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YBa,(Cu;_Ag,) 4105 (x<0.1) superconductor was syn-
thesized under high oxygen partial pressures by oxyg-
en hot isostatic press. From Raman scattering spec-
troscopy, the phonon frequency of O (4)-Cu(1) stretch-
ing vibration increased and that of O (1)-Cu(1) vibra-
tion decreased by doping silver. Phonon frequency
change is due to an increase in the force constant of
0(4)-Cu(1) bond and to a decrease in the force con-
stant of O (1)-Cu(1) bond by a silver replacement into
the Cu(1) site. Ag-0 bondings are detected in the 124
phase by an infrared absorption spectroscopy also. The
evidence of silver replacement into Cu(1) site in YBa;
Cuy0s was presented for the first time.
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1. Introduction

Many researchers have sintered YBa,;Cuz0; (123
phase) superconductors with an addition of Ag,0 or
AgO to improve mechanical and superconducting
properties. The reported improvements are; an in-
crease in the critical current density,?-% an increase
in the critical temperature,?-4-% and enhancement in
the bulk sinterability.?)3.6.7 Other researchers
reported, however, a decrease in the critical tempera-
ture® or no change” by doping silver.

Almost all researchers reported that silver doping
caused no distinct microstructural changes of the
123 phase. Doped silver segregates in voids between
particles or diffuses to grain boundaries or surfaces
of particles.?® Lin et al., however, have found that
doped silver atoms located at the Cu(1) sites in the
123 phase by the IR absorption method.? Cu(1) is
defined in the next chapter. Kolesov et al. have also
reported a silver replacement into the Cu(1) site in
the 123 phase, and proved it by Raman scattering
method.1® Ren et al.¥ and Choy et al.!¥) have report-
ed further the substitution by X-ray diffraction
method and lattice parameter measurements. But
there has been no work reported on YBa,Cu,Og (124
phase).
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We have already reported that the critical tempera-
ture, 7T, of the 124 phase increased by AgO
doping.® In the present work, a silver replacement
into the Cu(1) site in the 124 phase is discussed by
IR absorption and Raman scattering methods.

2. Crystal structure and vibration modes of
Y582CU;05

The 124 structure contains double CuO chains (in-
stead of single in 123 structure), and the arrange-
ment of the oxygen atoms and vacancies in the dou-
ble CuO chains appears to be completely ordered, as
shown in Fig. 1. This is a result of a shift of the se-
cond CuO layer with respect to the first one by a half
of the b-axis lattice parameter.2? It leads to higher
coordination of oxygen in the chains, each oxygen
atom has three nearest copper atoms. The higher
coordination causes higher stability of the oxygen in
the 124 phase (up to 880°C). Top and bottom planes
in Fig. 1 are basal conduction planes. Copper atoms
on the chains are called Cu(1), and copper atoms on
the basal planes are called Cu(2). This definition can
also be used for the 123 phase. Crystal structure of
the 124 phase has been studied well by Wright and
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Fig. 1. Cross sectional view in b-¢ plane of the double Cu-O
chain of the 124 phase. The interatomic distance between Cu(1)
and O(1) is indicated by 7,. Open circles indicate oxygen atoms
and solid circles indicate copper atoms. O (1) A, vibration mode is
given by broken arrows and O (4) A, mode by solid arrows. As fre-
quency and amplitude of both vibrations are different, angle 6 also
vibrates.
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Butler.'® The nearest atom to Cu(l) in the 124
phase is oxygen atom called O(4) (Cu(1)-0(4) dis-
tance is 0.183 nm), and the next one is also oxygen
atom called O(1) (Cu(1)-O(1) distance is
0.194 nm).1® It has been reported that the doped sil-
ver atoms substitute with Cu(1) in the 123 phase. As-
suming that silver atoms subsitute also with Cu(1)
in the 124 phase, the study of Cu(1)-O(4) and
Cu(1)-0(1) vibrations will demonstrate an evidence
to clarify whether silver atoms can replace copper
atoms of the Cu(1) site in the 124 phase or not.

Raman spectra of the 123 phase have been well stu-
died and most of the peaks are identified by Mac-
farlane et al.1? and Yamanaka et al.}¥ The Raman
peak at about 500 cm ! corresponds to O (4)-Cu(1)
stretching vibration in c-direction, and assigned as
0(4)A, mode.'?-13 Notice that the letter ‘A, indi-
cates that the motion of O(4) atom is symmetrical
for 360°/2 rotation with respect to c-axis, i.e., C, rota-
tion (letter A) and inversion (suffix g). It should be
distinguished to the symbol of silver ‘Ag’. Raman
shift of O (4) A, mode increases with increasing oxyg-
en content.!2),14)

Raman spectra of the 124 phase have been studied
by Heyen et al.19:16) and all the peaks are identified
and some of their results have been corrected by
Yim et al.l” Raman peak of the 124 phase at 605
cm~! corresponds to O(4)-Cu(1) stretching vibra-
tion in ¢-direction (called O (4) A, mode), and that of
500 cm~! to O(1)-Cu(l) stretching vibration in ¢-
direction (called O(1)A, mode).1? Solid arrows in
Fig. 1 indicate O(4) A, motion and broken arrows in-
dicate O(1)A, motion. In this work, both O(1)A,
and O(4)A, vibrations of the 124 phase are studied
as a function of silver content.

