PHYSICAL REVIEW B VOLUME 53, NUMBER 6 1 FEBRUARY 1996-II

Positron-lifetime studies in YNi,B ,C
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Positron-lifetime measurements have been carried out in the temperature range of53R0n the boro-
carbide superconductor, YbB,C. The positron lifetime 189 ps at 300 K is observed to decrease to 179 ps at
5 K. No change in lifetime is seen across the superconducting transitienl#t K. The observed magnitude
of lifetime and its temperature variation are discussed with support from theoretical computations of positron
density distribution and annihilation charactertistics for a perfect crystal of tetragonaiByRi and for
various plausible defect configurations. On the basis of these calculations, it is inferred that the lifetime and its
temperature dependence are governed by positron annihilation from carbon vacancies.

With the discovery of superconductivity in the Y-Ni-B-C small, < 5 % amount of impurity phase could also be de-
system‘? a class of quaternary borocarbide superconductortected that could be indexed to orthorhombigNi 3B g
have emerged. Superconductivity has been observed in sephasé® with lattice parametera = 7.710 A,b = 8.679 A,
eral rare earthiLu, Tm, Er, and Ho nickel borocarbided, andc = 3.487 A. ac susceptibility measurements on the
and with transition metals PdRefs. 4 and 5and P  sample showed superconducting transition with onset tem-
Amongst these, the Y-Ni-B-C system, having a transitionperature of~ 16 K and the magnitude of the diamagnetic
temperature of 15.5 K has been investigated in greater detaiignal was comparable to that in Nb. Positron lifetime mea-
The superconducting phase having the composition ofurements were carried out using a fast-fast coincidence
YNi ,B,C crystallizes in a tetragonal structure with alternat-spectrometer having a resolution of 250 ps. The positron
ing layers of Y-C and NjB, layers® While several experi- source,?NaCl deposited on a 1.2Em Ni foil, was sand-
mental methods such as magnetization, resistivity, tunnewiched between powdered YBpB,C sample in a copper
ling, NMR, muon spin resonance etc. have been Usad, sample cell and this was mounted inside a JANIS continuous
complete characterization of the superconducting and normdllow cryostat, using which the temperature variation between
state has not been obtained, and a clear consensus on tB@0 to 5 K was achieved.
mechanism of superconductivity is yet to emerge. The measured lifetime spectra at various temperatures,

Positron annihilation spectroscopywhich is a powerful ~ were best analyzedy€<1.1) in terms of two lifetime com-
technique for the investigation of electronic structure andponents, after taking into account annihilations in the source
defect properties of solids, has been widely appfied the  foil.1” The first component of lifetimer;, was seen to be
study of copper oxide superconductors. These incl(igle ~ 189 ps and the second componentwas~ 800 ps, with
studies on the temperature dependéhteof positron anni-  an intensityl, ~ 1%. The occurrence of this long lifetime
hilation characteristics acrogg., (i) investigation of oxy- second component with a small intensity could arise dfie to
gen defectd?!® and (iii) elucidation of the nature of the annihilations in the interstice@ores of the powder sample
Fermi surfacé” In the light of these earlier studies on cu-
prates, we expect positron annihilation spectroscopy to con-
tribute to the understanding of some aspects of structure and
superconductivity in the borocarbide superconductors. Of P YNigB,C
particular interest is the temperature variation of lifetime
acrossT to see if they behave similar to the cuprate super-
conductors. With this motivation, the present experiments on
the temperature variation of positron lifetime in the tempera-
ture range of 300a 5 K have been carried out.

YNi ,B,C samples were prepared by arc melting 3
Y (99.9 %, Ni (99.9 %, B(99.8 %9, and C(99.7 % several e A AL A
times in a protective flowing e}tmosphere of argon gas. The 1020 3z 8 (gggreegs) 7
samples were then homogenized at 1050 °C for 12 h after
which they were slow cooled to room temperature-irb h. FIG. 1. X-ray diffraction pattern of Y-Ni-B-C sample, using
X-ray diffraction pattern, obtained using &, radiation, is  cux, radiation. The diffraction pattern can be indexed to tetrago-
shown in Fig. 1. This could be indexed to a tetragonal celhal YNi,B,C with lattice parametera=3.548 A andc=10.559 A.
with lattice parametera = 3.528 A andc = 10.559 A,  The weak diffraction peaks, marked with dots, can be indexed to
consistent with the report€d® structure of YNipB,C. A orthorhombic Y,Ni3Bg.

