Note
that two phases have been found in the superconducting reduced chlorinated sample CR-200. The an-
gle 20 is in degrees and int is the normalized intensity.

YO6 CR-150
hkl 20 Int.  hkl 26 Int.
002  14.959 6 002 14983 6
100 23.030 13 003  22.566 6
101 24.255 16 100  23.046 12
102 27.565 21 102 27.587 15
103 32416 100 103 32452 100
110 32.775 65 110 32.792 65
112 36.192 12 005 38.038 7
005  37.997 8 104  38.332 13
104  38.295 14 113 40.165 13
113 40.118 14 200 47.054 32
200 47.020 40 116  57.663 8

116  57.586 9 213 58312 31
213 58.263 33 214 62230 6
205  61.965 9 220
8
6

CR-200 tetragonal orthorhombic
hkl 20 Int.  hkl 26 Int.
003 22.544 40 010 22.848 32
100 23.065 28 100 23.265 8
101 24.218 19 011 24.068 16
103 32.459 47 013 32459 47
110 32772 100 103 32.772 100
111 33.662 6 110 32.789 36
112 36.244 6 111  33.767 7
005 37.977 7 112 36.244 6
113 40.012 25 104  38.633 21
213 58.143 33 006  46.558 13
220 68.703 9 020 46.676 8

021  47.350 21
116  58.143 33
123 58.454 18
213 58.699 10

68.745 8
206  67.858 303 78.089 6
218 86.598 310 78.274 7

YO7 CO-150

hkl 20 Int.  hkl 26 Int.
010  22.842 10 010 22.854 10
013 32.525 49 013  32.537 46
110 32.800 100 110  32.816 100
014  38.500 7 113 40.356 12
113 40.331 14 020 40.673 20
020  46.642 17 200 47.536 11
200 47.503 9 123 58.223 26
123 58.179 28 213 58.766 7
213 58.718 10 220  68.795 12

206  68.748 14
128  87.207 8

108  68.703 9
CO-200 CO-250

hkl 20 Int.  hkl 26 Int.
010 22.846 10 010  22.866 12
013 32.528 39 102 27.834 16
103 32.795 100 013  32.560 41
113 40.331 13 110  32.821 100
020 46.662 18 111 33.783 7
200 47.520 6 113 40372 19
123 58.201 23 020 46.706 23
220 68.790 7 200 47.527 9

123 58.248 34

213 58.714 7

108  68.800 13
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FIG. 1. Zero-field-cooled magnetization in an applied field of
50 G of (a) oxygenated Og 50 YBCO (CO series) annealed with
chlorine: (a) CO-300, (b) CO-250, (¢) CO-200, (d) CO-150, (e)
YO?7; (b) deoxygenated Qg4 ,, YBCO (CR series) annealed with
chlorine: (a) CR-300, (b) YO6, (¢) CR-250, (d) CR-200; (c)
deoxygenated YBCO (CR series) annealed with chlorine: (a)
CR-300, (b) YO6, (¢) CR-150, (d) CR-250; (d) CR-250; (d)
YBCO (both series) annealed with chlorine at 200 and 250°C
compared with pristine oxygenated material: (¢) CR-250, (b)
CR-200, (¢) CO-250, (d) CO-200, (e) YOT.

however, that the pattern fit of CR-250 was achieved by
doubling the b-cell parameter. Table V presents the a-,
b-, and c-cell parameters calculated from the patterns.
The c-cell parameter does not increase upon Cl doping.

D. X-ray photoelectrons results

We present in Fig. 2 the XPS results obtained on the
superconducting chlorinated sample CR-200 for which
superconducting occurs with chlorine treatment only.
Determination of the bonding nature of ionic species in
doped YBCO by this method will provide subsequent
support for the discussion on the intercalation mecha-
nism of chlorine and the resulting modifications of oxy-
gen states.

E. Raman spectroscopy

First-order Raman scattering of the YBCO phases give
phonon lines in the 0-700 cm ™ range. In order to com-
pare our spectra with reliable data we present the spectra
obtained in the same conditions on the same machine
from thin high-T, films referenced as F 1 (H20), F 2
(Y57), and F 3 (Y42). These films were manufactured by
magnetron sputtering by Garz and Gonzalez® at the
CNET of Bagneux and were oriented with their ¢ axes
perpendicular to the substrate. F 1 was grown on a
SrTiO; substrate and had excellent superconducting
properties: Ty =92 K, T;,=90.8 K, AT=1.2 K with a
thickness of 3000 A. It therefore may be taken as a refer-
ence for our study. The reference spectrum of F 1 was
recorded in a backscattering configuration with the in-
cident electric field perpendicular to the c axis, i.e., lying
in the a,b plane. In this particular spectrum three main
bands appear at 116, 337, 498 cm™!, with weak lines at
146 and 190 cm™!, and a weak shoulder at 590 cm™ ..
We also found other lines at 220, 410, and 440 cm ™! in
other types of films depending on their fabrication and
consequently on their oxygen sublattice ordering.® The
origin of these bands is given in Table VI and it should be
emphasized they all stem from c-axis polarized modes,
even the B -like 337-cm™! mode. We found that the
spectral bands of our pristine home-handled YBa,Cu,0,
compound (YO7) were completely coincidental with
those of the F 1 reference. The 146-cm ™! band even ap-

TABLE V. Cell parameters of pristine and chlorinated
YBCO samples.

