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Quaternary rare earth transition metal borocarbides
are a new class of interesting superconducting and mag-
netic materials which have their origin in the discov-
ery of superconductivity a decade ago at TIFR, Mumbai,
in yttrium-nickel-boron—carbon (Y-Ni-B-C) system —
the first quaternary system to exhibit superconductivity
(T.~13K). The single phase material, YNyB,C (T =
155 K) has a tetragonal structure. A family of materi-
als have been derived from this structure —the qua-
ternary borocarbides. The discovery and the materials
have attracted worldwide attention for a variety of
reasons. Many members have high 7. (~> 10K) for in-
termetallics, with a phase in ¥Pd-B-C having a 7, as
high as 23K which equalled highest 7. then known for
intermetallics. In the RNi:B;C (R=rare earth) series, a
range of other phenomena also occur, such as, valence fluc-
tuation (CeNi2B2C), heavy fermion behaviour (YbNiB:C)
and the not-so-common phenomenon of coexistence of
superconductivity and magnetism in RNi,B,C (R=Dy,
Ho, Er, Tm). The high (>~5K) 7. and Ty of supercon-
ductivity and magnetism and their different combina-
tions (I.>Ty, T.~Ty and 7,<7y) in these magnetic
superconductors, have given a good scope for under-
standing the coexistence phenomenon in detail. The field
continues to be fertile throwing up new and exciting
results. A phase in SmRu-B-C was found to exhibit
ferromagnetic order (7. ~60K) with a very large co-
ercive field (H:) of ~150kOe at 5K, which is perhaps
the largest reported H. for a polycrystalline Sm inter-
metallic. Very recently coexistence of superconductivity
and magnetism in NdPt,B,C system was established.
Currently, the symmetry type of the order parameter
of superconductivity and whether superconductivity is
of unconventional nature in these materials is being
debated. This review describes the discovery and gives an
overview of the field with emphasis on mat erials aspect.

THE family of quaternary borocarbide materials originated
from the discovery of superconductivity at an elevated tampe-
rature for intermetallic systems (superconducting transition
temperature, T.~12 -15K) in yttrium-nickel-boron—
carbide (Y-Ni-B-C) sys'[emlf3 at TIFR, Mumbai, in the early
nineties. The discovery is a landmark in superconducti-
vity and opened up a new area of research: superconduc-
tivity and magnetism in quaternary f<element transition
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metal borocarbide superconduc‘[ors4 which continues to
hold the interest of researchers intemationa]lys. This article
describes the experiments that led to the discovery and
gives an overview of the subject. The structural aspects
and some unique properties of the non-superconducting
materials are highlighted. Properties of superconducting
borocarbides are only briefly mentioned as their details

. . 4602
can be found in other reviews

Discovery of superconductivity in Y-Ni-B-C system

The discovery of superconductivity in quaternary boro-
carbides was an offshoot of the investigations of termary
rare earth boride series RNiB (R=Y, or rare eaIths)B’M.
Interesting results were observed in this series of materials,
such as, anomalous magnetism in CeNiB"™', anomalously
high ferromagnetic  ordering  temperature in  SmNiB
(Tm ~39 K)15 which, contrary to the usual trend in rare
carth series, is higher than that of GdNLB (T ~36K)™**
and has the possibility of having mono-atomic domain
walls”’. The most surprising result of the investigations
was the observation of signatures of superconductivity in
the sample of YNiB'? which was investigated as a nom
magnetic analogue for comparison of properties of mem-
bers of RNiB series.

