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Abstract 

We have performed a metallurgical analysis of YNi4BCo.2 by X-ray diffraction and electron-probe microanalysis on as-cast 
and annealed samples. The superconducting properties of these samples were investigated by resistivity and p.SR measurements. 
Our experiments indicate that YNi4BCo.2 is not superconducting as reported earlier, but that a second phase of the recently found 
quarternary compound YNi2B2C causes the zero resistance of YNi4BCo.z 

1. Introduction 

Newly discovered intermetallic superconductors 
containing carbon have attracted much interest in the 
last half year due to their surprisingly high transition 
temperatures. Four different classes of  superconduc- 
tors have been found: 

( 1 ) YPdsBaC0.3 shows superconductivity at 23 K, 
but the sample is inhomogeneous and the supercon- 
ducting phase has not yet been identified [ 1 ], 

(2) RT2B2C with R = Y ,  Lu, Ho, Er, Tm or Pr, 
T = N i  or Pt and Tc between 5 and 16.6 K [2,3], 

(3) ThPd3B2C, an inhomogeneous system con- 
taining probably two superconducting phases of 
composition ThPd2B2C ( T¢ = 14.5 K) and 
ThPdo.6sB4. 7 (To=21 K) [4] and 

(4) YNiaBCo.2 with Tc= 12 K [5]. 
The latter system is especially controversial re- 

garding its superconducting properties. Previously 
Cava et al. [2] argued that superconductivity in 

* Corresponding author. Fax: -4-31 71 275404; email: suellow@ 
rulgm0.LeidenUniv.nl. 

YNigBCo.2 arises from a second phase, YNi2B2C. 
Hong et al. [ 6 ] arrived at the same conclusion. How- 
ever, they examined YNi4_xBl+x without specifi- 
cally adding C and they did not directly prove that 
the superconductivity observable in their sample is 
due to the presence of YNiEBEC. In a similar claim of 
Felner [7] an unambiguous prove of second-phase 
superconductivity is also lacking. 

In order to investigate the exact nature of  the su- 
perconductivity in YNi4BCo.2, we directly studied its 
metallurgical and physical properties. Considerable 
data on the metallurgy have already been published 
[5,6,8,9]. YNi4B crystallizes in the hexagonal Ce- 
Co4l  structure and lattice parameters are reported to 
be within 4.961 and 4.991/k for the a-axis and 6.912 
and 6.952 A for the c-axis [6,8,10]. In addition a su- 
perstructure consisting of a three-fold a-axis was re- 
ported [ 11 ]. The crystallographic structure of  as-cast 
YNi4BCo.2 is essentially the same as for YNi4B. Only 
the superstructure seems to be absent in the carbon- 
ized sample [5]. Electron probe microanalysis 
(EPMA) has been performed on YNi4B [6,8] as well 
as on YNi4BCo.2 [ 5 ], but in all cases the EPMA was 
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only sensit ive on Y and Ni,  while B and C were un- 
detectable.  EPMA showed that  all samples  consisted 
of  a matr ix  with a Y : N i  rat io o f  1 : 4 with small  inclu- 
sions of  1 : 2 and  1 : 5 ratio, respectively. 

The physical  proper t ies  o f  YNiaBCo.2 have been 
s tudied by bulk measurement  techniques.  Nagara jan  
et al. [5 ] concluded that  adding  C to YNi4B gener- 
ates superconduct iv i ty  a round  12 K by suppression 
of  the crystal lographic superstructure of  pure YNi4B. 
However,  quest ions arose from the fact that  the spe- 
cific heat  exhibi ted only a small  anomaly  at Tc and 
that  the d iamagnet ic  signal in the AC susceptibi l i ty 
exper iment  o f  a powdered  sample  gave only 10% of  
perfect d iamagne t i sm at 5 K. 

$3 ); one by EPMA with only qual i ta t ive  carbon anal- 
ysis (at  800°C for 5 days annealed sample $4).  

