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Sodium substituted samples of Y,_,NaBa,Cus0s—, for 0.00<x<0.16 were prepared and characterized by X-ray pow-
der pattern, electrical resistivity and magnetic susceptibility measurements, Raman spectroscopy. and idometric titration.
The Na substituted compounds have narrow solid solution limits where 0.00<x<0.16. As the Na concentration increa-
ses, the parent orthorhombic structure tends to gradually change to tetragonal. Small changes in the superconducting
transition temperature, T, are observed in this solid solution region. Raman spectra for the Na phases are virtually
identical with that of YBa2,CusO; except that the Cu(1)-0(4) stretching mode at 504 cm™! and the Cu(2)-0(2,3) bending
mode at 340 cm~! for ¥=0.16 are slightly shifted. The hole concentrations of the sodium substituted compounds
ranged from 0.31 to .33 per Cu site are increased with Na content. The substitution of Na* for Y** site appears
to create oxvgen vacancies in the Cu-O chains, causes structural change from orthorhombic to tetragonal, and increases

hole concentration in the substituted system.

Introduction

Following the discovery of superconductivity in YBa;CusO;
(hereafter YBCO) by Wu ef al!, there have been a lot of
research on the substitutional effects on almost all sites in
the compound®. These are mainly concerned with possible
isolation of new high T. superconducting phases as well as
investigation of the physical properties caused by the substi-
tutions. It has been known that substitution of Y** in YBCO
by most trivalent rare earth elements has little effect on
the superconducting properties®. This suggests that interac-
tions between superconducting electrons and magnetic mo-
ments of the rare earth ions are relatively negligible even
if the effective magnetic moments are changed by employing
various isovalent cations®. In the case of the Y,_.Pr,Ba;,Cu,
Oy-, compound, however, the superconductivity is severely
suppressed as Pr concentration increases®’. This anomalous

behavior in the Pr substituted YBCO is believed to be rela-
ted to the mixed valent state of Pr ions (Pr’* and Pr**),
in which f electrons contributed by the Pr ion cause superco-
nducting pair breaking in the Pr substituted compounds.
These results prompt us to investigate the substituted YBCO
system where the interlayer cation site (Y>*) is replaced with
other nonisovalent cations.

Sodium substituted compounds of the type Y,_.NaBa;Cu;
O:_, have been prepared by solid state reaction. Since the
ionic size of monovalent Na* is almost identical with that
of trivalent Y**, the Na* jon is expected to be substituted
into Y3* site without much effect on the structural integrity
in the parent orthorhombic YBCO structure. From the struc-
tural standpoint, distortions in the sodium substituted phases
might be expected to be negligible due to the small change
i ionic radii. Structural distortions in the ABO; type perov-
skite structures are normally estimated by the value of toler-
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Figure 1. X-ray powdér diffraction patterns for the Y,-,Na,
Ba,Cu;0;-, compounds.

ance factor ¢ given by di—o/\/2 ds-o°. Replacement of Y**
with Na*, however, is expected to cause a significant change
in the electronic environment of the Cu(Q, sheets such as
hole concentration and valence state of Cu ions due to the
charge difference between two cations. This Na substitutional
study on the interlayer cation site in YBCO is thus able
to elucidate relationships between superconductivity, copper
valence, and hole concentration.

In this paper we report experimental results on Y)_.Na,
Ba;Cuz0;-, compounds. The sodium substituted phases were
characterized by X-ray powder diffraction, electrical resisti-
vity and magnetic susceptibility measurements, and Raman
spectroscopy. In addition, hole concentrations were determi-
ned by an idometric titration method.