Samples of YNisB were prepared by arc melting the
constituent elements (purity: Y and Ni —99.9% and B 99.8%)
in argon atmosphere. Powder X-ray diffraction (XRD)
pattern (Figure 1, top) showed the sample to be of single
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Figure 1. Powder X-ay (Cu-Ky radiation) diffraction patterns of
YNi4sB ¢op) and a sample of nominal composition YNiuBCo.» (Gottom).
Reprinted figure with permission from Nagarajan et al, Phys. Rev.
Lett., 72, 274, 1994. © 1994 by the American Physical Society.
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phase. Resistivity and magnetic susceptibility measure-
ments of the sample, produced intrigning results (Figure 2)2.
Around 12K, resistivity showed a sharp drop (Figure 2)
hinting at the possibility of superconductivity, but did not
become zero at further low temperatures. Magnetic sus-
ceptibility showed a peak similar to that of an antiferro-
magnetic transition, around the same temperature (Figure 2),
but increased again at lower temperatures. To understand
the magnetic response better, the magnetization of the mate-
rial was investigated as a function of magnetic field, which
showed diamagnetism at low fields (Figure 3) and revealed
the existence of trace superconductivity in this sample
with Tc~12K. The antiferromagnetic-transition-like sig-
nature in temperature dependence of magnetic suscepti-
bility (Figure 2) can now be understood in terms of a siper-
conducting signal riding on an over-all paramagnetic
signal. The superconducting fraction in the sample was
only ~2% (estimated from the strength of diamagnetic re-
sponse at low field). Powdered sample of the material also
showed superconductivity, confirming that the observed
superconductivity was not a surface phenomenon. A jump
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Figure 2. Temperature dependence of magnetic susceptibility ())
measured at 6kOe and resistivity ) of a sample of YNiyB (based on a
figure from ref 2). The anomaly around 12K is due to a very small
quantity of a superconducting phase.
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Figure 3. Magnetic field dependence of magnetization (M) of the
sample of YNiyB at 5K The diamagnetism at low field shows occur-
rence of superconductivity in the sample. The data were taken first with
increasing the field from 0KOe to 50kOe (open circle symbols) and
then with decreasing the field to 0kOe (filled circle symbols) (based on
figure from ref. 2). The hysteresis is due to trapped magnetic field in
the superconductor.
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in heat capacity (C) at T¢ and its extent is indicative of the
bulk nature of superconductivity. In this case, there was
no jump in the heat capacity at 7c, but it did not rule out
bulk superconductivity, as the jump is proportional to the
coefficient of electronic specific heat (the intercept of cIT
vs T on the Y-axis) which was nearly zero for this sample2.

Finding superconductivity with 7. ~12-15K in this nate-
rial was a very surprising and remarkable result for two m-
portant reasons. This material contains large proportion of
Ni which is normally a magnetic element and is not con-
ducive to superconductivity. Because of its magnetic moment,
Ni even in small concentrations, is known to suppress siper-
conductivity, e.g. 2% Ni suppresses 7. of LwFe&Sis from
~6K to ~2K'. But in certain structures and atomic envi-
ronments, Ni in a material could lose its moment and siper-
conductivity can survive, as it happens in this case. Only
a few Nicontaining superconductors were known then and
in all those cases T7e is less than 4.2 K, the boiling point of
liquid helium. The 7¢ observed in the material was high —
T.> 10K is considered high for intermetallics (highest Tc
for intermetallics then known being 23K for thin film of
NbzGe). Only a few superconducting intermetallics were
known with 7¢c~>10K and most of them contained Nb
which was thought to be a necessity for high 7¢. In view of
these, it was imperative that further work be done to confirm
the observation and determine the origin of superconduc-
tivity in our samples of YNiB.

In order to check the reproducibility of the result and to
check whether the origin of superconductivity is from any
impurity, several independent batches were prepared using
elements from different sources. In all these samples, the
superconducting  transition was reproducible, but super-
conducting phase (7;~12-15K) always remained a minor
phase. Optical and electron microscope examinations and
element analyses using Energy Dispersive Spectroscopy—
Electron Probe Micro Analysis (EDS-EPMA) showed the
samples to be highly homogeneous (except for grain-orien
ted blow holes)2 and no significant impurity was found.
Therefore, initially it was speculated that superconductivity
in this material might be related to the -crystallographic
superstructure of YN]'4B2.

