
PHYSICAL REVIEW B VOLUME 38, NUMBER 1 1 JULY 1988
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in single-crystal YSa2cu307
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We report our measurements of the temperature dependence of the positron lifetime spectrum
in single-crystal YBa2Cu307. Contrary to earlier measurements in sintered powders, we observe

only a single lifetime component s for temperatures in the range 5 & T & 297 K, exhibiting a con-
stant value (r = 176 ps) above T, and increasing monotonically below T, to =187 ps at 5 K.
Possible correlations with the superconducting gap, relaxation of the oxygen atoms, or a redistri-
bution of the electrons are discussed.

Early speculations' concerning the behavior of the posi-
tron lifetime r in conventional superconductors suggested
that one should observe an increase in r below the super-
conducting transition temperature T„due to a smearing
of the Fermi surface. Subsequent experiments2 aimed at
measuring the temperature dependence of r in Pb failed,
however, to show any reproducible effect. The advent of
the copper-oxide-based high-T, superconductors3 4 has re-
vived interest in the positron as a probe of the supercon-
ducting state, particularly because of the comparatively
large energy scales involved in such novel systems. There
have been several studies of positron annihilation in the
sintered high-T, materials5 s yielding two general obser-
vations, albeit only qualitatively reproduced by different
laboratories. The relevant observations are (a) two life-
time components: a short-lived component varying from
lab to lab between -50 and —140 ps, and a longer com-
ponent ranging from 190-230 ps; and (b) a discontinuous
behavior in the temperature dependence of the long com-
ponent, which is always accompanied with a significant
slope change at T, . The variability in the results reported
to date are thought to be attributable to variations in the
synthesis and processing. of the sintered samples them-
selves. Moreover, some of the physical properties (critical
current density, etc.) are known to be different for the sin-
tered powder as opposed to the single-crystal material.
Since positrons are sensitive probes of structural varia-
tions such as vacancies, dislocations, and grain bound-
aries, 9 it is important that similar experiments be done on
high-quality single crystals. To this end we have carried
out measurements on well-characterized single crystals of
superconducting YBa2Cu307.

The single-crystal samples of YBa2Cu307 were grown
from a partially melted CuO BaO Y20-3 mix-ture and an-
nealed in oxygen (for a period of three weeks), as de-
scribed previously. ' The crystals grow as platelets with
the a and b axes parallel to the growth faces and common
cleavage planes, but with significant microtwinning in the
a-b (basal) plane. The superconducting transition tem-
perature for the crystals was measured using ac suscepti-

bility, yielding a transition onset of -95 K, with a 5-K
width. No additional change in the ac susceptibility was
observed in these samples. Measurements were also made
using dc magnetization, indicating a transition at approxi-
mately S4 K, as is shown in Fig. 1. The apparent
discrepancy in T, measured by the two methods is not
surprising since ac susceptibility is known to be more sen-
sitive to skin effects. Four such crystals were used in the
present study, each being -0.1 mm thick and presenting
a c-axis face with an area of -3x 2 mm2.

A positron source consisting of a dried, 1-mm-diam.
deposition of -50 pCi of 22NaOC2H5 on a Ni foil (-1.1
mg/cm2) was sandwiched between the samples such that
two crystals were stacked on either side of the foil. The
estimated fraction of positrons stopped in the crystals was
99.4%." The sample package was sealed in an Al cell un-
der an ultrahigh-purity 4He atmosphere. This assembly
was cooled using a closed-cycle He refrigerator (Air Prod-
ucts) for temperatures above 10 K, and for temperatures
below 10 K a helitran was used. The temperature of the
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FIG. 1. dc magnetization measured (H,„t 25 6) in field-

cooled single-crystal YBaqCu307. The suppression in T, (—84
K) is attributed to a slight oxygen deficiency.
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sample was controlled and monitored to an accuracy of
0.1 K using a silicon diode. The positron lifetime mea-

surements were performed using a standard fast-fast coin-
cidence circuit, incorporating two BaF2 scintillators
mounted on XP2020Q photomultipliers, to measure the
time interval between the 1.28-MeV nuclear gamma and
the subsequent 0.511-MeV annihilation radiation. A
similar psitron lifetime spectrometer is described else-
where. ' The resolution function of the apparatus was