Experimental

Nominal compositions of Y,_.Na,Ba,Cu;0;_, (x=0.00, 0.04,
0.08, 0.12, and 0.16) were prepared by solid state reactions.
Stoichiometric amounts of Y;0: (99.99%, Kojundo), Na;CO,
(99.99%, Aldrich), Ba(NQs), (99.98%, Aldrich), and CuO (99.99
%, Kojundo) were mixed and pelletized. The samples were
heated at 530C for 20 h hefore calcination tc prevent Ba
(NO:); from melting and to avoid loss of the volatile sodium.
The resulting samples were reground and pelletized, which
were then calcined at 900°C for 20 h and sintered at 950
for 40 h under Q.. X-ray powder diffraction of the compounds
were obtained on a Rigaku diffractometer with CuKa radia-
tion. The unit cell parameters were refined by the least
square methods. Electrical resistivity measurements were
carried out using a standard four probe method. The d. mag-
netic susceptibility was measured using a SQUID magneto-
“meter (Quantum Design). The oxygen contents and hole con-
centrations were determined by an idometric titration
technique’. Raman spectra were obtained at room tempera-
ture using a SPEX-1403 double grating spectrometer and
photon counting electronics. The polished samples were sca-
nned at 0.5 cm™! step with 2 time duration of 3 s.

Results and Discussion
The Y,-NaBa,Cuz0;-, (0.00Sx<0.16) compounds were

characterized by various physicochemical techniques. Figure
1 displays X-ray powder diffraction (XRD} patterns of the
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Table 1. Lattice Parameters and Unit Cell Volumes for Y,_,-

Na,Ba;Cus(3;-,. All Peaks are Indexed with an Qrthorhombic
Cell

x a&) &) @) Volume(A?)
0.00 3813 3879 11.653 172.365
0.04 3824 3.896 11.707 174.437
0.08 3.825 3.893 11.708 174.323
0.12 3.826 3.894 11.712 174.489
0.16 3.864 3.891 11674 175.543
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Figure 2. Resistivity as a function of temperature in the Y-,
NaBa;,Cu,0;_, systems.

compounds. XRD patterns of the sodium phases are almost
identical with that of YBCO, in which all the major peaks
correspond to those of the parent YBCO compound. Earlier
reports on the sodium substituted YBCO compound reveal
that Na can substitute Y in YBCO compound up to +=05"
However, our careful studies on the sodium substitution for
Y in YBCO compound suggest that the sodium substituted
phases have a narrow solid solution range of 0.00<x<0.16.
Beyond »=0.16, BaCu0O; is formed as a major impurity which
was identified in the XRD patterns and Raman spectra. This
might be attributed to the large difference in the charge
states of Na* and Y**. This charge difference appears to
make it difficult to form a complete range of solid solutions
even though the size constraint should enable Na* to substi-
tute into Y°* site.

As Na concentration increases, the (103) and (013) peaks
separated in YBCO (xr=0.00) at 20=32.56 and 32.85, respec-
tively, are merging to one peak. Similarly other peaks having
(h%k!) and (kh!) peaks show a tendency to overlap with Na
contents, indicating that structural strain is gradually re-
duced in the Na substituted YBCO compounds. This might
be due to substitution of lower valent Na* for trivalent Y**,
which would cause anion vacancy in the system and result
in the deficiency in the oxygen sites. The lattice parameters
and cell volumes calculated from the XRD data are shown
in Table 1, where the peaks are indexed with an orthorhom-
bic cell. The ¢ axes of the sodium phases are elongated com-
pared with that of YBCO. Similar changes in lattice constants
are observed in oxygen deficient YBCO, where the parent
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Figure 3. Magnetic susceptibility vs. temperature for the Y-,
NaBa.Cu;0;-, compounds.
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Figure 4. Raman spectra of the Y,_,Na.Ba,Cu.Q;., phases.

orthorhombic structure changes to tetragonal with decreasing
oxygen content in the Cu-O chain site®. In the Na substituted
system, the oxygen vacant sites would be created by the
substitution of lower valent Na* for trivalent Y** site in
order to preserve charge balance in the host structure.
Figure 2 displays resistivity plots as a function of tempera-
ture for the Y,-NaBa,Cu;0;_,. Resistivity data show that
the superconducting transition temperatures of the sodium
compounds appear not to be affected by Na dopants. Resis-
tivity measurements, however, are not able to tell the volume
fraction of the superconducting phase. The magnetic suscep-
tibility data versus temperature shown in Figure 3 clearly
demonstrate the decreasing fraction of the superconducting
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Table 2. Frequencies in ¢cm™! of Raman Vibrational Modes in
Y:-Na,Ba;Cu,0;-,

x Raman shifts (cm™")
0.00 504 438 340 150 115
0.04 504 438 339 150 115
0.08 504 435 339 150 115
0.12 503 438 340 150 114
0.16 498 445 340 150 115

phase with Na contents, where the samples were measured
at a constant applied field of 20 Oe. Degrees-of flux expulsion
and T, are gradually decreased as Na concentration in-
creases. Especially for the x=0.16 sample, T, and volume
fraction of superconducting phase was severely depressed.
This might be associated with the abrupt change in structure
which resulted from oxygen vacancies on the Cu-O chain
site. This behavior in the degradation of superconductivity
in the sodium phases is similar with that observed in oxygen
deficient YBCO, in which T. is depressed with decreasing
oxygen content™,