The results o f  the metallurgical  analysis are sum- 
mar ized  in Table 1. Annealed and as-cast YNi4BCo.2 
show the presence of  a minor i ty  phase in a matr ix  of  
YNi4B stoichiometry.  The different phases can be 
seen on the electron-backscat ter ing photo  (Fig. 1 ) of  
sample S 1 as light gray regions (ma t r ix )  and dark  re- 
gions (minor i ty  phase) .  The minor i ty  phase is i tself  
inhomogeneous on a quite small  scale (down to be- 
low 1 ~tm); the different  grades of  darkness in these 
regions indicate different local composi t ions.  A sim- 
ilar morphology was observed for the samples $2 and 

2. Meta l lurgy  

Polycrystalline samples of  YNi4BC0.2 have been arc- 
mel ted in s to ichiometr ic  rat io (Y:  3N, Ni :  4N, B: 3N 
and C: 3N)  under  argon atmosphere in a water-cooled 
copper  crucible. The samples have been remel ted  
seven t imes and the ingots were f l ipped over  each 
t ime. The overall  weight loss during the melt ing was 
about  0.2%. Parts  o f  the samples  have been annealed 
in evacuated  quartz- tubes at 800°C for 2 and 5 days, 
respectively. One as-cast sample (referred to as S1 ) 
and one sample from the same batch, but  annealed at 
800°C for 2 days ($2) ,  have been examined  exhaus- 
t ively by X-ray diffract ion and EPMA. Our  EPMA is 
sensitive to boron,  whereas we can only detect  car- 
bon direct ly in the given phase for amounts  higher 
than about  10 a t . °  Two other  samples from another  
batch, but  p roduced  in the same way, have been 
checked, one by X-ray diffract ion (as-cast sample 

Fig. 1. Electron-backscattering photo of a polished surface of as- 
cast YNi4BCo.2, sample S1. Note the dark minority phase being 
itself inhomogeneous on a scale of smaller than 1 ~tm. The white 
spots to be seen at the photo are grains of the paste used to polish 
the surface of the sample. 

Table 1 
Composition and lattice parameters of YNi4BCo.2 

Phase Y Ni B C a (A) b (A) c (A) I / I  o 

SI Matrix 1 3.9 0.9 < 10 at.% 4.983 4.983 6.945 1 
2 1 1.0 0.0 1.3 3.583 4.528 6.018 0.02 
3 1 13.3 4.1 ~ 10 at.% 9.609 7.376 10.98 0.03 
4 1 1.9 1.0 1.7 3.543 3.543 10.56 0.11 

$2 Matrix 1 3.8 1.0 < 10 at.% 4.983 4.983 6.946 1 
2 1 1.2 0.0 2.3 3.573 4.509 6.020 0.12 
3 1 11.0 3.5 < 10 at.% 9.613 7.373 10.99 0.02 
4 1 1.2 0.6 1.7 3.546 3.546 10.74 0.11 

$4 Matrix 1 4.0 I. 1 < 10 at.% . . . .  
2 1 0.9 0.1 > 10 at.% . . . .  
3 1 2.0 1.8 > 10 at.% . . . .  
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$4. The volume amount of  the minority phase has 
been estimated to be about 20%, but we were not able 
to distinguish between different phases in the minor- 
ity phase, because the areas were too small to give a 
reliable estimate. 

The compositions determined via EPMA, and 
given in Table 1, have been acquired with a standard 
procedure not fully suited for analyzing small re- 
gions. The results are not in all cases close to compo- 
sitions of known intermetallic compounds. Espe- 
cially for the minority phases two reasons can be 
mentioned: 

( 1 ) The extent of  homogeneous secondary phase 
areas are of the order of or smaller than the spatial 
resolution of the microprobe ( 1 Ixm). Therefore, al- 
though the EPMA data clearly show trends of  the lo- 
cal composition, the absolute values have to be taken 
with caution. This problem has been studied in more 
detail (see below). 

(2) Further the secondary phases do not solidify 
under equilibrium conditions and especially boron 
and carbon have a tendency to be substituted inter- 
stitially in the host matrix. Consequently, it is likely 
that the phases present in our samples deviate from 
the compositions of  regular intermetallic compounds. 