Compound a (A) b (A) ¢ (A)

YO6 3.860(3) 11.838(7)
CR-150 3.858(9) 11.824(0)
CR-200 tetragonal 3.863(0) 11.835(2)

orthorhombic 3.822(5) 3.886(0) 11.698(8)
CR-250 3.828(8) 7.776(4) 11.711(0)
CR-300 3.822(0) 3.889(8) 11.706(6)
YO7 3.825(1) 3.890(7) 11.682(9)
CO-150 3.824(8) 3.887(5) 11.683(0)
CO-200 3.825(4) 3.888(9) 11.681(0)
CO-250 3.824(1) 3.885(9) 11.673(9)
CO0-300 3.821(1) 3.887(6) 11.671(9)
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FIG. 2. XPS core-level spectra of chlorinated YBCO: (a) Cl
2p; (b) O 1s; (c) Ba 3d, and (d) Cu 2p. The insets in (a) and (c)
are the corresponding spectra recorded in the BaCl, sample.

peared stronger whereas the intensity ratio between the
337- and 500-cm”! bands was almost the same. This
means that our YBa,Cu;0, ceramic sample was of good
quality as previously checked with magnetization and x-
ray measurements.

Now consider the spectra obtained with the two other
films F 2 and F 3 grown on MgO (001) substrates. The
structural characteristics of these films may be sketched
as follows. Film F 2 (Y57) was obtained at 750°C. It
looked as an excellent sample with composition
YBa, ¢sCu, 5 and was fully oxygenated (O,) and conse-
quently near optimal superconducting properties were
achieved with T, =88 K and AT=3 K. On the oppo-
site, film F 3 (Y42) was obtained at lower temperature,
700°C, and had the cationic composition YBa, ,5Cu; ;.
Although its estimated oxygen content determined with
Raman spectroscopy was near 6.7 it showed a broad su-
perconductive transition with T .., =80 K and AT=22
K. Details concerning the physical properties and the
synthesis of this films have been already published in Ref.
8. The Raman spectra of F 2 and F 3 are completely
different from each other [Figs. 3 and 4(e)]. Whereas the
lines of F 2 are sharp and intense those of F 3 broaden
with an additional feature at 580 cm~!. The spectra of
the chlorinated YBa,Cu;Og¢ series undergo considerable
changes [Figs. 4(b)-4(d)] with respect to that of the re-
duced pristine material [Fig. 4(a)]. The main change is
the disappearance of the 337-cm ! band and an intensity
reduction of the 500-cm™~! band. The superimposition
made in Fig. 4 shows that the line shape of the F 3 spec-
trum are close to those of chlorinated YBCO with a
broadband peaked near 580 cm~!. On the other hand,
the spectrum of F 2 presented in this study looks like that
of the reference F 1 pristine sample but a sharp mode ap-
pears at 596 cm ™.

Additionally, the spectrum of the pristine YBa,Cu;Oq ,
reduced compound does not exactly exhibit the same
features as that of the YBa,Cu;0, material. In our Og¢
compound bands are found at 143, 220, 280, 337, 448,
and 560 cm ™! [Fig. 4(a)]. Finally, the spectra of two oxi-
dized chlorinated superconductors (CO-200 and CO-350)
were recorded. They also exhibit a broad feature around
560-580 cm™! which should be of the same nature as
that observed for film F 3 and for chlorinated reduced
samples. Our YBa,Cu;0q , spectrum can be compared to
that obtained by Burns et al.® on a reduced YBCO single
crystal where three lines at 125, 140, and 600 cm™! oc-
curred with no visible structure near 500 cm~!. It is im-

TABLE VI. Raman lines (cm ™ !) of the YBa,Cu;0, phase and assignment.

Frequency Assignment
114 A,, Ba
140 Ag, Cu of CuO, plane

190-220 Defective mode associated with mode at 590 cm™’
337 B,,-like, O(2,3) of CuO, plane, out-of-phase motion
430 Ag, 0(2,3) of CuO, plane, in-phase motion
496 Az, O4) of BaO plane, apex oxygen, in-phase motion

~560-570 B, O4) or O(1) defective mode

~590-600 A, O4) or O(1) defective mode
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FIG. 3. Raman spectra of a YBCO thin film (F 2, Y57) fully

oxygenated with weak oxygen disorder. Polarization || (a) and 1
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FIG. 4. Raman spectra of the pristine reduced YO6 sample
(a), the same sample annealed with chlorine at 150°C (b), at
200°C (c), at 300°C (d). The spectrum of a pristine supercon-
ducting strongly disordered YBCO (film F 3, Y42) is shown by
curve (e). The dashed bands are induced by defects and oxygen
sublattice disorder. Unpolarized scattered light. Not
smoothed.

TABLE VII. Raman lines (cm™') of BaCl, and CuCl,.

BaClz CUC12
32 152 66 289
50 159 110 408
59 253 216
82 425 235
122 533
133 248

portant to note that secondary phases like CuO, Y,0;,
Y,BaCuO;, BaYO,, BaCuO, give well-known spectra
with relatively intense bands compared to those of the su-
perconductor. We have also recorded the Raman spectra
of BaCl, and CuCl, which are the most probable secon-
dary phases present in chlorinated YBCO. Their lines
frequencies are listed in Table VII. The Raman signa-
tures of all these phases cannot be found in spectra of
chlorinated YBCO in contrast to what can be seen, for
example, in Fig. 9(a) of Ref. 10.