The extent of resistance drop being different in differ-
ent batches and variation of 7. (12 K-15K), hinted at the
possibility of superconductivity arising from a minor phase
with a composition other than YNiB, even though other
analyses did not indicate such a possibility. Therefore,
many compositions of the type Y,NiB, reported in the
phase diagram of Y-Ni-B, as well as a few which were
likely to form (speculated from the knowledge of phases
found in teraries with other similar elements) were synthe-
sized, and were investigated for the occurrence of super-
conductivity. This resulted in finding three more multiphase
samples (YNi2Bs, YNizBa, YNiyBs) exhibiting supercon-
ductivity around the same temperature, however, still
only as a minor fraction. These results suggested the possi
bility of superconductivity in the samples arising from a
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phase, stabilized by the presence of a ‘foreign’ element.
Amongst the likely foreign elements conducive to super-
conductivity, carbon was thought to be the most likely
candidate. In order to test this conjecture, an ingot of
YNisB was re-melted with 0.2 atom fraction of carbon,
deliberately added to the sample. The XRD pattern of this
sample of YNiuBCo» (Figure 1 bo'rtom)3 was nearly the
same as that of YNisB, except for an additional minor peak
near 20=40°, but superconductivity at ~12K dramatically
resulted in zero resistance (Figure 4)3 and the diamagne-
tic response of the material also spectacularly increased
by twenty times® that of the sample without carbon. Though
Meissner expulsion (diamagnetic —susceptibility —obtained
under field cooled (FC) condition) at 5K and heat capacity
anomaly across 7. were small, they did not rule out bulk
nature of superconductivity in the material®. The possibi-
lity that the observed superconductivity could be due to
Y2C; (which is also a superconductor having 7c in the
range of 5-15K —but is a high temperature, high pressure
phase) was ruled out from careful EDS-EPMA analysis
of the material, which showed no Ni free regions3.

Since a few compositions other than YNisB had also ex-
hibited superconductivity, they were also re-melted with
0.2 atomic fraction of carbon and investigated for super-
conductivity. Of these, the multiphase sample YNi2BiCo2
exhibited superconductivity around 13 K with good Meiss-
ner expulsion signal and significant and largest (amongst
the samples investigated) specific heat anomaly across T¢
(Figure 5) which showed that this material had the maxi-
mum fraction of the new superconducting phase3. Samples
with various combinations of the elements were prepared
to confirm that all the four elements are required for the
formation of this superconducting phase. EDS-EPMA ana-
lyses showed that the major phase had Y:Ni ratio as 1:2.
(The fraction of B and C in this phase could not be ddter-
mined due to insensitivity of our EDS-EPMA equipment
for lighter elements.) These results established that the
system Y-Ni-B—C had a bulk quaternary superconduct-
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Figure 4. Temperature dependence of resistance of the sample of

nominal composition YNiBCp, showing superconducting transition at
Te,onset ~13K with zero resistance below ~11.5 K. Reprinted figure with
permission from Nagarajan et al, Phys. Rev. Lett, 72, 274, 1994. ©
1994 by the American Physical Society.
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ing phase3. This conclusion brought further importance to
the work as superconductivity in intermetallic quaternaries
(compound with four elements) was not known prior to
this work and thus laid the foundation for the new subject —
superconductivity and magnetism in quaternary rare earth
transition metal borocarbides. At this juncture, it is perti-
nent to point out that ternary borocarbide superconductors,
such as, YB2C (T = 3.6 K) were known ealier.

Subsequently, Cava et al reported the single phase siper-
conducting material'” YNiB:C with To~ 155K and hav-
ing a tetragonal crystal structure'® (Figure 6). They also
reported that the rare earth (R) analogues of the material
form, of which Ho- Er- and Tm compounds exhibit super-
conductivity (7o ~8K, ~10.5K, ~11K)". Replacing Ni in
this quaternary system by the isoelectronic Pd produced a
multiphase material in which superconductivity was found
to occur with a 7¢ as high as ~23 K'°, which was the high-
est T. for bulk intermetallics known, till the very recent
discovery of superconductivity in MgB> at 39 K*. These
developments excited the scientific communi'fy21 with a
possibility for new route to High 7¢ superconductivity and
triggered intense work at many laboratories all over the
world and revitalized research in intermetallic supercon-
ductors, which had been dormant since the discovery of high
temperature superconductivity in oxides 2

Materials in the quaternary borocarbide family
and some of the structural considerations

