
PHYSICAL REVIEW B 1 DECEMBER 2000-IVOLUME 62, NUMBER 21
Probing single-crystalline YBa2Cu3O7 across the superconducting transition temperature
by positron annihilation measurements
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Shape parameterSdetermined from the Doppler broadening of the positron annihilation radiation line-shape
measurement~DBPARL!, gives the fraction of suitably defined low momentum electrons among the annihi-
lating electrons. Since BCS pairing in momentum space is accepted for the so-called conventional supercon-
ductors, such studies of possible changes in the electron momentum distribution as a function of temperature
across the superconducting transition in high-temperature superconductors~HTSC! may help clarify the yet
unknown mechanism of superconducting pairing in HTSC. OurSvs T data at close intervals~down to 1 K! of
temperature revealed one minimum atTc in Bi-2212 pellets and two minima in theTc region in~Bi,Pb!-2223
pellets, in addition to the somewhat better known steplike change atTc . Similar DBPARL measurements
presently on Y-123 single crystals show theSvs T minima in these as well as in previous~Bi,Pb!-2223 pellets
to be atTc and 0.95Tc . These observations can imply a redistribution of electron momentum similar to the
better discussed charge redistribution.
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I. INTRODUCTION

The pairing of electrons in momentum space is a k
factor in the BCS mechanism of transition to the superc
ducting state. Whether the mechanism of the so-called h
temperature superconductivity~HTSC! is BCS-like or not,1 it
is of great interest to investigate experimentally the tempe
ture dependence of the momentum distribution of electr
in various HTSC, particularly acrossTc , the superconduct
ing transition temperature. Partial but important2–5 informa-
tion on this distribution can be conveniently obtained fro
the Doppler-broadened positron annihilation radiation l
shape~DBPARL! or similar experiments. Similarly the den
sity of electrons at the annihilating sites can be probed fr
positron lifetime,t, measurements.6,7 Such measurements3–6

acrossTc can be justified also from a recent suggestion8 that
the vortex cores of a type-II superconductor in a mixed s
may get excess charge. The mechanism of such chargin
cooling has been understood8 for materials with such elec
tronic subsystems that one subsystem becomes supe
ducting. BelowTc , the charge carriers in the supercondu
ing subsystem should have lower energy. This invites cha
carriers from other subsystems to the superconducting
system and enhances the density of carriers at vortices b
Tc . Electron density and electron momentum distributi
being related, increased density leads to increased ave
momentum. This concept8 has not been applied earlier t
explain the interlayer charge transfer, proposed2,4 to be acti-
vated atTc , to explain the observation in various HTSC
steplike changes9,10 in t andSacrossTc . But we find that it
leads to charge-carriers or holes concentrating in the su
conducting subsystem of CuO2 layers on cooling belowTc .

The line-shape parameterS is defined5,7 as the ratio of the
area of a suitably selected central region of the energy s
PRB 620163-1829/2000/62~21!/14519~5!/$15.00
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trum N(E) vs E of the annihilation radiations to the are
under the full spectrum, after the background correction. D
to the Doppler shift, the two oppositely emitted gamma ra
of energy E05511 keV appear to be of energyE5@E0

6pc/2# in the laboratory frame wherep is the momentum of
the annihilating electron in the direction of detection. Co
sequently,S gives the fraction of chosen low momentu
~corresponding to 510.4 to 511.6 keV energy in the pres
analysis! electrons among the electrons participating in t
positron-electron annihilation in the solid. One must add h
that these positrons in a solid populate6,7 preferably all avail-
able lower potential-energy regions of the lattice and vac
cylike lattice defects. The latter group of positrons, trapp
in vacancylike defects, have a lifetimet2 longer thantB , the
lifetime in the bulk. Relative intensityI 2 for t2 for various
HTSC samples studied by various authors has been see
be up to 15%, and oxygen vacancies or unoccupied oxy
sites are believed to be the main trapping centers. The re
the positrons annihilate in the bulk. It may be added that
mean positron lifetime andS parameter should have th
same6,11 behavior.