IV. DISCUSSION

A. Magnetization and x-ray-diffraction data

The reaction kinetics of chlorine in YBCO sintered
ceramics is rather fast since the samples have completely
reacted after 150 min and reaction begins only for tem-
peratures higher than 150°C according to Radousky
et al.®> Magnetization data show that there is no
difference between pristine samples and those annealed at
150°C but drastic evolution above this temperature for
both series, reduced (or deoxygenated) and oxidized (or
oxygenated) samples.

The EDX analysis shows a drastic increase of chlorine
content when T, is raised. There are several assumptions
which explain this result: (i) the chlorine atoms diffuse
on O(1) vacancies of the reduced YBa,Cu;Oq structure,
(i) substitute oxygen atoms of BaO planes in YBa,Cu;Oq
and in YBa,Cu,0,, (iii) or they can be sorbed at the grain
boundaries which is consistent with the high content of
chlorine in CR-150. The chemical analysis of chlorine
has evidenced a proportion of C1™' not negligible (10%).
This anion is too large (1.81 A) to occupy an oxygen site
(1.40 A) in the YBCO structure. To accommodate Cl in
the structure without modifying the c-cell parameter the
only way is to consider that its ionic radius is reduced
with a charge state between —1 and 0. In all cases it is
difficult to determine the exact stoichiometry of inter-
calated chlorine. Additionally, it is also difficult to con-
sider that chlorine could substitute for oxygen atoms of
the CuO chains since its oxidation number would be near
—2 which seems unrealistic from the present results. A
much better assumption respecting a valency of —1 for
chlorine would be to consider the possible formation of
ClO™ or ClO, bound species.

Barium layers are expected to present vacancies since
it was shown by ion channeling experiments that O(4) ap-
ical atoms may move towards other sites.!! This would
explain why superconductivity occurs in the oxygen-
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deficient O¢ , phase chlorinated at 200 °C since electrons
in excess or charge-transfer excitons resulting from (O-
0)?~ holes pairing'? in the CuO, layer could easily be
pumped by chlorine if it is intercalated in BaO planes. In
particular, the formation of the ClIO™ moety between the
barium layer and the Cu layer is highly possible via
CuOCl bonding. On the other hand, the action of
chlorine on fully oxygenated superconducting CO sam-
ples is easily understandable and should come from a
different process: chlorine should take excess oxygen in
CuO chains and then lower gradually the superconduct-
ing volume when T, increases promoting the formation
of an insulating phase with a near oxygen-deficient O
composition which is maximum for CO-300 and CO-350.
This process should involve the total amount of oxygen
present in the chains for each temperature, since there is
no continuing variation of T, with T,, but always the
same 90-K transition. The magnetic properties of the
bulk material would only depend on the quantity of su-
perconductor having not reacted with chlorine due to a
diffusion kinetics of chlorine inside the material. This is
easily checked by reckoning the superconducting fraction

fo= Xo k(doped)
s Xo K( pristine 07)

in each of the CO samples. Figure 1(a) gives immediately
fs=90, 84, and 40 % of superconducting phase for CO-
150, CO-200, CO-250, respectively, the other sample
CO0-300 is insulating as well as CO-350 which data points
are superimposed with those of CR-300.

From Figs. 1(a) and 1(c) we observe that the starting
material YBa,Cu;0q , and the compounds CR-150, CR-
300, CR-350, CO-300, and CO-350 are not superconduct-
ing. It can be seen that YO6 and CR-150 and CR-300
and CR-350 (not shown here) contain paramagnetic
secondary phases. CO-300 and CO-350 have a zero mag-
netic moment per unit volume.

These results give interesting information concerning
the temperatures T, at which chlorine reacts with
YBCO. For T, <150°C the magnetic properties do not
vary, for 150=<T, <250°C we obtain superconducting
samples whatever the initial oxidation state of the materi-
al. For T, >300°C the superconducting (SC) state is des-
troyed and a disordered structure prevails. The super-
conducting fraction f is reduced for the oxidized series
whereas superconductivity appears in the CR-200 sample
which exhibits a smaller fg than in oxygenated CO su-
perconductors. However, superconductivity of the re-
duced CR series is destroyed above 200°C. The CR-250
sample exhibits a Curie tail [see magnification in Fig.
1(c)] which is certainly due to paramagnetic Cu™? cat-
ions. In this sample a beginning of superconducting tran-
sition is clearly seen around 92 K and can be easily ex-
plained if we consider that its magnetization results from
the superimposition of two signals coming from the su-
perconducting phase and from an insulating phase.
Indeed, if we look at the magnetization curves of the
CR-200 and of the CR-300 samples, we can deduce the
amount of superconducting phase present in the CR-250
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sample. Since susceptibilities add linearly, we have
Xcr-200=(1—fs)Xcr-300 Where fs is the superconducting
fraction in CR-250 and Xcgr.2500 Xcr-2000 @nd XcRr-300 are
the susceptibilities of CR-250, CR-200, and CR-300, re-
spectively. We find that CR-250 contains 6.2% of super-
conducting phase which explains the onset of supercon-
ducting behavior near 92 K.