n2 1

004
a3

INTENSITY

=3
=1
~

103
400
n
204

2

)
£ 01 o0
H4-e3n

107

4t 001
— 1

20

0163-1829/96/5®)/2971(4)/$06.00 53 R2971 © 1996 The American Physical Society



R2972 C. S. SUNDAREet al. 53

200 —— TABLE |. Calculated positron lifetimes and binding energy at
vacancies in YNjB,C. The positron binding energy is taken as the
YNi,B,C 1 difference in the eigenvalue in a vacancy and that in the Bloch state.
8190 System Lifetime(ps) Binding energy(eV)
)
= YNi ,B,C 144
e 2b2
i 1807 Isolated G, 162 0.1
Ordered G, 185 1.0
170 Yv 245 4.1

0 50 100 150 200 250 300
TEMPERATURE (K)
the positron density with the surrounding electrons. How-

FIG. 2. Positron lifetime versus temperature in YR,C. The  ever, using the data of lattice parameter variation with
continuous line is a fit based on a model incorporating detrapping ofemperaturé';5 it is seen that only 0.1 ps change is expected,
positrons from isolated carbon vacanciese text The arrow cor-  whereas the decrease in lifetime-~is 10 ps in the tempera-
responds tol. ture range of 300 to 5 K. In the following the observed

magnitude of lifetime and its temperature variation are dis-
and is not intrinsic to the system. Further analysis was careussed with support from theoretical computations.
ried out with the second component fixed at 800 ps and the Theoretical calculations of positron distribution and life-
temperature variation of lifetime, which is due to annihila-time in YNi,B,C have been carried out following the
tions inside the sample, is shown in Fig. 2. A monotonicmethod of Puska and Niemin€nas described in detail in
decrease in lifetime with temperature is observed over th®ef. 19. The calculational scheme consists of three major
entire range of 300 K to 5 K. Such a decrease of lifetime orsteps:(i) construction of the positron potentigii,) numerical
lowering the temperature could arise due to thermal contracsolution of the Schidinger equation under appropriate
tion of the lattice resulting in an increase in the overlap ofboundary conditions, andii) calculation of the lifetime by
evaluating the overlap of the positron and electron densities.
The calculated positron density distribution in tf@10)
plane of YNi,B,C is shown in Fig. 8. From this contour
plot, it is seen that the positron density spans the entire unit
cell with maxima at all the interstitial regions. In the projec-
tion shown, the maxima of the positron density distribution
between the Ni atoms and between the Y and B atoms can be
clearly seen. It may be remarked that this uniform sampling
of the entire unit cell in the case of YMB,C is different
from the behavior seéhin some of the cuprates, such as
YBa,Cu3;0,_,, wherein the Cu-O chains are preferentially
sampled by the positron.

The positron lifetime was obtained by evaluafiiff the
overlap of the calculated positron density with the core and
valence electron densities, obtained from a superposition of
atomic densitief’ In these calculations, thed4, 5s? elec-
trons of Y; &d°, 4s! electrons of Ni; ' of B and 2p?
electrons of C were treated as valence electrons and the re-
maining electrons as core electrons. The resultant lifetime
was seen to be 144 ps, much smaller than the experimental
lifetime of 189 ps. Calculations repeated by neglecting the Y
contribution to the total valence electron density, as sug-
gested by band structure calculatihsyielded a lifetime
value of 155 ps, still much smaller than the observed life-
time.

It is possible that the larger value of lifetiffein
YNi »,B,C, compared to the theoretical expectation, could be
due to positron annihilation from vacancy type defects which
are potent traps for positrofis.Initial calculations were car-