Since the 1950s the failure to see a steplike change of
S-parameter acrossTc for the conventional superconducto
like Nb3Sn and V3Si has been attributed9,10 to the involve-
ment in superconductivity of not all the conduction electro
but of only the electrons near the Fermi energyEF . The new
high-Tc oxide superconductors have favorably larger valu
of the energy gap 2D and also favorably smaller values o
EF , which together should allow a much larger fraction9,10

of charge carriers to participate in the superconducting p
ing process. Abrupt changes int andS at Tc were expected
to be large and hence measurable in these high-Tc oxides.
While an abrupt decrease or increase ofSon cooling various
HTSC belowTc has been strongly claimed4,9,10 on the basis
14 519 ©2000 The American Physical Society
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of many positron annihilation experiments since 1987,
extra feature of a minimum atTc (R50) and another at a
slightly lower temperature has been observed5 rather recently
for ~Bi,Pb!-2223 pellets. The minimum atTc implies a sharp
increase in the fraction of large momentum electrons
cooling towardsTc and then a sharp decrease on furth
cooling belowTc . In view of the important implication of
such observations to the poorly understood mechanism
high-Tc superconductivity, a need was felt to extend su
detailed DBPARL measurements to an entirely differe
HTSC and to single crystals. Here the variation ofS with T
across the superconducting region is measured
YBa2Cu(32x)Al xOz , x.0.02, z.7.0, or Y-123 single
crystals12 with Tc589.5 K and compared to our rece
results5 for granular Bi-2212 and~Bi,Pb!-2223 samples in an
attempt to understand the intriguing results for hig
temperature superconductors in general.

Presently, only a steplike2,4 increase or decrease ofS on
cooling a HTSC belowTc seems to be recognized.5,9,10How-
ever, a closer look, as is possible from our data5,6 at closer
intervals of temperature and some earlier experiments,11 re-
veals either two minima or one minimum in the superco
ducting region of theSvs T graph, depending on the syste
studied, in addition to the steplike change. That makes
situation more complex and interesting. A minimum
Tc(R50) and another one at a slightly lower temperatu
has been clearly observed5 for ~Bi,Pb!-2223 pellets.

The present experiment is a DBPARL experiment
well-characterized single crystals, in contrast to our ear
work on granular5 samples. It has been argued that in su
pellets5 consisting of HTSC grains, the superconducting tra
sition of the network of grains can be at a slightly low
temperature than theTc of the individual grains, to give two-
step transitions5,13,14 as observed in magnetic susceptibili
measurements. This possibility of explaining the low
temperature minimum inS vs T, observed5 in a granular
HTSC, is put to test in the present measurements on HT
single crystals. Moreover, it is also to confirm for Y-12
HTSC the peculiarities observed for two Bi-HTSC.

II. EXPERIMENTAL OUTLINE

Samples for positron annihilation experiments have to
sufficiently large to sandwich a nickel-foil22Na source be-
tween two approximately identical samples. Also to allo
positrons to annihilate within the single-crystal samples,
crystal thickness needs to be about 1 mm. Large~squares
with 3 to 4 mm sides! Y-123 crystals of such thickness cou
be grown12 by a slow cooling of the mixed melt with BaO
CuO self-flux in Al2O3 crucibles. Unavoidable dissolution o
almost all crucible materials into the melt accounts for
earlier-mentioned traces of Al in our crystals. However, anin
situ coating of the inner crucible surface by the corrosi
product YAl2Ba3O7.5 prior to crystal growth ensured a low
Al content in our YBa2Cu(32x)Al xOz single crystals, as esti
mated in many of our samples by energy dispersive x-
analysis~EDAX!. A.C. The susceptibility measurement ga
the onset of superconductivity atTc~acs onset!5 89.5 K with
a width ~for 10% to 90% transition! less than 2 K. This
Tc~acs onset! andTc(R50) are seen to coincide in all well
prepared samples and hence abbreviated, in the follow
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discussion, as justTc . This slight depression ofTc is
consistent12 with a doping concentration ofx.0.02 Al on
the Cu~1! chain sites and oxygen content of 6.99, which w
confirmed by EDAX and x-ray profile refinement measu
ments. Neither EDAX nor x-ray diffraction~XRD! detected
any impurity phase in the samples. Magnetization meas
ments at 1 and 100 G have been carried out as a se
check on the quality of the crystals rather recently, i.e., ab
two years after the low-temperature cycling for positron e
periments. This result in Fig. 1 shows the onset of superc
ductivity practically at the same temperature for FC and Z
samples to confirm that there is no detectable granularit
our single-crystal samples. A fully oxygenated state, the
sence of any detectable microcracks due the specially de
oped cooling rates12 during oxygenation~taking 630 h for
cooling from 873 K to 653 K, for example!, and clear evi-
dence of nongranularity from magnetization measureme
confirm the high quality of the samples. Positron annihilati
data on such well-characterized samples have been rec
mended by many earlier authors.