The magnetization data of those samples which are su-
perconducting show a constant T, around 90 K. Suppose
that chlorine occupies O(1) oxygen vacancies. We then
should have a charge transfer from CuO, planes towards
Cl at O(1) sites. However, we know that T, depends on
the concentration of peroxitons or (0-O) 2 holes in CuO,
planes which cause the charge transfer. Chlorine is also
less electronegative than oxygen. We should then obtain
different T, values for the pristine and annealed chlori-
nated samples which is not the case in the present study.
Then the chemical nature of the CuO chains is expected
to remain unchanged in agreement with the fact that in-
sertion of Cl1™% at O(1) sites is possibly not the right
mechanism. It is more likely that chlorine could be in-
serted in the lattice as bound species like CIO ™. In the
superconducting CR-200 sample we believe that chlorine
promotes the migration of oxygen atoms from either BaO
or CuQ, layers towards vacancies of the oxygen-deficient
Cu layer. Since the electronic affinity of chlorine is much
stronger for barium than for copper, it is likely that the
oxygen diffusion comes from BaO layers and that
chlorine could occupy O(4) sites. Such a process would
change the Ba cation’s environment which will be dis-
cussed below from XPS measurements. The evolution of
the superconducting fraction fg in the CR series especial-
ly at 200°C where the material is a good superconductor
can be explained by such a process explaining the ob-
served f increase.

We also observe a drop of fg in the chlorinated
YBa,Cu;0, phases. This should be explained as a result
of a diffusion of chlorine inside the material which reacts
with the structural elements as seen from EDX data and
therefore deteriorates the structure. For all oxidized
chlorinated samples the fg value of the fully oxidized
phase cannot be reached.

Another remark concerns the superconducting transi-
tion width AT which can give some information on the
texture of the materials. First, the Curie tail observed in
CR-250 comes from a Cut? paramagnetism originating
certainly from CuCl, which obeys the 1/T Curie law.
This secondary phase does not appear for T,=350°C.
Second, for low temperatures the grain boundaries act as
Josephson junctions.” When these junctions are estab-
lished, the magnetic field can enter the material up to the
London penetration depth, but when the temperature is
raised, the intergrain coupling decreases, the flux lines
penetrate the grains and decrease both the strength of the
Meissner effect and the superconducting fraction. In thin
powders the intergrain junctions are weaker since the su-
perconducting volume is related to the grain size. There-
fore, the larger the transition width the weaker the inter-
grain coupling. When T increases the large AT may also
come from an increase of secondary phases response to
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the detriment of the superconducting phase. We observe
that AT does not vary very much for the CO series
whereas in the CR series it is larger and maximum for
CR-200 where superconductivity occurs. Since the oxy-
genated and deoxygenated phases are assumed to have
the same textural properties the different AT behavior in
both series certainly comes from different kinetics of
chlorine diffusion at the grain boundaries and inside the
grains. The large AT in the chlorinated superconducting
CO series cannot be related to the size of the grains but
rather to a chlorine diffusion at the grain boundaries
which breaks the intergrain links and makes the material
brittle.

It is interesting to correlate magnetic data with the
structure of the cationic sublattice determined from the
XRD refinements. The CR series is tetragonal up to
CR-200 where superconductivity appears and then ortho-
rhombic for samples annealed above 200°C. This result
is in sharp contrast with that of the CO series which is
orthorhombic. The calculations show higher a and ¢ pa-
rameters in pristine reduced YBCO indicating good
reduction and poorer oxygen content as expected from
the synthesis. The only choice to index the chlorinated
CO series is an orthorhombic unit cell, in agreement with
the superconducting properties of these samples. Howev-
er, the superconducting CR-200 sample can be indexed
using both tetragonal and orthorhombic structures, this
is an indication that at least two superconducting phases
may be present in this sample.

A very important observation to be made is that there
is no increase of the ¢ parameter upon chlorination, on
the contrary this parameter decreases noticeably in the
case of the reduced chlorinated series from about 1.2%
(up to 0.14 A of compression). The ¢ parameter does not
change so abruptly for the chlorinated oxidized series
(0.09%). Therefore, there should be no intercalation of
chlorine between the different layers of YBCO contrary
to the case of bismuth cuprates doped with iodine!® (but
intercalation inside the layers is possible). More impor-
tant, the ionic radius of chlorine does not apparently
exceed that of an oxygen ion which confirms that its elec-
tric charge should be less than or equal to 1 as previously
suggested.

The oxygen content of pristine materials can be deter-
mined with x-ray data. Pavlyukin® has shown that there
is a direct correlation between the cell parameters and 8:

4

86=1.5—65
Wab

—1

We then find the composition of our ceramics to be
YBa,Cu;04 o4 and YBa,Cu;04 33 with a A§=0.1 accura-
cy. The oxygen content for the reduced material seems
to be too low since it is extremely difficult to achieve the
Og stoichiometry.

Let us focus now on the result of the EDX analysis of
the chlorinated reduced sample which shows supercon-
ductivity (CR-200). If we account for the presence of
secondary phases in this sample namely BaCl, and CuCl,
it is clear that they are not completely detrimental for su-
perconductivity since this is the only superconducting
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sample of the reduced series. Moreover, the presence of
these phases in the two CR-200 crystallite measurements
showed by the entries of Table I cannot account solely for
the measured chlorine content. The first crystallite has
the Y,;Ba, (4Cus; 33Cl, 56 composition whereas the second
one has the Y Ba, ;5Cuy 44Cls 3; stoichiometry. Barium
and copper in excess may come from secondary phases
and give a chlorine molar composition of 0.84
(0.66+0.18) and 3.62 (0.8+2.92). As we can see, we then
have a molar composition of 2.56—0.84=1.62 and
5.31—3.62=1.69 for the remaining chlorine which can-
not come from BaCl, or CuCl, but is rather inserted in
the YBCO lattice. We thus estimate the average
stoichiometry of these chlorinated crystals to be near
from YBa,Cu;0; 4Cl, 4 if chlorine enters at oxygen va-
cancies.