Raman spectra for the Na substituted samples shown in
Figure 4 give similar patterns with that of YBCO. Most of
the peak positions in the sodium phases shown in Table
2 are pretty close to those of the YBCO bands. In the case
of the x=0,16 sample, however, the 504 ¢cm™! mode which
is assigned as axial motion of Cu(1)-0{4) in the Cu-O chain
shifts to slightly lower frequency while the bending mode
of the Cu(2}-0(2,3} in the CuO; layer at 438 cm™' moves
to higher frequency. These behaviors in Raman modes for
the Na substituted compounds are similar to the trends ob-
served in Raman spectra of the oxygen deficient YBCO'2,
These results are also consistent with the XRD data of the
sodium compounds. However, the Raman spectra of the rare
earth substituted compounds are different from that of the
sodium compound, in which the Raman modes at 504 and
340 cm™' in YBCO are mostly affected by the substitution
for Y site’’, These results indicate that substitution by the
Na* ion primarily affects oxygens on the Cu-Q chain site
which are not directly coordinated with the interlayer cation
site. If the Na substituants affect the CuQ, layers, the be-
haviours of the Raman modes will be similar with those of
the fluorine substituted YBCO compound in which fluorine
atoms exclusively substituted into the oxygens of the CuQ,
layers't,

Ozxygen contents and hole concentration in the Na substi-
tuted compounds were determined by an idometric titration.
For the x=0.16 sample, the idometric titration was not car-
vied out due to the presence of little amount of impurity
phases. As expected from the XRD and Raman results, the
oxygen contents are decreased with Na contents. Figure 5
shows the result of oxygen contents and hole concentrations
as a function of Na contents. The hole concentration of the
whole system was calculated by using sodium and oxygen
contents', As Na concentration increases, the oxygen content
is gradually decreased and the hole concentration is increa-
sed reversely. Oxygen defects in the Cu-O chain site would
thus increase holes in the Na substituted system. However,
it is not clear yet whether the extra holes are located on
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Figure 5. Oxygen content (@) and hole concentration (W) vs.
Na content for Y,_,NaBa,Cus0,-, compounds. Errors associated
with measured oxygen contents are estimated to be +0.01.

the Cu-O chains or the CuO; sheets. The location and con-
centration of mobile holes are important to understand the
relationship between hole contents and superconductivity.
Shafer ¢t al. reported that 7, was largely influenced by con-
centration of the mobile CuQ, sheets’®. However, we did not
determine the mobile hole concentration at this moment.

Summary

Effects of Na substitution for Y in YBCO have been inves-
tigated. We have found that monovalent sodium can be sub-
stituted into yttrium site up to x=0.16 without much chang-
ing superconducting properties in the parent YBCO. This
result is different from that of the rare earth substituted
YBCO compounds where the trivalent rare earth elements
completely substituted the yttrium site in YBCO compound.
Substitution by lower valent Na't would create oxygen va-
cancies and produce holes in the Na substituted system. On
the basis of the XRD and Raman spectral data, the oxygen
vacant sites will be Cu-O chains which are not directly bond-
ed to the Na atom. Our experimental results suggest that
replacement of Y°* with Na* affects electronic environments
mainly in non-bonded Cu-O chains and causes little effects
on adjacent CuQ. sheets.

Currently we are carrying out Hall measurement to deter-
mine the mobile hole concentrations and performing Rietveld
analysis to obtain in plane Cu-O bond length which are be-
lieved to be correlated with T.'%. Both data will give a clue
to understand the relationship between hole concentration,
in plane Cu-O bond, and T; in the Na substituted system.
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