Once the composition and structure of a new material is
known (in this case, YNiB,C), it is possible to synthesize
new materials with iso-electronic elements. In the quater-
nary system YNiHB,C, Y can be replaced by Sc, rare earth
(4felements La to Lu), Th or U (5Felements); Ni can be
replaced by a transition d element such as Co, Cu, Pd, Pt,
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Figure 5. Heat capacity of the multiphase sample with nominal com-
position YNi,B;Cy, shown as (/T vs T* plot (C is molar specific heat, T
is temperature). The clear steplike behaviour around 7, (13 K) shows
bulk superconductivity in the sample. (The jump in heat capacity epected
around 7. appears as a step, due to multiphase nature of the sample.)
Reprinted figure with permission from Nagarajan et al, Phys. Rev.
Lett., 72, 274, 1994. © 1994 by the American Physical Society.
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Rh, Ir, etc;; and B and C be replaced by Si, Ge, N, P, etc.
Thus, in this quaternary system, there is potential for syn-
thesizing a large number of new materials. Obviously, all
of the combinations would not form, due to reasons of
chemical bonding, structural stability, etc. Except for two
boronitrides  (LasNizBoN;  and LaNiBN)23, all other comr
pounds known so far, are borocarbides. Some silicocar-
bides, such as RCrShC and RMnsSi;C are known but they
do not have the YNi2B:xC-type (also referred as 1221-
type) structure. So far, no superconductor has been found
in silicocarbides. Research in quaternary borocarbides has
so far resulted in more than 60 members in the familylo. Of
these, about 20 are superconductors with most of them
having 7. > SK.

Polycrystalline samples of the quaternary borocarbides
are usually prepared by arc melting technique followed
by annealing at a suitable temperature (around 1000°C)
and duration (one to two weeks). It hardly needs emphasis
that single crystals are very necessary for investigations
of detailed properties of materials. Incongruent melting of
RNiB;C phase prevents growth of single crystals by crystal
pulling techniques such as, Czochralski technique. It is
possible to pick small (thin plates of about 1 mm X
1 mm x0.05mm) single crystals of these materials from
the arc-melted button. Larger single crystals of the heavier
members of RNiBC series have been grown by flux
1:echnique24 using NpB as flux and by floating zone tech-
nique using infrared mirror fumace™, or RF induction
heating furnace™. From flux technique, platelike crystals
(approximate size 5mm X 5mm X 0.1 mm) have been obtai-
ned for RNB:C (R=Lu to Tb). Very large crystals (about
a few cm long and ~6mm dia) of YNi2B:C are reported
to have been obtained by floating zone technique through
a self-flux process25. The phase diagram in the vicinity of
melting point of the borocarbide seem to be significantly

e 00O

Figure 6. The tetragonal (space group [4/mmm) crystal structure of
RNi;B:C (R =Y, rare earth). Reprinted figure with permission from
Lynn, J. W. et al, Phys. Rev., B55, 6584, 1997. © 1997 by the Ameri-
can Physical Society.
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different for different members of the family, because,
single crystals of all the borocarbides have not been obtai-
ned. For example, it has not been possible to grow single
crystals of lighter rare earth members, such as, LaNpB:C,
by either technique. It has been possible to grow single
crystals of RNizB,C only for R=Y, Lu, Ho by float zone
method. Success is claimed to have been achieved only
recently for EiNipB,C. Availability of large single crystals
and superconductivity occurring at ~>10K have been nota-
ble factors for the large body of works that have emerged
on quaternary borocarbides.

There has been only a limited success in preparing thin film
samples of the quaternary borocarbides. YNiLBLCT and
ErNbB,C** have been prepared in thin film form by
magnetic sputtering as well as by pulsed laser deposition
technique. The fact that quaternary borocarbides are more
metallic compared to HTSC oxide superconductors poses
some problems in the formation of thin films by laser abla-
tion technique. The quality of the film is also affected to
some extent by oxidation from oxygen of the sub strate’ .

Some structural/stability considerations

Almost all the quaternary borocarbides are of RNuB.C-
type and with tetragonal crystal structure (Figure 6), which
is a derivative of the wellknown ThCr:Sh tetragonal
structure with C atoms inserted in Y (or R)-planes giving
alternating layers of (Y-C) and (Ni2Bz) in the structure
The ratio da of the two lattice parameters, a, and c of the
unit cell is ~3 and anisotropy is seen in the magnetic pro-
perties but to much less extent in superconducting properties .