B. Available XPS data

Figure 2 shows the core-level spectra of different ele-
ments for the superconducting chlorinated YBCO sam-
ple. The O 1s signal presents two distinct peaks located
at 531.9 and 527 eV, respectively. The latter is actually a
manifold of peaks which can correspond to inequivalent
oxygen lattice sites. Earlier studies on high-T, materi-
als'* have suggested that the peak at higher energy would
be related to extrinsic or contamination oxygen. Howev-
er, in a series of bismuth high-T, materials analyzed by
XPS, !* we have found that this peak is essentially intrin-
sic because it is always present in freshly cut samples just
before analyses. The results obtained in high-T, materi-
als by many other workers corroborates the nature of
these compounds. !® We focus our discussion on the peak
found at lower binding energy and particularly on its low
value (527 eV). As a matter of fact, previous XPS studies
on YBCO materials have established that this peak is
found in a range of 528-529 eV. Some recorded spectra
revealed that a shoulder at 527 eV is formed in the O 1s
spectrum.!” Using second derivatives of the spectra,
Vasquez et al.'® have demonstrated that the actual in-
trinsic line is composed of two peaks located at 528 and
527.1 eV which originate from the CuO chains and CuO,
planes. In an earlier work, Weaver et al.'® have suggest-
ed this possibility by deconvoluting the O 1s spectrum of
several 1:2:3 compounds. It is interesting to note that in
chlorinated YBCO, the enhancement of the O 1s spec-
trum occurred at lower binding energy part. This sug-
gests then an increase of oxygen ordering in CuO chains.
Concurrently, a higher valency of copper (>2) would be
observed. This is effectively happened in the Cu 2p spec-
trum where the main peak is recorded at 934.4 ¢V. Com-
paring this value to those obtained on common high-T,
materials and from the shape of the Cu 2p line, we esti-
mate that both Cu and Cu™ oxidation states are present
in our samples.

The presence of chlorine was detected by the Cl 2p line
showing the 2p;,, component at 198.7 eV and the 2p, ,,
component at 200.3 eV. Deconvolution of the spectrum
gives 2:1 doublet and makes evidence of the single sa-
turated environment of chlorine. The oxidation state of
the chlorine species is estimated to be less than unity
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from the relative binding-energy value in comparison
with C1I™ or C-Cl [with peak position for Cl 2p line at
200.3 eV (Ref. 20)]. The Ba 3ds,, line located at 781 eV
corresponds to two valent Ba as commonly observed in
Ba oxide?! and the Y 3ds,, line (not shown) is found at
157.5 eV which can be ascribed to unreacted Y,0;.2! We
notice that the Ba spectrum does not show peak at high
binding energy as observed in contaminated YBCO,?
which is obviously consistent with a single chemical state
in the analyzed samples. On the other hand, analysis of
BaCl, standard shows that Ba 3ds,, peak appears at
780.6 eV and Cl 2p peak at 198.7 eV [inset of (a) and (c)]
which are in good agreement with the results reported by
Vasquez.”> The similarity of the peak position of
chlorine may suggest that BaCl, would be formed upon
doping.

C. Raman data

Raman spectroscopy is a technique sensitive to varia-
tion of electronic susceptibility in crystals since in
Stokes-Raman scattering process phonons are created
with small crystal momentum and modulate the scattered
electric field. Interaction between phonons and collective
electron excitations can be observed as changes in
scattering intensity and line shapes, especially in super-
conductors. According to the standard Bardeen-
Cooper-Schrieffer scheme boson condensation appears at
T <T. and strongly correlated electronic pairs prevail
over. When photons with energy greater than pairing en-
ergy interact with the material the pairs relax and con-
tribute to an electronic scattering continuum. When
pairs are relaxed to Fermi states this continuum develops
as a broad peak in the Raman spectrum which can distort
phonon line shapes. Therefore, it is possible to derive
values of superconducting gap and electron-phonon cou-
pling parameters from those spectra. However, the na-
ture of correlated pairs is still not established in high-T,
materials. Phonon Raman spectra of copper-oxide super-
conductors are known to be very weak especially when
recorded in the SC state. This weakness is due for the
most part to the fact that the exciting electric field van-
ishes at the surface of the material owing to its metallic-
like behavior.

An interesting contribution of Raman spectroscopy is
the possibility to observe directly the oxygen vibrations in
the structure?® and to probe oxygen content of YBCO
phases and oxygen local site coordination. Thus, this
technique can be used for sensitive analysis of vacancies
and defects in the oxygen sublattice. For instance, it has
been recently evidenced that microstructural domains of
orthorhombic OI (O,), OII (Og s), and tetragonal T (Og)
phaszess coexist in poorly oxygenated YBCO single crys-
tals.

It was shown that the frequency w of the Raman band
originating from the apex oxygen vibration is strongly
dependent on the oxygen content. This variation origi-
nates from the variation of the c-cell parameter with &:
there is a contraction of the unit cell due to the reduction
of the ¢ parameter when the oxygen content increases and

therefore the c-axis polarized Raman mode of the apex
oxygen may vary in frequency and is shifted upwards as a
result of Cu(2)-O(4) bond hardening. Feile?® has reviewed
the Raman works on YBCO and was able to give an
empirical relation between » and the total oxygen con-
tent x. This relation can be expressed as

x =0.037w(x)—11.555 .