adequately represented by the sum of two Gaussians with

widths (full width at half maximum) of 230 ps (90%) and
310 ps (10%) by fitting the known 7Bi metastable state
lifetime (186 ps) using the cascade radiation lines at
0.569 and 1.064 MeV. The lifetime spectra were ana-
lyzed using the PATFIT program. ' Apart from a source
correction (4.6%, with a lifetime of 0.410 ns) all the data
reported here on the single-crystal material exhibited only
a single lifetime with a Z per degree of freedom of
1.00~ 0.06. Attempts made to fit the data assuming two
or three hfetimes yielded unphysical and/or unstable re-
sults.

The fitted lifetime data for single-crystal YBa2Cu307
are plotted as a function of temperature in Fig. 2. Each
experimental data point is deduced from a time spectrum
containing approximately one million events, collected in

a period of about 1.5 h. The data were collected using the
temperature sequences 10 to 250 K, 50 to 15 K, and 5 to
297 K, yielding no evidence for thermal hysteresis. The
open symbols correspond to measurements taken on in-

creasing temperature and the filled symbols are associated
with the decreasing temperature sequences. Note that
above T„zis approximately constant with a linear fit (as-
suming zero slope) giving 176 ps, and increases approxi-
mately monotonically with decreasing temperature below

T, to 187 ps at 5 K.
In contrast to the single crystals, all of the existing sin-

tered powder data5 s exhibit (ignoring the source and
positronium components) two lifetimes, a short- and a
long-lived component. An appropriate interpretation of
these data may be found by invoking the two-state trap-

ping model'4 in which positrons, initially in a state
~
b)

with intrinsic annihilation lifetime zb, become trapped in
a second state ( a) with lifetime z, .The lifetime zb, as-
suming this model is

1

I~A, ~+I212
' (1)

where XI, I~, and kq, 12 are the observed positron annihila-
tion rates and intensities, corresponding (for the case at
hand) to the short- and long-lived components, respective-
ly. The zb deduced from the earlier sintered YBa2Cu306 s
data5 are shown as a function of temperature in Fig. 3.
The temperature-independent behavior of zb may be in-

terpreted as a verification of the positron trapping model
in this system. In a pure single-crystal metal, where state

~
a) represents the positron trapping at a thermally gen-

erated vacancy, state ~b) corresponds to a delocalized
positron Bloch state and zb is the bulk lifetime. The
difference in the value of z obtained in single-crystal
YBaqCu307 (176 & z & 187 ps), as opposed to the zb sin-
tered YBa2Cu306. s (zb = 167 ps) and YBa2Cu30s. o

(zI, = 180 ps), suggests that the electronic structure where
the positron wave function is distributed is different for
the different materials and oxygen stoichiometries. It has
been noted in previous work that the lifetime component
presumably associated with Q(1) vacancies (z2-220 ps)
in sintered YBa2Cu306 s responds to the superconductivity
below T„indicating that the localized wave function of
the trapped positron is also strongly coupled to the elec-
tronic structure changes associated with the superconduc-
tivity.

The existence of only one lifetime in the single-crystal
data effectively precludes an interpretation of these data
in terms of a multiple-state trapping model. However, it
is not unreasonable to assume that the property being
sampled by the positron in the case of the single-crystal
material, as is evidenced by the increasing lifetime below
T„is also sampled by positrons in the sintered powders.
Theoretical estimates'5 of the positron wave function in
YBa2Cu307 suggests that the positron is preferentially lo-
cated in the interstitial region near the Cu —O(1) chains,
and would therefore be sensitive to electronic and bond-
distance changes associated with the O(1) and O(4) sites.
The difference in zb observed between the single-crystal
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FIG. 2. The positron lifetime r vs temperature in single-
crystal Yaa2Cu30p. The open circles correspond to data taken
with increasing temperature, and the filled circles are associated
with the decreasing temperature sequences.