With a higher resolution procedure we examined 
locally the distribution of Y, Ni and B in the inclu- 
sions in the YNi4B matrix for the samples S 1 and $2. 
In this analysis we observed a peculiar morphology 
of the phases given in Table 1. Following the notation 
of in Table 1 we found the phases 2 and 3 forming the 
central part of  the inclusions. Phase 4 forms a thin 
layer around the center with a layer thickness of about 
0.1-0.5 ~tm. Because of this small thickness we can 
not give the composition of phase 4 with high accu- 
racy, since the other phases will influence the result. 

Nevertheless we note that phase 4 is really a sepa- 
rate phase. Although the diameter of  the electron 
beam restricts accurate quantitative analysis on areas 
larger than 1 ktm, differences in local composition can 
qualitatively be observed in electron backscattering 
mode down to 0.1 ~tm, and in electron-backscattering 
examination phase 4 clearly shows up. Hence, the 
measured compositions of this phase give at least a 
rough estimate of  the true composition. For sample 
S 1 the measured compositions of Y: Ni: B are rang- 
ing from 1:2.5:0.7 to l: 1.8: 1. For sample $2 the 
compositions are lying between 1:0.7:0.5 and 

1 : 3: 1.2. Furthermore we have to take into account 
the large carbon signal we observed for phase 4 and 
the presence of a phase YNi2BI.sCx in the sample $4. 
Thus, we argue that phase 4 is related to the quater- 
nary compound YNi2B2C. We remark that this as- 
sumption could also explain the zero resistance ob- 
served for YNi4BCo.2, since the thin layers of phase 4 
are quite likely to form a continuous zero-resistance 
path in the samples. 

Our assumption can be tested by X-ray diffraction 
analysis. We took the secondary phases to be dis- 
totted derivatives of known compounds and fitted our 
X-ray data of the samples S1 and $2 as the sum of the 
spectra of the different phases. The EPMA data in- 
dicate the presence of four phases: hexagonal YNi4B, 
orthorhombic YNiC2, orthorhombic YNil2B6_xC x 

and tetragonal YNi2BEC [10,2]. By taking these 
phases into account we could quantitatively repro- 
duce most of the peaks in our measured X-ray spec- 
tra with the lattice constants given in Table I. Fig. 2 
displays a typical X-ray diffraction pattern for $2. For 
sample S1 we can fit 46 of total 56 peaks, the highest 
intensity o fa  nonfitting peak being about 5%; for $2 
we could fit 51 of total 60 peaks with about 3% high- 
est intensity of misfitting peaks. As an estimate of  the 
volume amount of the different phases we show in 
Table 1 the highest intensity I of  fitting peaks of the 
appropriate structure normalized on the highest ab- 
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Fig. 2. X-ray spectrum of annealed YNi4BCo.2, sample $2. The 
ticks below the spectrum give the position of the Bragg reflec- 
tions for the identified phases I:(YNi4B), 2:(YNiC2), 
3: (YNit2B6) and 4: (YNi2B2C). 
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solute intensity Io. In the samples S 1 and $2 we found 
the 100% peak of YNi2B2C being the largest, respec- 
tively, the second largest peak in our spectra not be- 
longing to the YNigB structure. Also this peak could 
not be fitted with the structures of YNiC2 or 
YNil2B6-xCx. 

X-ray diffraction was additionally used to investi- 
gate the effect of C on the superstructure of YNi4B, 
and we found, similar to that reported in Ref. [ 5], 
no superstructure peaks in any of our X-ray studied 
samples. 

3. Experiments 

For the resistivity measurement we used a stan- 
dard four-point AC technique between 1.3 and 300 
K. The pSR measurements have been performed at 
the ~tSR facility of the Paul Scherrer Institut (PSI) in 
Villigen, Switzerland. 

In Fig. 3, we show the normalized resistance of 
nominal YNi4BCo.2 for the samples S1-S4. The as- 
cast samples S1 and $3 show a sharp resistance drop 
at about 9 K with a tail at the low-temperature side 
for S 1 (see insert). Zero resistance is reached at ~ 7 
K for S1 and at about 8.5 K for $3. The presence of 
the tail for S1 and its absence for $3 is already an 
indication for influence of sample inhomogeneities 
on superconductivity in YNi4BCo.2. 