The accuracy Ax with this method is about 0.05, i.e.,
better than with x rays. It should be emphasized that
usage of the O(4) vibration frequency for the determina-
tion of the oxygen content was obtained from earlier
measurements of oxygen-deficient pristine samples.
Therefore, since a chemical modification by chlorine in
the present samples has strong effect on the vibrational
spectrum application of this method is certainly not very
well adapted if chlorine substitutes for apex or chain oxy-
gen atoms. Indeed, there is a lack of a measurable Ra-
man line around 500 cm ™! [the O(4) apex mode] in some
of our chlorinated samples which did not permit the
determination of x. In particular, it was almost impossi-
ble to find this apex oxygen Raman band in the CO
series. This is understandable if chlorine diffuses into
BaO planes to substitute for oxygen atoms and to react
with barium as shown with EDX analysis. Nevertheless,
we find that the starting oxygenated material has the
composition YBa,Cu;0 ¢, since ®=498 cm~!. The lack
of the O(4) band in the unpolarized spectrum of the re-
duced pristine material is in favor of an oxygen-deficient
YBa,Cu;04 composition. This is in agreement with x-ray
absorption and it should be noted that three methods
(iodometry, x-ray, and Raman measurements) give the
same x in the oxygenated sample. However, some of the
spectra of the reduced chlorinated CR series exhibit un-
doubtly the apex mode which has measurable frequen-
cies. Taking into account the above restriction concern-
ing the determination of oxygen content in these modified
ceramics, we find that some of the investigated micro-
crystals could have an oxygen content of 7 for CR-150
(=502 cm '), 6.26 (0=481 cm™!) for CR-200, and 7
for CR-300.

The structural changes in reduced chlorinated materi-
als which are partially observed from x-ray patterns
should have an influence on the vibrational spectrum.
Focus on the spectra of thin films F 2, F 3 and of chlori-
nated samples (Figs. 3 and 4). Depending on the syn-
thesis conditions we have additional vibrational features
appearing in the 190-220 cm ™! and 560-600 cm ™! spec-
tral ranges and in the case of F 3 a complete modification
of the spectrum characterizing the pristine Og and O,
phases.

The nature of the 580-cm™! broad line appearing in
both disordered and chlorinated systems may be either (i)
electronic or (ii) phononic. The first scenario may receive
strong support from recent experiments and calculations
of Chen et al.?’ who found broad profiles in fully oxi-
dized YBCO crystals with widths similar to those report-
ed in our study. They were able to fit these profiles with a
theoretical Raman spectrum including a pure electronic
continuum. However, (i) the line-shape maxima vary
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strongly with the oxygen content, from 470 cm ™! for an
O, crystal to 550 cm~! for an Og, crystal, (i) the line
shape is asymmetric but reversed with respect to that of
our compound, namely, the lower-frequency portion of
the profiles decreases steeply and the higher-frequency
side has a smooth tail, (iii) their spectra have clearly B,
symmetry contrary to our case where the spectrum is 4,
(iv) the peak position for the O ¢; compound seems to be
too low compared with our values even if we may sup-
pose that this location would be upshifted to 580 cm ™!
for an Og g, crystal, (v) finally the line observed by Chen
only appeared at low temperature.

In the second scenario we assume that this feature is
phononic and stems either from the oxygen O(1) atoms of
CuO chains®>?73 or from the oxygen O(4) apex as sug-
gested from recent shell-model calculation’! and from po-
larized single-crystal experiments.? In the first case,
this vibration should be inactive in Raman since the O(1)
chain atom is on an inversion center but may be allowed
if the crystal centrosymmetry is lost due to crystalline
changes, i.e., if the O(1) site symmetry is C,, or C,,. In
other words it could be an infrared mode activated in Ra-
man. This assumption is strongly supported by earlier
observations made by Kuzmany et al.** and Guettler
et al.>* of a mode near 580 cm ™! in IR spectra of pristine
YBCO and in Raman spectra of iodinated YBCO."
Another evidence of the existence of a phonon in this re-
gion was given by the measurement of the generalized
phonon density of states G(w) at 6 K for both
YBa,Cu;0,; and YBa,Cu3;O4 In addition to intense
features peaked at 80, 121, 180, 338, 410 cm ™!, a strong
peak was found at 565 cm ™! (70 meV), its intensity being
stronger for YBa,Cu,;0;.>° This 580-cm ! band may also
arise from apex oxygen O(4) vacancies. Indeed, shell-
model calculation predict a vibrational mode induced by
apex vacancies-apex oxygen coupling near 590 cm !, i.e.,
upshifted by 90 cm ™! with respect to the apex oxygen
mode. 3!

Raman experiments on several other thin high-T, films
with various oxygen sublattice orderings were made pre-
viously by us.® In the frame of the phonon-induced pic-
ture we believe there could be several different modes in
the 560—600 cm ™! range and at least two of them clearly
visible for these films at 569 and 596 cm~!. We may
figure out that these modes could stem from defects of
different nature. It is remarkable that the 596-cm™!
mode of the weakly disordered film F 2 appears to be
very strong in parallel polarization (||) whereas it is lack-
ing in the crossed polarization (1) spectrum and thus
may have an 4 ,,-type symmetry as for all other modes
except the 337-cm ! line (Fig. 3). The important point
under consideration in the present work is that the Ra-
man spectra of chlorinated samples from both CR and
CO series are surprisingly similar to those recorded on
thin films like F 3. From x-ray studies it is known that F
3 exhibits good cation ordering® so that its perturbed Ra-
man spectrum should arise only from oxygen disorder.

