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T-dependent ''?Sn Mossbauer Debye-Waller factors f(7") in EuBa;Cu298Sne0207-5 display
evidence of a substantial softening in lattice vibrations at 75110 K. In a previous '*'Eu study,
no detectable softening in f(7) was found at the rare-earth site. These results taken together
show that Sn atoms as a dilute impurity replace predominantly Cu(1) sites in the Cu—O chains
of the orthorhombic structure. It appears that a softening in vibrational modes localized onto the
Cu—O linear chains occurs as a precursor to the onset of superconductivity. These results show
that phonons do appear to play an important role in electron pairing in these high-T, oxide super-

conductors.

The mechanism of electron pairing in the high-T, oxide
superconductors has evoked lively debates between theor-
ists and experimentalists alike. Several alternative mech-
anisms to the conventional Bardeen-Cooper-Schrieffer
(BCS) one have been discussed recently.! The observa-
tion of the elusive oxygen isotopes effect? in
YBa;Cu307 -5 unequivocally shows that a conventional
BCS phonon-mediated electron pairing mechanism can-
not be overlooked in spite of the unexpectedly high transi-
tion temperatures. In this context, Phillips has suggested’
that the surprisingly high T, of these ternary oxides may
be the consequence of the microscopically soft nature of
these lattices which promotes giant electron-phonon in-
teraction.

An issue of central importance is whether experimental
evidence for anomalies in the density of vibrational states
occur as a function of temperature in these materials. In-
elastic neutron scattering measurements on YBa,-
Cu307-5 when complete," will undoubtedly provide im-
portant clues on the behavior of phonons. Neutron-
powder-diffraction measurements indicate® that the
mean-square displacement (MSD) of the oxygen site
0O(4) residing in the Ba plane is rather anisotropic as well
as unusually large in relation to all other oxygen sites in
the orthorhombic structure. It is also possible that site-
specific measurements of mean-square displacement and
local chemistry, as revealed by a local probelike NMR
(Ref. 6) or Mossbauer spectroscopy,’ for example, can
also provide important clues in understanding the behav-
ior of phonons and defects in these materials.
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In a unit cell of the ABO; perovskite structure, as found
with BaSnOs, the cation A4 is centered in a cubic cell with
12 edge-centered O atoms as nearest neighbors. The B
atoms occupy the vertices of the cube, and thus have six
nearest O atoms as neighbors in an octahedral arrange-
ment. The ratio of the 4O distance to the BO distance is
equal to V2 in the ideal perovskite structure. In EuBa,-
Cu307-4, Eu replaces § of the Ba atoms, but the smaller
Eu atoms cannot support a coordination number (CN) of
12 (Fig. 1). The CN about Eu (with §=0) is 8. The still
smaller Cu atoms replace all of the Sn, and although the
average Cu—O distance is about the same as the Sn—O
distance in BaSnO;, there is a high degree of anisotropy’
in the Cu—O internuclear distances. The CN of Ba drops
to 10 in the §=0 structure. For charge balance, the
high-T, superconductor should be formulated as
YBa,;Cu${,5Cuit,507—5. From consideration of charge
radius, and electronegativity, Sn** at very low concentra-
tion levels would be expected to replace Cu®*. Since Sn
also offers a particularly suitable Mdssbauer spectroscopy
probe,” we have performed T-dependent experiments on
Sn-doped samples of EuBa;Cu3;07-5 and report the re-
sults of these experiments in this paper.

The present ''°Sn Mossbauer experiments provide
striking evidence of a substantial softening in lattice vi-
brations at T <110 K. These results are in sharp contrast
to previous '*'Eu Massbauer spectroscopy results’ on the
present material where no evidence of softening in f(T)
could be detected at the rare-earth site. These Mdssbauer
results taken together lead us to conclude that phonons lo-
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FIG. 1. Crystal structure of EuBa;Cu30O7-5 showing various
possible Sn sites. A Sn atom replacing a Cu(1) site and Cu(2)
site in the structure is labeled respectively as Sn(4) and Sn(B)
while a Sn(A4) site processing an O(1) site vacancy is labeled as
Sn(4') site.

calized onto the Cu—O linear chains soften as a precursor
to the onset of sug)erconductivity. This result, along with
several others,>>%° shows that the BCS mechanism of
electron pairing via phonons cannot be overlooked for
these novel oxide superconductors.