Annealing affects the superconducting transitions 

in an even more drastic way, as can be seen in Fig. 3. 
In both of our annealed samples the superconducting 
transition splits up into two transitions. The first 
transition temperature Tot is situated at about 14-15 
K with a resistance drop of ~ 50%. The resistance goes 
finally to zero at Tc2=2.3 K for $2 and 4.5 K for $4. 
By annealing, the second phases in YNi4BCo.2 are 
partly homogenized and crystallites of Y N i 2 B 2 C  a re  

formed. Thus the sample undergoes a first supercon- 
ducting transition close to Tc of YNiEB2C.  However, 
only in parts of the second phase will YNiEBEC be 
formed. Other parts of the second phase will be dri- 
ven away from the ideal 1221 composition, and 
therefore, a zero-resistance path will occur at lower 
temperatures than in the as-cast samples. 

From our annealing experiments we can conclude 
that in annealed YNi4BC0.2 superconductivity arises 
from a second phase of YNiEB2C. But it might be 
possible that annealing only disintegrates the 
YNi4BC0.2 matrix into pure YNi4B and free carbon. 
To prove that as-cast samples are not bulk supercon- 
ductors we performed ~tSR experiments. 

The ~tSR measurement was done on material from 
sample S1. ~tSR in a field probes superconductivity 
on a microscopic scale by detecting the internal field 
inhomogeneity due to the flux-line lattice of the su- 
perconductor. For the inverse relaxation rate t-1 in 
the superconducting state the relation holds [ 12 ]: 

I N /  16n222]-1 
t - 'oc  2 1 + ~ ]  , (1) 

0 
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Fig. 3. Normalized resistance of  YNi4BCo. 2 as a function of  tem- 
perature. The low-temperature range is shown in the insert. The 
resistivities at 300 K are 64 ~tfl cm (S 1 ), 66 ~tf~ cm ($2) and 50 
~tf~ cm ($4). 

with 2 the penetration depth and L the distance be- 
tween the vortices. Therefore we measured the relax- 
ation rate of YNi4BCo.z in a transverse field of 0.035 
T. The result is plotted in Fig. 4. Just below 9 K we 
see an increase of the inverse relaxation rate due to 
superconductivity. However, calculating from this 
increase the penetration depth we gain an extraordi- 
nary large value of 2 with a lower boundary of 

15 000 /~. Recently the penetration depth of 
YNi2BEC was determined to be 1500 A [13]. Ac- 
cordingly, the small increase of the inverse relaxation 
rate implies that most of the sample volume remains 
normal conducting. Hence, a more likely interpreta- 
tion would be that the sample is not a bulk 
superconductor. 
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are in full agreement with the conclusions of Hong et 
al. [ 6 ] and Felner [ 7 ]. 
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Fig. 4. Inverse muon relaxation rate of YNi4BCo.2, as-cast sample 
S1 in a transverse field of 0.035 T. 

4. C o n c l u s i o n  

Our resistance measurements  on annealed samples 

of YNi4BCo.2 show, compared to the as-cast material, 
a splitting of the superconducting transi t ion with an 
increase of the first t ransi t ion temperature T¢1. This 
increase of T¢1 to 14-15 K can be explained assuming 
that the superconducting phase is YNi2B2C with a T¢ 
of the bulk sample of 15.5 K. The initial T¢ of as-cast 
YNi4BCo.2 is lower than that of YNi2B2C, since the 
superconducting second phase will be strongly dis- 
torted compared to the ideal structure. Anneal ing 
partly removes this distort ion with a subsequent in- 
crease of Td. On the other hand the recrystallization 
of YNi2B2C breaks the former homogeneous low-re- 
sistance path and therefore the resistance drops to 
zero at a second T¢2 -< T¢ (as-cast). 

From the p S R  measurements  on an as-cast sample 
of YNi4BCo.2 we have to draw the conclusion that the 
penetrat ion depth calculated from these measure- 
ments is unusually large compared to typical already 
known superconductors or that the system is not a 
bulk superconductor. Taking also into account our 
metallurgical work we favor the second explanation. 
Further we can exclude in this way the possibility that 
anneal ing destroys the superconductivity of 
YNi4BCo.2 and produces the second-phase supercon- 
ductor YNi2B2C. We remark that our observations 
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