It is worth noting that the 580-cm ™! band may corre-
spond to a phonon density of states (PDOS). If it is a
PDOS there should be no vacancies ordering in chlori-
nated samples since we would instead obtain a thinner
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Lorentzian band near 596 cm ™! as for thin film F 2. We
could have direct evidence that chlorine interacts with ei-
ther BaO planes or CuO chains whatever the starting ma-
terial since the specific Raman response of these structur-
al elements is strongly perturbed.

Figure 5 shows that a strong electronic Raman scatter-
ing was emitted by the superconducting chlorinated sam-
ple when recorded with A=457.92 nm (2.708 eV) under-
lying strong spectral features at 121 and 595 cm ™! which
we believe are phononic and not electronic. The 595-
cm ™! band does vanish in crossed polarization and then
is of A, nature whereas the B,, 332-cm ™! mode is
enhanced as expected from selection rules. The presence
of a weak 494-cm ™! A, mode in this spectrum shows
that these selection rules are not completely fulfilled
which is in agreement with strong disorder in the oxygen
sublattice of CR-200. It seems also that a spectral com-
ponent remains at 560 cm™~! which would characterize
another defect mode with B,, symmetry.

At low temperature our measurements show an elec-
tronic continuum for all samples investigated. In the
case of the oxygen-disordered film F 3 (Y42), a line-shape
asymmetry of the 580-cm™! phonon recorded for the
A=676.4 nm excitation line is clearly evidenced and
looks extremely strong [Fig. 6(a), spectrum a]. No satis-
factory spectrum was obtained with the same excitation
line for CR-200 at 10 K, but we succeeded recording a
spectrum with A=514.53 nm [Fig. 6(b)] at 10 K which
exhibits clearly an asymmetric line shape as in the case of
film F 3. The observation of the 580-cm ! feature for
three exciting laser lines covering the entire visible spec-
trum from 1.834 to 2.708 eV is an indication of its reso-
nant character.

The asymmetric shape of this feature may be calculat-
ed using the Fano interference model.>® Application of
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FIG. 5. Raman spectra of the reduced chlorinated supercon-
ducting sample (CR-200) recorded with the 457.9-nm laser line,
polarization || (a) and 1 (b) at room temperature.
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this model to experimental data shows that there should
be a coupling between a background continuum spectrum
arising likely from electronic scattering and the phonon
exhibiting an asymmetric shape. To perform the fit of
this oxygen-defect-induced mode, we used a scaled Fano
function (F —s)/t with F defined as
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FIG. 6. (a) Low-temperature (10 K) Raman spectra of the
pristine superconducting YBCO film F 3 (Y42) with strong oxy-
gen disorder, polarization || (a), and polarization 1 (b). Record-
ed with the 676.4-nm laser light, slightly smoothed with fast
Fourier transform algorithm. (b) Low-temperature (10 K) Ra-
man spectrum of the reduced chlorinated superconducting sam-
ple (CR-200) taken with the 514.5-nm laser line for unpolarized
scattered light. Smoothed with the Savitsky-Golay algorithm.
The lines at 521 and 588 cm ™! are laser plasma lines. The plain
and dashed lines are the Fano line-shape fits of the experimental
data. Fano parameters are discussed in the text.
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where s, t are offset and scaling factors, W, is the bare
phonon frequency, g is a dimensionless asymmetry pa-
rameter governing the line shape, and T is the half width
at half maximum (HWHM) of the bare phonon that is the
imaginary part of its self-energy.

The Fano parameters are found to be 0, =613.8 cm™ L
qg=—190, and I'=79.7 cm™! for F 3 (Y42); and
©,=609.8 cm ™!, ¢ =—2.68, and ['=60.8 cm™' for the
chlorinated sample (CR-200). The Fano resonance
©Omax =, +T'/q and antiresonance oy, =w,—I'q (curve
extrema) are found, respectively, at 572 and 765 cm~! for
the pristine film F 3 and at 587 and 772 cm™! for the
chlorinated compound. There is a slight bare phonon fre-
quency downshift and a relevant resonance frequency up-
shift (Aw,=—4 cm™' and Awp,,=+15 cm™") on going
from pristine to chlorinated superconducting samples at
10 K. In the case of the chlorinated compound the
electron-phonon coupling at 10 K is, in fact, stronger
than in the pristine sample since the interaction potential
¥ =4qT is higher and amounts —163 cm™! whereas it is
—151 cm ™! in the pristine material. We must also notice
that we recorded at 676.4 nm a parallel-parallel polarized
spectrum of film F 3 at room temperature which also ex-
hibits a Fano shape since we were not able to fit it with
one or several Lorentzians [Fig. 7(a)]. Fitting parameters
were o, =611.2 em™!, ¢g=—1.50, and T'=59 cm™!,
which give an o, of 572 cm™!. This yields a smaller in-
teraction potential (¥ =—88 cm™!) than in the SC state
and is consistent with a stronger electron-phonon cou-
pling at low temperature. The corresponding room-
temperature spectrum of CR-200 taken at 676.4 nm does
not show any Fano shape and was fitted using a Lorentzi-
an peaked at 582 cm ! with a HWHM of 32.5 cm ™! [Fig.
7(0)].