3. IR absorption spectra—the empirical
scaling law

Lin et al. have proved a silver replacement into the
Cu(1) site of the 123 phase by IR absorption method
and the empirical scaling law for IR wave number, %,
and interatomic distance, d, given by kd3=const. for
each atomic pair.?

This law holds in C-N, C-O, P-S and Si-H
systems.1920 An Ag-O bond with a length of
0.2043 nm in Ag,0 has a strong IR absorption peak
at 540 cm~1.21) According to the kd3=const. law, the
constant is calculated as kd3=540x (0.2043)3=
4.6.9 Assuming that a silver atom enters into the
Cu(1) site of the 123 phase, the interatomic distance
between silver and oxygen can be estimated as 0.19
nm and the IR absorption wavenumber is calculated
as k=670 cm 1. Their IR absorption spectra showed
that no absorption peak at 2#=693 cm~! was found
for the silver free sample, but the peak appeared at
£=693 cm~1 and started to grow with increasing sil-
ver content. The wavenumber of this peak was in
agreement with the calculated value (670 cm—1) and
they have concluded a silver replacement.? Similar

experimental evidence is discussed for the 124 phase
in the present work.

4. Experimental procedure

Raw materials of 99.9% purity Y,03;, BaCO3, CuO
and AgO were mixed to prepare four different sam-
ples. The mixing ratio of the sample ( i ) is (Y : Ba: Cu
:Ag)=(1:2:4:0) in atomic ratio, (ii) (1:2:
3.96:0.04), (iii) (1:2:3.8:0.2) and (iv) (1:2:
3.6:0.4), i.e., x=Ag/(Ag+Cu) =0, 0.01, 0.05 and
0.1, in atomic fraction, respectively. All the samples
were treated by an oxygen hot isostatic press (called
0,-HIP). O,-HIP is a sintering equipment which can
control temperature, T, total gas pressure, Py, as
well as oxygen partial pressure, Py, independently,
and widely used to sinter oxides. Raw materials were
formed into pellets, sintered at 1000°C under 200
MPa of P, and 40 MPa of Po, for 5h, and quenched
by an adiabatic expansion of the surrounding at-
mosphere from P;,;=200 MPa to 30 MPa in about 2
min. Cooling rate was about 12000K - h—! (3K -
s~1) from 1000 to 800°C, and 2000 K - h—! from
800°C to room temperature.??)

IR absorption tests were carried out at room tem-
perature on compressed pellets containing the
ground samples (i)-(iv) mixed with KBr (with a
weight ratio of samples; KBr=1:100) in the range
from 500 to 1000 cm 1.

Raman scattering experiments were carried out at
room temperature on sintered bodies in the range
from 400 to 650 cm~1. The excitation line of the
514.5nm Ar* at a power of 150 mW was used for
calibration.

5. Results and discussion

Figure 2(a) shows Raman spectra of the AgO
doped 124 phase. Figure 2(b) shows Raman shifts of
0(4)A,; and O(1)A, modes as a function of silver
contents. Raman shift of O(1)A, mode (at about
500 cm~1!) decreases, and that of O(4)A, mode (at
about 600 cm~1) increases with increasing silver con-
tents.

Raman shifts of O (1) A, and O(4) A, modes are cal-
culated by GF matrix method.?3-2% The GF matrix
method gives the relationship between the force con-
stants, atomic masses and Raman shifts. If A is
defined as 4m2%c?kg?, where ¢ and kg are light velocity
and Raman shift, respectively, the approximate
representation of A for O(4)A, mode is given by

A= (fit+f2) (uo~+pca) 1)

and

o <f+:—> G @

for O(1)A; mode, where f; is the O(4)-Cu(1)
stretching force constant, f; is the O(4)-Cu(2)
stretching force constant and «; is the O(1)-Cu(1)-
O(4) bending force constant. O(1)-Cu(1)-0(4)
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Fig. 2.(a) Raman spectra of the samples (i)-(iv). Raman shift of
the O(1)A, mode (about 500 cm~1) decreases, and that of the
0(4)A, mode (about 600 cm™!) increases with increasing silver
content.

(b) Raman shifts of O(4)A, and O(1)A, modes as a function of
silver content, x.

bending motion is the angular vibration of § shown in
Fig. 1. uo and puc, are the reciprocal masses of oxyg-
en and copper atoms, respectively. 7,=0.183 nm is
the interatomic distance between Cu(1) and O(1) of
the silver free sample.

