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Positron-annihilation studies of the superconductivity transition in YBa;Cu3;07—,
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Positron-annihilation studies, by Doppler broadening, of the superconducting transition in
YBa;Cu3O7-x (x=0.1) have been made. Below T. a large positive temperature dependence of
the line-shape parameter is observed, while at (or near) 7. an almost discontinuous increase in
the line-shape parameter takes place. The behavior below 7. may be consistent with a Bardeen-
Cooper-Schrieffer-like theory if an energy band with a small dispersion crosses the Fermi level.
The discontinuity is not clearly understood, but may be due to a major change in the electronic
structure taking place with the onset of superconductivity.

The original discovery of the new superconducting ox-
ide materials with 7. =40 K (Ref. 1) and the more re-
cent discovery of materials with 7T, =90 K (Refs. 2-4)
have stimulated an extensive research effort aimed at un-
derstanding the physical phenomena that cause the high-
temperature superconductivity. A great deal of attention
has been directed to the electronic structure of the high-
T. materials, since an understanding of the electronic
structure clearly is a prerequisite for a detailed description
of the mechanisms leading to the high values of 7.

Recent theoretical band-structure calculations for the
superconductor YBa,Cu307—, (Refs. 5-7) have provided
a great deal of important insight into the nature of this
material. However, direct observations of the electronic
structure have not yet been made. Positron-annihilation
studies are important in this regard, since they permit a
direct experimental investigation of this structure. Such
studies, when performed on large single crystals (not
available at present), will lead to a detailed mapping of
the Fermi surface. Studies of polycrystalline samples will
provide important, although less detailed, information
about changes in the structure due to the superconducting
transition. Since the mechanism(s) responsible for super-
conductivity in the high-7, materials is not understood,
elucidation of the electron structure and any observation
variation in the structure connected with the supercon-
ducting transition is vitally important.

In this paper we present Doppler-broadening positron-
annihilation results for polycrystalline YBa;Cu3O7-4
(x == 0.1) as a function of temperature. The magnitude of
the line-shape parameter S changes abruptly near the su-
perconducting transition temperature. For T <T,, the
functional dependence of S reflects changes in the band
structure which are attributed to the formation of Cooper
pairs. The present measurements provide the first direct
observation of band-structure changes in the high-T, ox-
ides that are associated with pair formation.

The YBa,;Cu3O7-, samples were made using a pro-
cedure described earlier.® The oxygen concentration was
determined to be 6.9 (x=0.1) by neutron-diffraction
measurements on other samples prepared in the same
way. The midpoint of the superconducting transition tem-
perature for these samples was found to be T, =92 K with
a width of 2 K. Positron lifetime and Doppler-broadening
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measurments were performed using a traditional spec-
trometer® having a full width at half maximum (FWHM)
of 270 ps and 1.3 keV, respectively. The Doppler-
broadening line-shape parameters were stabilized using
the 497-keV 7 line from '®Ru (Ref. 10) and the line-
shape parameter was obtained from a 2.2 keV-broad re-
gion under the center of the distribution.

Temperatures were measured using a chromel-cons-
tantan thermocouple calibrated at room temperature, at
—77°C in a dry ice/ethanol mixture, and at liquid-
nitrogen temperature. We estimate the temperature gra-
dient across the sample at low temperatures to be no more
than 5 K.

The Doppler-broadening line-shape parameter is shown
as a function of temperature in Fig. 1. We shall first dis-
cuss various possibilities for the positron states that might
give rise to the effects seen in the figure. Two lifetimes
were observed at room temperature (167 ps, 247 ps,
I1,=65%, I,=35%). In view of the short lifetimes and the
absence of any long lifetime (7= 1 ns), it is unlikely that
quasipositronium is formed in substantial amounts in the
sample. Two-dimensional angular correlation spectra
demonstrated the presence of a delocalized positron state
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FIG. 1. Doppler-broadening line-shape parameter for

YBa;Cu30¢.9 vs temperature.
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in the present polycrystalline sample.!! In view of this we
associate the 167-ps lifetime with the shortened lifetime of
a free positron and the 247 ps lifetime with that of a posi-
tron in a trap, most likely an oxygen vacancy.!! Assuming
the validity of the two-state trapping model,'>~'* we find
that the above observations are consistent with a trapping
probability of = 11% for the positrons, and that the data
in Fig. 1 are dominated by the annihilation of free posi-
trons (89%).