For mounting the delicate sample-source-sample com
nation between the cold head and a screwed cold plate
Leybold 10-300 cryogenerator, with thea,b planes of the
SXL samples parallel to the cold head surface, a cover
support of indium sheet was found most effective for m
chanical stability and thermal contact. Such mounting w
thin indium padding has been checked5 to eliminate thermal
hysteresis in well-prepared and stable samples. The pos
lifetime measurement at room temperature on the sa
sample-source-sample combination gave two lifetime co
ponents 17962 ps ~91%! and 585613 ps ~9%!, implying
tB5191 ps for these Y-123 crystals with traces of Al in Cu
chains. The lifetime values confirm that positrons annihila
essentially in the samples and not in the sample holder.
contribution of the positron to the momentum of th
electron-positron pair is known7 to be negligible on accoun
of complete thermalization of the positrons before annih
tion. A horizontally placed HPGe detector with associat
electronics5,7 was used in a fixed setting to obtain theN(E)
vs E annihilation radiation spectrum with about 0.8 millio
counts at each sample temperature, maintained by a Ley
LTC-60 temperature controller. Presently used detec

FIG. 1. Variation of the magnetization~at fields of 1 and 100 G,
for field cooling and zero field cooling, in a VSM setup! with
sample temperature for the Y-123 single-crystal sample.
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sample ~Y-123 crystal! geometry allows no gamma ray
other than those parallel to (a,b) planes be observed. Thi
implies that practically only thea,b plane components
p(a,b)5p of the momentum of the annihilating electron
contribute to the observed Doppler shift,6pc/2, in energy.
So S is the fraction of annihilating electrons that make th
energy less than or equal to 0.6 keV, as defined in the In
duction. In later sections, these are called ‘‘low’’ momentu
electrons, implying that their momentum component in
(a,b) plane is less than or equal to 1.2 keV/c.

III. OBSERVATIONS AND DISCUSSION

The resultingS vs T data over the 20 to 300 K range an
concentrating in the superconducting region is depicted
Fig. 2. It shows deeper minima compared to those
~Bi,Pb!-2223 pellets~as given in Fig. 1 of Ref. 5! due to the
larger superconducting volume fraction in the single cryst
In the present work, one minimum is at about 89.5 K a
another is at about 85.5 K. It is remarkable that the t
minima are experimentally observed at the sameT/Tc val-
ues, 1.00 and 0.95, in the~Bi,Pb!-2223 pellets and Y-123
single crystals.

Structures, minima or maxima, similar to those identifi
above in the superconducting region, are well reported5,11 at
higher temperatures and tentatively attributed to magneti
structural changes or trapping by lattice defects. But the
erage slope5 of S with respect toT over a large temperatur
range, 100 K or so, deliberately ignoring these ‘‘loca
structures, should be positive in cases where the lattice
tracts on cooling. Such a positive average slope for thT
.Tc has been observed in Y-123 repeatedly2,11 in spite of a
broad minimum11 at around 225 K. No attempt has bee
made in this work to record these structures~over the range
Tc,T,2Tc), as was done in ourS-parameter5 and lifetime6

experiments in~Bi,Pb!-2223 or in above-mentioned Ref. 1
for Y-123 pellets. However, the room-temperature point w
measured several times as a check and the same value
always reproduced within the accepted experimental erro

For granular superconductors, an intrinsicTc of the grains
and a lowerTc for the weakly coupled network of grain
have been reported by various authors13,14 as discussed
above. Had the two minima for non-single-crystal or gran
lar samples4 been due to granularity, there would have be
just a single minimum for the single crystals. Here in Fig
two minima have been seen for the single crystals also. T
proves that the lower temperature minimum is not linked
granular superconductivity.