Samples of EuBa;Cu;95Sng0207-5 composition were
prepared ! by thoroughly mixing and sintering Eu,0;,
BaCOs, CuO and isotopically enriched !'°SnO; in the
usual way at 950°C. In the final step, samples were either
slow cooled (925°C to 100°C in 5 h) or fast cooled (925
to 100°C in 5 min) in an oxygen environment. T-
dependent !'°Sn Méssbauer spectra of the samples in the
range 300 K ST <12 K were recorded using a closed-
cycle refrigerator facility described elsewhere.’

The effect of sample preparation on the superconduct-
ing transition temperature onset (7o) follows a trend do-
cumented previously!! for YBa;Cu3O;—s5 Fast-cooled
EuBa;Bu; ¢3Sng 0207 -5 samples display in general a lower
T.o (=30 K) then slow-cooled ones (T.0==85 K) prob-
ably because of a structural change from orthorhombic to
tetragonal and a reduced oxygen content. In the present
work we will discuss results on slow cooled samples only.
Spectra of such samples display in general a partially
resolved asymmetric doublet (Fig. 2). At the outset we
can state unambiguously that the isomer shift on the reso-
nance resides in a region'? characteristic of Sn in its 4+
state of oxidation. For reasons discussed later we have
chosen to deconvolute the asymmetric line shape into two
quadrupole doublets (4,4') as shown in Fig. 2, yielding a
site intensity ratio I4/I,.~2.8. The nuclear hyperfine
structure parameters of these sites (4,4') are summa-
rized in Table 1.

In these experiments where the emitter (!'*Sn™ in
CaSnO;) is held at room temperature, the T dependence
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FIG. 2. '"Sn Méssbauer spectrum of a slow cooled

EuBa;Cu2.98Sn00207 -5 sample taken at indicated temperature is
deconvoluted in terms of two quadrupole split sites 4 and 4"
The microscopic site structure is shown in Fig. 4.

of the integrated area under the gamma resonance derives
from the Debye-Waller factor f(T) of the ternary oxide
superconductor used as an absorber. Figure 3(b) summa-
rizes results for a slow cooled sample. We note that at
T> 200 K, f(T) decreases linearly with 7. On such a
plot the slope df(T)/dT at high T (> 200 K) uniquely
fixes a characteristic Mdssbauer-Debye temperature 6p.
For the present case we note that a value of ©p=320(10)
K is appropriate, and this value may be contrasted to a
value of ©p =400(10) K for monoclinic SnO,, !* the start-
ing material used to prepare the high-T, superconductor.
The central result to emerge from the present work is
the anomalous low-T" (7' S110 K) behavior in f(7) [Fig.
3(b)] which displays evidence of a substantial softening in
lattice vibrations. Specifically, the continuous line drawn
in Fig. 3 is a plot of f(T) calculated assuming a Debye-
like density of vibrational states with the indicated 6p,
while the broken line drawn through the data at low T is
merely a guide to the eye. These results clearly demon-
strate that as T is lowered to about T, =120 K there
occurs a precursor effect: Vibrational modes of the ter-

TABLE I. Summarized nuclear hyperfine structure parame-
ters of sites (4,4').

Slow-cooled Isomer shift® Quadrupole
EuBa;Cu,98Sn0.0207-5 (mm/s) splitting (mm/s)
Site 4 0.15(5) 0.60(10)
Site A’ 0.28(5) 1.05(10)

*Relative to CaSnO; at 300 K.
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FIG. 3. (a) T dependence of '*'Eu recoil-free-fraction in
EuBa;Cu307-5 taken from Ref. 7. (b) T dependence of '”Sn
recoil-free fraction in EuBazCu2.98Sn0.0207 -5 sample obtained in
the present work. Note that at T=7T=120 K; the f factor
displays evidence of softening. The continuous line is a plot of
the f factor assuming a Debye-like density of states with the in-
dicated Debye temperature.

nary oxide soften before the onset of superconductivity at
T.0=80 K. It is important to emphasize that the result of
phonon softening is independent of the manner in which
Maossbauer spectra are deconvoluted since what we have
plotted in Fig. 3 is the total integrated area under the
gamma resonance. In principle one can also obtain f(T")
for each of the sites (4 and 4') by deconvoluting the
spectra. Result of such an analysis will be discussed else-
where.