The Fano fitting of the 580-cm ™! feature using very
reasonable coupling parameters g confirms that it stems
from the superconductor and not from some type of
secondary phase. Consequently, this puts another evi-
dence that the chlorinated crystallites optically investi-
gated along this study were superconducting as also indi-
cated by the extreme weakness of the Raman signal. In
the frame of the phononic picture and from these calcula-
tions there seems to be no hardening or softening of the
defect-induced mode of the pristine sample upon cooling,
however, this mode broadens drastically (+20 cm™!) at
10 K whereas its intensity diminishes. There is a slight
hardening (+5 cm™!) and strong broadening (428
cm™!) of this mode for the chlorinated sample in the SC
state with respect to the normal state. Absence of soften-
ing may indicate that there is no strong intermixing with
the B;, mode stemming from CuO, planes (337 cm™!)
which, in contrast, is known to soften below 7,.>” The
broadening of the defect-induced feature at 10 K is an
anomal behavior since the phonon linewidths usually de-
crease as an inverse exponential law with T that is the
dependence is almost linear down to 50-100 K with a
plateau at low temperature. In addition this feature
broadens much more below T, (20-30 cm™!) than does
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the 337-cm ™! soft phonon (about 6 cm ™! between T, and
10 K) and thus this broadening could be a sharp signa-
ture of a superconducting gap in both pristine and doped
materials.3” The broadening at low temperature of this
defect-induced feature could also be related to a dynamic
interaction with charge-transfer excitons recently evi-
denced in similar systems by Liu et al.*® We note, how-
ever, that I is quite large and that the Fano fit is per-
formed for a single phonon. Thus, we are cautious with
its true nature. As we mentioned we may have observed
multiple phonon scattering with several individual super-
imposed bands looking rather like a PDOS. The physical
changes of line shape at low temperature are, however,
unambiguous since the imaginary part of the self-energy
of one or several phonons of this density obviously in-
creases.

Finally, note that appearance of a relative strong band
at 502 cm™! for CR-150 and strong diminution of this
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FIG. 7. Room-temperature Raman spectra (676.4 nm) of film
F 3 (a) and CR-200 sample (b). The plain lines are fits of the
spectra.

band for higher annealing temperatures T, (Fig. 4, spec-
tra b, ¢, and d) may show that chlorine doping promotes
formation of YBa,Cu;0, cluster structures and domains
at low temperature and that the oxygen disorder in-
creases at higher T, since the intensity and the HWHM
of the 580-cm ™! band increases with T,.

V. SUMMARY

In this paper we have investigated the modification of
the oxygen sublattice and the phonon spectrum in pris-
tine YBCO films and in modified YBCO ceramics an-
nealed in chlorine atmosphere. The chlorine treatment
was done for two series of compounds starting from the
reduced form and the oxygenated form. The reduced
chlorinated CR samples did not exhibit superconductivi-
ty, except for samples annealed at 200°C whereas the
same annealing without chlorine in an inert atmosphere
would not render a reduced sample superconducting at
this temperature. Moreover, the superconductivity in-
duced by chlorine treatment seems to appear only in a
small temperature range, since CR samples annealed at
150°C and 250°C did not exhibit it. The situation is
different in oxidized chlorinated CO compounds since su-
perconductivity is only destroyed at 300°C. In these
samples a reduction of the superconducting fraction f is
observed, nevertheless fg remains higher in the CO series
than in the CR series for the same temperatures. This in-
dicates that the intercalation process depends on the ini-
tial oxygen content. The systematic magnetization exper-
iments reported here give some insights about the struc-
ture of these materials and the mechanism of supercon-
ductivity which is not solely driven by the charge transfer
towards CuO chains but also likely by internal diffusion
of oxygen from BaO planes towards partially filled CuO
chains. In the CR series, we believe that chlorine inter-
calates in the barium layers vacancies rather than in the
O(1) sites and promotes oxygen diffusion from O(4) sites
towards adjacent copper layers in order to refill the CuO
chains which trigger superconductivity at the critical
chlorine substitution. In the CO series, most of the O(1)
vacancies are already occupied by oxygen atoms before
chlorine annealing, therefore chlorine should intercalate
elsewhere in the lattice, likely in barium layers, but can
induce also degradation of the superconductivity by tak-
ing the oxygen atoms out of CuO chains. Such a mecha-
nism would be possible in the reduced chlorinated sam-
ples only when the CuO chains are refilled by internal
diffusion, i.e., above the critical annealing temperature
which triggers superconductivity. X-ray diffraction
(XRD) patterns show that the chlorinated reduced series
undergoes a tetragonal-orthorhombic transition for an-
nealing temperatures above 200 °C. Chlorine does not in-
tercalate between YBCO layers since the c-cell parameter
change is not sufficient to account for. Moreover, it is
very likely from XRD and XPS results that the oxidation
state of chlorine is between 0 and —1. The Raman tech-
nique was used at our knowledge for the first time in the
case of these chlorinated superconductors and a resonant
feature was found near 580 cm™! using three laser lines
at 2.708, 2.410, and 1.834 eV. This band corresponds
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well to a density of phonon states centered at the position
where vibrations of oxygen vacancy defects of CuO
chains and BaO planes are expected. It is therefore possi-
ble that apex oxygen O(4) atoms would be substituted for
chlorine atoms for all chlorinated samples. The experi-
ments carried out at low temperature have shown charac-
teristic Fano line shapes for the 580-cm ™! feature and
unusual strong broadening in the SC state suggesting in-
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teraction with electronic excitations traveling from CuO,
planes to CuO chains.
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