FIG. 2. Variation of the DBPAR line-shape parameterS with
sample temperatureT for the Y-123 single-crystal samples.
o-

e

in
r

s.
d
o

or
v-

n-

s
as

.

-
n

is
o

Positron density has been shown2,3,15 to be significant in
the neighborhood of CuO chains and very small in the Cu2

planes. This appears to imply that positrons are practic
unable to probe the superconductivity in CuO2 planes.
Whether positron probing of the superconducting gap, p
sible in CuO chains according to an independent part
model, will be seriously affected by the electron-positr
correlation has not been understood even theoretically. Th
is, however, no conceptual difficulty in positrons probin
some of the effects of the superconducting transition or
perconductivity in CuO2 planes. One possibility is a previ
ously presumed2,4 transfer of electrons from CuO2 planes to
CuO chains at the on-set of superconductivity on cooling
sample, a qualitative explanation already outlined in our
troduction. So positrons distributed in chain regions are
ready believed2 to probe ‘‘superconductivity in CuO2
planes’’ via this gain of electrons in the chains on cooli
below Tc . The second such effect now known to be asso
ated with the superconducting transition is the set anomo
changes16 in interatomic separations at or in the vicinity o
Tc . Interestingly, it roughly explains the origin of at lea
one minimum inS, as detailed below, and also supports16 the
charge transfer conjecture.

HTSC ‘‘structures in the vicinity ofTc’’ have not yet
been as widely and as closely investigated as would perm
full interpretation of our positronS parameter minima, thes
structural investigations being difficult and time consumin
But still the XRD data16 at just eight chosen temperatures f
‘‘superconducting single crystals’’ of Tl-2212 and Y-124 ca
be used to partly explain our positron result on Y-123. P
itron distribution17 in Y-124 is mostly in the region betwee
the CuO chains involving Cu1 atoms, from where most
the annihilations~with electrons! should take place. Figure 5
of Ref. 16 shows a minimum, at or nearTc , of the Cu1-O4a
interatomic separation. This minimum implies a minute co
pression of the electron cloud around the above-mentio
annihilating sites occurring over a short range of tempe
ture. This should lead to a minute minimum inS spanning a
short range of temperature. It is the increase in the aver
momentum of the electrons due to an increase of the den
of the electron gas. In this explanation, one need not cons
the change with temperature of the separation of such a
pairs that are away from positron regions. However, str
tural data for even Y-124 is inadequate for any quantitat
or perfect explanation. It is worth checking whether there
two minima in the XRD data in theTc region of some HTSC
to support twoS vs T minima in these compounds, or onl
one minimum in the XRD result to motivate an alternati
explanation of the second minimum inS. We18 plan a de-
tailed investigation in the next available beam times of th
interatomic separations19 in Y-123 as the sample is coole
acrossTc .

Critical fluctuation is active only over a few Kelvin abov
and belowTc covering the width of theS vs T minimum.
This similarity alone may not be sufficient to explain5 the
sharp decrease of the fraction of lower momentum electr
on approachingTc from either side or a minimum inSat Tc .
Kresin et al.10 showed that two conducting subsystems
Y-123 ~the CuO2 planes and CuO chains! can lead to a two
gap structure in agreement with the NMR observation20