FIG. 3. () Contour plot of the positron density distribution in 1€d out for vacancy at carbon site. This was primarily mo-
the (010 plane of YNi,B,C. The maxima of the positron density tivated by two reasons{l) structural refinement3 of
distribution is in the interstitial region between the Ni atoms andYNi 2B>C indicate large thermal factors corresponding to
between the Y and B atoms can be se@.Contour plot of the ~ carbon, and(2) recent B NMR experiment®’ indicate a
positron distribution in the carbon vacancy ordered structure ofignal corresponding to a disordered environment of B, in-
YNi,B,. The maxima of the positron density is at the site of car-cluding one associated with carbon vacancies. The positron
bon vacancies. density distribution in the presence of a vacancy at carbon
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YNi »,B,C, the two competing traps envisaged are the iso-
lated carbon vacancies and aggregates of carbon vacancies
which act as shallow and deep traps, respectively, for the
positron(see Table )l The temperature dependence of life-
time can be understood as follows. At room temperature,
where the shallow traps at isolated carbon vacancies are in-
effective, the positron annihilates from the deep traps at ag-
gregates of carbon vacancies characterized by a lifetime of
185 ps. As the temperature is lowered, the preponderant shal-
low traps at isolated carbon vacancies become effective re-
sulting in lowering of lifetime. Following this physical pic-
ture, an equation for the average lifetime can be written
down within the framework of positron trapping model, tak-
ing into account the detrapping of positrons from shallow
traps® Under the condition that the concentration of carbon
vacancies is large, the annihilations from the delocalized
~14m Bloch state can be neglected, the average positron lifetime is
then dictated by annihilations from isolated carbon vacancies
FIG. 4. Perspective plot of the positron density distribution in@nd at carbon vacancy clusters, and is giveff by
the (001) plane showing the localization of positron at an isolated
carbon vacancy. Tav— (Lt k. 70)/(kot+ 1iTy),
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site was obtained by numerical solution of the Sclimger  wherer; and r, are the lifetimes at isolated carbon vacancy
equation under the boundary condition that the positrorand at carbon  vacancy clusters, respectively.
wave function vanishes at the boundaries of a large cube,= koexp E0/KT is the thermally activated detrapping rate
having vacancy at the center and having dimensions ofrom the shallow trap at isolated carbon vacancy leading to
8ax 8ax 8a, where the lattice parameter,= 3.528 A. The  the positron trapping at carbon vacancy clusters. The above
perspective plot of the localized positron distribution isequation gave a good fit to the experimental variation of
shown in Fig. 4. The lifetime corresponding to this localizedlifetime (cf. Fig. 2 for the lifetime values ofr; = 177 ps
state was calculated, according to the method discusseahd 7, = 190 ps, and a positron binding energy = 0.06
earlie!® to be 162 ps—still smaller than the experimentaleV, for the shallow traps. These parameters corresponding to
value of 189 pg? the good fit are seen to be in reasonable agreement with the
In the presence of significant carbon deficiency, it is postheoretically calculated values shown in Table I, giving cre-
sible that there exist regions of the sample with aggregates afence to the above mentioned model for the observed tem-
carbon vacancies which act as traps for positrons. Calculgperature dependence of positron lifetime in YRiC.
tions of positron density and lifetimes can be carried out for In the results shown in Fig. 2, it is seen that there is
carbon vacancy clusters of various sizes, taking into accounteither a change in slope or magnitude of lifetime across the
their correct geometr{ However in this work, in order to superconducting transition at 16 K. This feature is similar
estimate the positron lifetime at a carbon vacancy cluster, t the results seéfin the conventional BCS superconduct-
limiting case wherein all the carbon atoms(@t5, 0.5, 0 ors, where no change in lifetime is seen or expectadross
sites of the YN},B ,C structure are removed, was considered.T.. This however is at variance with the results in several of
The positron density distribution corresponding to this or-the cuprate superconductors wherein changes in positron
dered carbon vacancy structure is shown in Figh).3In lifetime correlated withl'; has been observed and these have
comparison with Fig. @), it is seen that the positron density attracted considerable attentithThe absence of lifetime
is peaked at sites of carbon vacancies. The positron lifetimegariation acrosg . in the present experiments on Y ,C
in this ordered carbon vacancy structure is calculated to bean be taken in support of the phononic mechanism of su-
185 ps. This is in excellent agreement with the experimentaperconductivity, however, it is also possible that this behav-
results, suggesting that the positron lifetime at room temior is related to the positrons being localized at carbon va-
perature is determined by the trapping and annihilation atancies rather than in the Bloch state. This calls for further
aggregates of carbon vacancies. experiments on the other rare earth borocarbides, which pos-
With regard to the temperature variation of lifetime, we sibly are free from carbon defects and have a lifetime char-
have already noted that this cannot be accounted for in termacteristic of annihilation of the positron from the Bloch state.
of thermal contraction. It is well knovfr"**that in a system To summarize, the present positron lifetime experiments
with a variety of positron trapping sites, in particular in the in YNi ,B,C, coupled with theoretical calculations, indicate
presence of shallow positron traps, the fraction of positronshat the lifetime at room temperature is determined by trap-
trapped at various sites is dependent on temperature, leadiping of positrons at clusters of carbon vacancies. The de-
to a temperature dependence of the average lifetime. Suchcaease in lifetime on lowering the temperature arises due to
model has been used to explain the temperature dependerae increase in the fraction of positrons annihilating from the
of lifetime in oxygen deficient N¢glgsCe( 1:CuUO3 g5 (Ref. 13 shallow traps at isolated carbon vacancies, which are charac-
and YBa,Cu30,_,,% wherein the vacancies at oxygen sitesterized by a smaller lifetime. The definitive evidence for the
act as shallow trap8 for positrons. In the current context of existence of carbon vacancies and their clusters in
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YNi ,B,C, which is presented by these positron annihilationconventional superconductors and different from some cu-
studies, may have significant implications on the detailecprate superconductors.

understanding of superconducting properties in borocarbides.

Further, the present experiments indicate no change in life- We are grateful to Shri G. V. N. Rao and Kum. T. Geetha-
time acrossT, - a feature that is similar to that seen in Kumary for sample characterization.
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