FIG. 3. The lifetime rb vs temperature, deduced from earlier
results on sintered YBa2Cu306. 8 assuming the two-state trapping
model of Eq. (I). The lifetime data are taken from Ref. 5, with
an additional five new data points.
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Here, q TF is the Thomas-Fermi momentum, which
specifies the strength and range of the effective Coulomb
screening potential, EF is the Fermi energy, and ~(T) is
the superconducting energy gap. According to the
Bardeen-Cooper-Schrieffer theory, AE(T) has a tempera-
ture dependence (for T just below T,) defined as

M(T) = 1.76AF(0)(1 —T/T, ) ' (3)

and flattens off at T-T,/2. Here, AF. (0) is the gap width
at 0 K. Incorporating Eq. (2) into the standard electron-
density enhancement formalism '7 then results in a compli-
cated equation involving the screened Coulomb interac-
tion which enters as [&F.(T)/EF] 2. 's Thus, one would ex-
pect a corresponding chaqge in r of order 4F(T)/EF I .
Note, however, that it is unclear how a gap varying with
temperature according to Eq. (3) could account for the
approximate linearity of the data (see Fig. 2) at tempera-
tures well below T, . Measurements' of the normal-state
reflectivity and superconducting energy gap in single-
crystal YBa2Cu307 indicate a low-temperature gap of
2&F(0)-5-8 kT, (about 50-70 meV), which is at least
an order of magnitude greater than in conventional super-
conductors. Unfortunately, EF is not well determined for
this material, making it difftcult to estimate the quantita-
tive effect of the variation in a(q, co 0) on the positron
lifetime.

A reduction in the electron density sampled by the posi-
tron can also arise through a redistribution of electronic
charge or a change in the positions of the atoms. Calcula-
tions' show that a slight outward relaxation of the O(4)

and sintered materials may imply that the low-temper-
ature state of the positron seen in the single-crystal data is
one from which the positron is easily removed, and its ob-
servation is dependent upon the degree of perfection of the
crystalline structure over the diffusion length of the posi-
tron.

The electron density enhancement factor, which con-
trols the annihilation rate (I/r), is governed by the
electron-positron Coulomb interaction. The Coulomb in-
teraction is itself determined by the static dielectric func-
tion a(q, ro 0) which, in the case of a conventional super-
conductor, is approximately'

qkF ~I 2 (~(T)/E'F)
e(q, ro=0)= 1+

2

site could explain the present single-crystal results. In a
charge redistribution picture, the increase in r observed in
the single-crystal material below T, would be related to a
corresponding decrease in the electron density along the
ordered vacancy (interstitial) region of the material. In
comparison, the long-lived component in the sintered
powders associated with positrons trapped at the oxygen
vacancies in the Cu —O(1) chainss becomes shorter with
decreasing temperature below T, consistent with an in-
creasing electron density at the O(l) trapping site. As
was stated earlier, the rb deduced from the sintered
powder data do not agree with that found for the single
crystals, implying that the positron wave function is distri-
buted differently in the two materials. Nevertheless, the
data may suggest an electronic charge rearrangement or
lattice relaxation leading to an increased electron density
along the Cu —O(1) chains, with a corresponding decrease
elsewhere in the crystal.

To summarize, we have measured the positron lifetime
spectrum in single-crystal YBa2Cu307. Only a single life-
time r was observed throughout the temperature range
studied; above T„rwas found to be relatively indepen-
dent of temperature while increasing monotonically with
decreasing temperature below T„suggesting a strong
correlation with superconductivity. We have proposed
three possible mechanisms to explain the data: one involv-

ing the superconducting gap, another based on a redistri-
bution of charge, and a third associated with lattice relax-
ations. Further experimental and theoretical work is
clearly required to understand the behavior of positrons in
the high-T, materials. Of particular relevance would be a
systematic study of the annihilation lifetime and electron
momentum distribution as a function of temperature and
oxygen stoichiometry in single-crystal YBa2Cu307-a. A
comparative experimental study should also be conducted
on the single-crystal La2 —„Sr„Cu04—s series as well. Fi-
nally, beam experiments aimed at measuring the positron
diffusion length in these materials should be performed.
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