Crystallographic data of the 124 phase are very
similar to those of the 123 phase, thus we assumed
the force constants of the 124 phase are same to
those of the 123 phase. The values ;=160 N-m~1, f,
=110 N-m~! and a;=1.3x10"18 N-mrad—2 are
used, as reported by Bates and Eldridge for the 123
phase.26)2?) Then Raman shifts of the 124 phase are
calculated as 594 cm~! for O(4)A; mode and 504
cm~! for O(1)A, mode, and they are in good agree-
ment with the empirical values.?>-17

Figure 3 shows the X-ray diffraction patterns of
the samples (i)—(@v). Solid circles indicate the 124
phase. Here we have to confirm the contribution to
Raman peak at about 600 cm~! from the 211 phase,
because the 211 phase also has strong Raman scatter-
ing at about 600 cm 1. Solid triangles in Fig. 3 indi-
cate the 211 phase. Watanabe et al. has investigated
that the addition of silver oxide favoured the forma-
tion of the 124 phase and the amount of impurity
phases decrease with increasing silver content.” It is
also confirmed in our study that the amount of 211
phase decreases with increasing silver content. Ra-
man peak at about 600 cm~! grows and shifts toward
high Raman shift with increasing silver content.
There is no reason of growing and shifting of Raman
scattering peak of the 211 phase with increasing sil-
ver content, and we can assume that the Raman peak
at about 600 cm~! is that of O(4)A,; mode in 124
phase. In Fig. 3, small peaks of metallic silver also
can be seen at about 38 and 44 degrees of diffraction
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Fig. 3. X-ray diffraction patterns of the samples (i)-(iv). Solid

circles indicate 124 phase, solid triangles 211 phase. Metallic sil-
ver appears in (iii) and (iv). Open squares indicate the peaks we
could not investigate.

angle in the samples of x=0.05 and 0.1. It seems that
the silver solubility limit is a value between x=0.01
and 0.05. Open squares indicate the peaks we could
not investigate.

Raman shift of O(4)A, mode increases, and that
of O (1) A, mode decreases with increasing silver con-
tent as shown in Fig. 2(b). Raman shifts of O(4)A,
and O(1)A, modes are given by Egs. (1) and (2),
respectively, and the experimental results suggest
that the force constant f; decreases and f; increases
by doping silver. A phenomenological calculation is
shown as follows.

Force constant can be estimated from bonding
energy, interatomic distance and the potential formu-
la. Interatomic distances and bonding energies of
Cu(1)-0(4), Cu(2)-0(4) and Ag(1)-0O(4) are
necessary. Cu-O bonding energy of Cu,0 is about
930eV and interatomic distance is about 0.184 nm,
and Ag-O bonding energy of Ag,0 is about 370eV
and interatomic distance is about 0.205 nm.2® Cu(1)-
0O(4) distance is 0.183 nm and Cu(2)-0(4) distance
is 0.229 nm,!® and we assume that Cu(1)-0(4)
bonding energy is 930eV and Ag(1)-0(4) bonding
energy is 370eV.

Wright and Butler have reported that the potential
formula of O(4) atom with respect to Cu(1l) in the
123 phase can be written as U(») =Ar8-Br 1,
where 7 is interatomic distance.'® Constants A and B
can be calculated by the condition U(7,) =bonding
energy and (dU/dr),, =0, where 7, is the interatomic
distance at 0 K. Force constant can be estimated by
calculating the second derivative of U(r) with
respect to 7, i.e., —(d2U/d#?),,. If the value of 7,
(Ag(1)-0(4)) is equated to 0.205 nm and 370eV of
bonding energy, the force constant between Ag(1)
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Fig. 4. IR absorption spectra of the samples (i)-(iv). Silver dop-
ing quantity x indicates as an atomic fraction Ag/(Cu+Ag). The
absorption peak at 2=675 cm~! (solid circles), which indicates
Ag-0 bonding, grows with increasing x.

and O(4), fi/, can be estimated as about 50 N-m 1.
In the same way, 7,(Cu(2)-0(4)) is equated to 0.2
nm and force constant after silver replacement, 15,
can also be estimated as about 130 N-m~1. These
simple calculations show that f; decreases and f in-
creases by doping silver. But these simple calcula-
tions conclude that Raman shifts of both of O(4) A,
and O(1)A, modes decrease. It should be shown by
the thorough calculation that both force constants
/1" and f>" have same value about 150 N-m~!, and in
this case Raman shift of O(4)A, mode increases
while that of O (1) A, mode decreases. Thus Fig. 2 in-
dicates that the doped silver substitutes into Cu(1)
site in the 124 phase.

Figure 4 shows the IR absorption spectra of the
AgO doped 124 phase in the range of 500-1000 cm 1
wavenumber. Absorption peaks at £=700 and 880
cm~! indicate BaCO;. The interatomic distance be-
tween Cu(l) and O(4) in the 124 phase is almost
same as that of the 123 phase,'® and the IR absorp-
tion peak should appear at the same position (about
670 cm~1). The absorption peak at £=675 cm~! in-
creases with increasing silver content up to x=0.1.
This peak is not the peak of AgO (AgO peaks appear
at k=550 and 705cm~!). According to Lin’s
theory,® Fig. 4 suggests that a silver atom sub-
stitutes into the Cu(1) site in the 124 phase.

6. Conclusion
YBa,(Cu; _,Ag,)+Og superconductors are synthe-
sized by oxygen hot isostatic press. Silver replace-

ment into Cu(1) site is confirmed by Raman scatter-
ing method and IR absorption method.
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