It is appropriate to examine whether the effects in Fig.
1 might be due to minor changes in the positron trapping,
or whether they are associated with changes in the elec-
tronic structure. One might speculate that the negative
temperature dependence of S, observed for T > T, could
be due to positron trapping in extended defects with a low
binding energy E,=kpT.!"> The behavior for T < T,
cannot, however, be explained in terms of trapping in ex-
tended defects alone, since the temperature dependence is
positive. Furthermore, the trapping rate is considered to
be temperature independent in more localized defects with
larger binding energies (E,>kpT) (Refs. 16 and 17),
and therefore trapping in such defects would not account
for the observed effects. We suggest, therefore, that the
effects seen in Fig. 1 are mainly due to changes in the
electronic structure as sampled by a positron in the Bloch
state.

Figure 1 exhibits a step in the line-shape parameter at
or near T.. Also, we observe that S increases with an
amount AS/S = 6x10 "3 between 11 K and T,. These
unexpected results are apparently a consequence of sub-
stantial changes in the electronic structure associated with
the transition between the normal and superconducting
states.

To estimate the order of magnitude of the change
AS=S(T=T_.) —S(T =0) we shall make the fundamen-
tal assumption that the electron Hamiltonian has the
same form as the Bardeen-Cooper-Schriefer (BCS) re-
duced Hamiltonian. This assumption does not by itself
presume any specific coupling mechanism leading to su-
perconductivity, but merely implies the existence of Coop-
er pairs and an energy gap E, =2XA. Thus, we assume
that the system ground state may be written as

IBCS)-lk](uk+vkaEaI-k)|vac> , 1)

where |vac) is the vacuum state and a' are creation
operators. The occupation number for state k,

1 (k)
(n(k))ncs"vl?'E [1 _'[—AT_;i_zE;)]—lE] ’

)
E(k)=E(k)—Er ,

where E (k) is the energy dispersion and EF is the Fermi
energy. For A=0 it is seen that n(k) =1 for k < kr and
n(k) =0 elsewhere. For A> 0, n(k) is smeared near kg
by an amount Ak:

*
ff;'yzk—A s 3)
F

where m* is the effective electron mass. The smearing,
Ak, increases the overall momentum of the electron popu-

Ak =
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lation and therefore leads to a decrease in the Doppler-
broadening parameter as the energy window A increases
with decreasing temperature. Thus, for temperatures
T<T. a positive temperature coefficient for the
Doppler-broadening signal is anticipated, as it is also seen
in Fig. 1.

The positron annihilates with the conduction electrons
in the filled bands as well as with the conduction electrons
in the partially filled bands. The electrons (in the partial-
ly filled bands) having momenta smeared with Ak are only
a small fraction of the conduction electrons. The net
effect on S will then be the smearing Ak weighted with
this fraction. In calculating the effect we shall treat the
Fermi surface as essentially two dimensional with =4
bands crossing Ef out of a total of =36 conduction
bands.® Assuming a simple cylindrical Fermi surface with
radius kr one obtains that

4 2rnkrAk
{Ak)BCs 36 zrkﬁz Ak “)
where kpz is the Brillouin zone wave vector. From Egs.
(3) and (4) we get

AS | 248}
S OrwHM
4 « )’ A 2
=—4| 2| | =5 | (6r0kz0Frwm) ' ,
36 m

(5)
where ® = hk/mc is the dimensionless momentum. Fur-
ther ®rwnwm is the observed FWHM of the distribution,
while |AS/S| is the fractional change in the line-shape
parameter.

It is emphasized that Eq. (5) should only be considered
to be an estimator. First, it is conceivable that the posi-
tron wave function is large near the negatively charged
oxygen ions with the consequence that the positron may
annihilate preferentially with electrons near the oxygen
ions. However, we assume here that annihilation occurs
with equal probability with all conduction electrons. (A
detailed calculation of the positron and the electron states
in the sample would be required to ascertain this effect.)
Second, it has been assumed that the Fermi surface is sim-
ple and cylindrical and that the energy dispersion is free-
particle-like. More complicated surfaces with multiple in-
tersections between the surface and the bands, might in-
crease |AS/S|. Despite these approximation Eq. (5) is
useful to estimate the expected | AS/S | due to the super-
conducting transition. In addition it should be noted that
|AS/S | is proportional to the square of both the electron
mass and the energy gap.