There are several compelling reasons to believe that
Sn** ions as a dilute impurity in the orthorhombic struc-
ture would replace primarily Cu(l) sites in the chains.
Apart from noting that the size of Sn** dictates that it
will replace Cu rather than Ba or Eu, the anisotropy’ of
the Cu—O distances allows little choice between site
Cu(1) and site Cu(2) based on ionic radii. However,
Pauling’s electrostatic valence rules'* favor Sn** in
Cu(l) sites. Furthermore, the high electronegativity of
Sn** would cause it to seek a site of high electron density
in a solid.'> Second, on stoichiometric grounds'® an oxy-
gen count of 6.8, typical of high-7, YBa;Cu307-;, re-
quires that there be on an average about one O(1) site va-
cant per unit cell and this leads to a pair of threefold coor-
dinated Cu(1) sites for every six Cu(1) sites present in a
square-planar geometry as illustrated in Fig. 1. Indeed
the observed Mdssbauer site intensity ratxo L/ a3
leads us to identify site 4(4') with Sn** present in a
square-planar (triangular) configuration of oxygen near
neighbors as shown in Figs. 1 and 4. The larger quadru-
pole splitting of the A4’ site in relation to the A4 site (Table
I) is certainly in harmony with reduced local symmetry at
A'site.

We additionally know that oxygen desorption from the

samples at elevated temperatures in the range
300°C<T<500°C systematically broadens the
Mossbauer line shape. This result is due to a decrease in
the site intensity ratio I,4/I,. as the concentration of O(1)
vacancy sites increases, supporting the contention that the
A' site is a vacancy associated site. Generally speaking
the presence of such vacancies interrupts the quasi-one-
dimensional chains and this disorder!” is thought to des-
troy superconductivity.

The softening in f(T) observed at !'°Sn sites in the
present experiments [Fig. 3(a)] and the lack of such a
softening at the rare-earth (!3'Eu) site in the same ma-
terial [Fig. 3(a)] provides an important clue. It suggests
that the underlying local density of vibrational states at
the '3'Eu site and the !'°Sn site have radically different
character. One way to reconcile these results is to recog-
nize that Sn atoms replace Cu(1) sites in the chains and it
is the O(1) and O(4) near-neighbor oxygen sites that
display an anomalous? vibrational behavior as a function
of temperature as demonstrated by Caponi etal.> Since
these particular oxygen sites are insulated from the rare-
earth site, one expects a normal T dependence of f(T') at
the '*!Eu site.

Two recent expenments that bear on the issue of pho-
non softening in YBa;Cu307— include light scattering®
and lattice thermal expansion measurements 18 Spe-
cifically, the Raman-active 335 cm ! phonon, and the ir-
active 279 cm ! and 310 cm ~! phonons, each associated
with a Cu—O breathing mode, display an unusual T
dependence: These phonons generally blue shift as T is
lowered below 300 K, only to have this trend qualitatively
interrupted near 7=100 K, below which these phonons
red shift, i.e., soften by about 4 cm ~! in the temperature
range 10 K < 7 <100 K. The T dependence of the lattice
thermal expansion [a(7T')] of sintered YBa2Cu307 _ssam-
ples normalized to those of pure Cu [acu(T)], i.e., the ra-
tio a(T)/acy(T), also displays'® a threshold behavmr
near T==100 K. At T <100 K, this ratio is found to in-
crease rapidly as T is lowered, leading to the suggestion'®
that the Debye temperature ©p of the ternary oxide
steadily decreases as T is lowered—and this macroscopic
result correlates rather well in temperature with the
present microscopic result on f(7') displayed in Fig. 3.
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In conclusion, we have presented new microscopic re-
sults using Mossbauer spectroscopy on Sn-doped
EuBa;Cu307 -5 samples that are consistent with the no-
tion that Sn atoms as a dilute impurity largely replace Cu
atoms in Cu(l) sites in the orthorhombic structure.
Furthermore, the T-dependence of the Debye-Waller fac-
tor f(T') displays clear evidence of a softening in vibration
modes at 7 < 110 K which represents a precursor effect to
the onset of superconductivity. Such an anomaly in f(T)
was not found at the rare-earth site (Eu site) as docu-
mented previously. The present result on ''°Sn, along
with our previous result on the '*! Eu site, demonstrate
that the softening of lattice vibrations must be localized
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onto the Cu—O chains in the orthorhombic structure.
The present results along with the observation of the iso-
tope effect lend clear support to the notion that electron
pairing in these novel oxide superconductors is probably of
the BCS type involving optical phonons of the CuO
chains.
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