Kresin et al. considered intrinsic superconductivity in CuO2
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14 522 PRB 62UDAYAN DE et al.
units and induced superconductivity in CuO units. It is po
sible to extend this idea of two conducting Cu-O subsyste
to ~Bi,Pb!-2223 on considering the central CuO2 plane to be
different5 from the other two CuO2 planes. Further work is
needed to see whether such considerations10 can explain two
minima in Y-123 and~Bi,Pb!-2223 ~Ref. 5! in contrast to
one minimum in Bi-2212.5 An alternative explanation of a
minimum in S can be from a crystallographic transition a
companied by some soft modes, leading to a change of
positron S parameter for a narrow range of temperatu
around the transition point. Increasing lattice instability
cooling towardsTc and its arrest due to the onset of supe
conductivity have been well known even for A15 superco
ductors. Such a situation can give rise to at least one m
mum atTc in the HTSC materials. It is difficult, particularly
in the absence of more detailed structural studies, to c
ceive lattice distortions atTc and 0.95Tc to give rise to the
observed double minima inS. Still some possibilities are
outlined, although the present note limits itself mostly to t
experimental observations. Indeed a number of neutron P
~pair distribution function! experiments have indicated19 a
local structural response to a change in the electronic s
like the appearance of superconductivity and the opening
the pseudogap. Particular mention may be made of the c
plex maximum~Fig. 20 of Ref. 19! observed in theTc region
in Tl-2212 HTSC of the PDF peak heightDr, at 3.4 Å . It
concerns the pair correlation between in-plane, O~1!, oxygen
and apical, O~2!, oxygen. The striking similarity of this
variation to our double minima inS lies in the fact that the
complex maximum inDr ~of a Ti-HTSC! appears to consis
of maxima at about 110 and 80 K. In Y-123 also, the tu
neling frequency of apical oxygen between two possible s
shows a maximum~Fig. 23 of Ref. 19! at Tc . Explanations
based on such considerations need to be worked out m
precisely to understand the changes observed in the pos
annihilation parameters acrossTc .

The two minima in theS vs T graph at 99 and 104 K in
~Bi,Pb!-2223 and at 85.5 K and 89.5 K for Y-123~Fig. 2!
can best be attributed to nonequivalence of the central C2
layer to the noncentral ones in~Bi,Pb!-2223 and the non-
equivalence of Cu-O chains and planes in Y-123. This can
tested from the fact that for Bi-2212, which has two equiv
lent CuO2 layers, a single minimum in theS-vs-T graph is
expected. Within the discussed5 limitation of a broad transi-
o

y-
.

.
L.
R.

D
e
.

-
s

he

-
-
i-

n-

e
F

te,
of
m-

-
s

re
on

e
-

tion, it appears to be a single minimum at itsTc . An
interpretation21 of resistivity vs temperature data in Y-12
presumed physical processes in chains and planes to b
tivated at different temperatures. Planar and pyramidal C
units in central and noncentral CuO2 layers in~Bi,Pb!-2223
are not equivalent, leading to different types of temperat
dependence of the resulting NMR lines.20 So theS-parameter
minimum may show up at one temperature for the cen
CuO2 layer and at another for the noncentral ones, or
different temperatures for the Cu-O chains and CuO2 planes.

IV. CONCLUSION

The combined conclusions of this work and our cited e
lier papers4–6 can be summarized. A sharp minimum of th
DBPAR line shape,S, indicating a sharp minimum of the
fraction of the low momentum electrons, has been obser
at the bulk superconducting transition temperature for th
high-Tc oxides: Bi-2212, ~Bi,Pb!-2223, and Y-123. The
temperature-wise location of this minimum inS at Tc of the
HTSC confirms its link to superconductivity. A larger supe
conducting volume fraction~in the crystals! leads to a larger
magnitude of this as well as the second minimum, if o
served, further proving the role of superconductivity. Findi
the second minimum for the single crystals confirms it to
an intrinsic effect of the HTSC material. The second mi
mum, observed at 0.95Tc for granular as well as single
crystal samples with nonequivalent Cu sites, cannot be at
uted to any intergranular effect. It is interesting thatS or the
fraction of low momentum electrons show one minimum
Tc for Bi-2212 ~having identical Cu-O units!, and two
minima at Tc and at about 0.95Tc for Y-123 and~Bi,Pb!-
2223 ~having two different Cu-O units in the structure!.
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