Using the values 6r=~2 mrad, 0gz=3 mrad, and
Orwum = 10 mrad we get :

AS

2 2

A_ | ©)

0.1eV

If m*=m and A=0.1 eV one obtains |AS/S| =104,
which is below the fractional change that can normally be
observed in a Doppler-broadening experiment. However,

m*
m

-~10‘4[
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from Fig. 1 it is seen that |AS/S| =6%1073 (T=0 to
T=T,) or about 60 times larger. The results shown in
Fig. 1 thus cannot be explained in terms of the BCS
ground state, while assuming m* = m. However, the for-
mulation of Eq. (6) suggests that if the average mass, m*,
of the electrons near Er is = 8-10 m, then the expected
|AS/S| would fall within the range observed. The
present positron results could therefore indicate the pres-
ence of an electron band with small dispersion near the
Fermi energy.

In Fig. 2 band calculations for YBa;Cu3;07 are shown.
It is seen that the bands labeled 1, 2, and 3 are not expect-
ed to contribute significantly to |AS/S | while band 4
might do so. Indeed, using the results of Refs. 5 and 6 the
estimate of |AS/S| might be considerably improved by
using the calculated Fermi surface and energy-band
dispersion. In this case we avoid the assumptions of a
free-particle-like dispersion [Eq. (3)] and the assumption
of a simple cylindrical Fermi surface [Eq. (4)]. Now one
finds

6

2

AS , )

S

A
0.1eV

=

where a=10"* for the sum of bands 1, 2, and 3, while
band 4 gives 10 3 < =g = <102 (The factor a is ex-
pressed as a range because varying masses in the band
preclude making a precise estimate of the effect.) This
suggests that band 4 is the heavy band causing the effects
seen in Fig. 1. [Band 4 is mainly due to the Cu(1)(d,,)
—0(1)(p;) —0(4)(p,) orbitals and has a charge density
highly localized on the one-dimensional chains.®] The
present results do not imply that only band 4 is supercon-
ducting, since bands 1, 2, and 3 would not contribute
significantly to AS/S should they become superconduct-
ing. The results do suggest, however, that band 4 is inti-
mately associated with the high-T, superconductivity.

The introduction of oxygen vacancies into the chains is
expected to raise the Fermi level with the possibility that
band 4 would be below the Fermi surface in the present
sample (x = 6.9).% In this case the band would not con-
tribute to AS/S. However, the calculations do not
specifically include the effect on the bands of vacancies in

" the chains. In light of the present results one might specu-
late that band 4 indeed may not be entirely below the Fer-
mi surface in a sample at x =6.9. Calculations that in-
clude the effect of vacancies now seem to be very impor-
tant.

Finally, we discuss the apparently discontinuous behav-
ior to S. The discontinuity cannot be accounted for by a
simple BCS-like theory alone, since A(T.) =0 and thus
Ak(T.)=0. The discontinuity could be caused by a
change in the band structure that occurs when the sample
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FIG. 2. Calculated band structure for YBa;Cu3O7. Only the
topmost bands are shown. The bands intersecting the Fermi lev-
el are labeled 1-4 (after Ref. 6).

becomes superconducting. For example, electrons with
large momentum (at Ef) shifted closer to the I' point
would produce such an effect.

In conclusion, we have observed effects in the tempera-
ture dependence of the Doppler-broadening line shape for
YBa;Cu3Og 9 that are associated with the transition from
the normal state to the superconducting state. An ap-
parent discontinuity in S occurs near T that is not readily
related to band-structure effects expected from a BCS-
like theory. We have demonstrated, however, that the
temperature dependence of the line-shape parameter S for
T <T. may be accounted for by a simple BCS-like
theory. Furthermore, the analysis predicts that a heavy
band crosses Ef, a result consistent with band-structure
calculations for YBa;Cu30;. The analysis further sug-
gests that band 4, largely attributed to the one-
dimensional chains, is intimately associated with high-T,
superconductivity.

These measurements represent the first observations of
band-structure changes associated with a superconducting
transition observed by positron annihilation. The present
results suggest that future PAS studies will provide essen-
tial information about the electronic structure of the
high-T, oxides and its relation to the superconducting
properties of these materials.
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