The cparameter seems to play a crucial role in the stabi
lity of the structure. The related materials, YFeB, and
YNiSp with ThCroSi> structure form, but the correspon-
ding borocarbides do not form. In contrast, YNiB» does
not form, but as we now know YNbBC forms! A com-
parison of the structural parameters of these materials vis-
a-vis YNiBC, indicates that the c-parameter for YNixB; is
the smallest amongst these, which perhaps is beyond the
stability limit (in terms of the other bond distances) of the
structure”. Introduction of C in the R-layers modifies the
c/a ratio, thereby stabilizing the structure and facilitaing
the formation of YN B>C.

In the series of materials RT2B2C (R=rare earth, Sc, Y,
U, Th; T=transition d-element), the structure appears to be
robust for T=Ni, as single phase materials are obtained for
entire series of rare earth elements (the Eu-based com-
pound does not seem to form), including, Th and U, even
though the (trivalent) ionic radius monotonically decreases
(known as lanthanide contraction) across the series La (light-
est rare earth) to Lu (heaviest rare earth). The stability is
affected for Sc, which has the smallest ionic radius amongst
elements iso-electronic to Y, and ScNBC forms only as
metastable material on quenching the sample33. ScNixB2C
shows superconductivity (7c~15K) and on annealing both
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the 1221 phase and superconductivity are lost™**. While
the a lattice parameter in RNpBxC series exhibits the clas-
sic lanthanide contraction (Figure7), the c¢ parameter var-
ies in the opposite direction (ie. increases)ls. This shows
that the R-R bond dominates the structure, squeezing and
distorting the NiB4 tetrahedron in the structure as the size
of R decreases. The deviation of the cell parameters of
CeNpB,C from the systematics is notable and indicates
non-trivalent state of Ce in this material. This aspect is
discussed later on.

For the borocarbides with d-clement other than Ni, mate-
rials of nominal composition, YT2B;C (T = Co, Rh, Ir, Os,
Cu, Ru, Pd, Pt) are multiphase but do contain 1221 phase.
These still require extensive investigations to determine
the conditions of phase pure formation. When Y is replaced
by other rare earths, the variation of rare earth ion size adds
to the complexity of structural stability. Some notable cases
in these substitutions are mentioned below.

Samples of nominal composition YCoBC, are found
to form with ~80% 1221-type phase. Considering that Co is
a neighbour of Ni in the periodic table, and has no magnetic
moment in this structure, one would expect this material
to be a superconductor, but surprisingly superconducti-
vity is not found down to 2K*. For Rh, Ir, Pt and Pd sys-
tems, the structural stability is systematically affected. In
the cases of RRhaBC’* and RInBoC™ reasonable phase
purity is obtained for R=La, the rare earth with largest
ionic radius, but the phase purity decreass drastically
with the decrease of the rare earth ion size. In the case of
RPt2B,C, even for La, the phase purity is fifected®. In the
Pd-system, the phase stability is so severe that 1221 phase
is formed for R=Y only as a metastable phase in a multi-
phase matrix (discussed later).

The RPt:B2C series is a good example for the kind of
investigations required to determine the conditions to ob-
tain phase pure samples. In this case, considerable amount
of efforts have gone in because some of the members ehi-
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Figure 7. Variation of lattice constants « and ¢ of the tetragonal unit
cell of RNi>B2C with R (rare earth) (based on data from ref. 35). There
is no data for radioactive Pm. The deviation occurring for Ce is due to
valence fluctuation nature of Ce ion in CeNi,B,C.
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LaPt:BoC  (Te~10K), and PrPtB:C (Te ~6K)*® In  this
system, synthesis with nominal 1221 starting composition
does not give phase pure material. The phase pure sample
is obtained if the starting composition is either off-stoichio-
metric, such as LaPtyBooCiy (ref. 39) or if Pt is partially
substituted by Au, such as LaPt; sAuo dB2C*. One reason
that is suggested for pure phase formation by partial substi-
tution of Pt by Au, is that it reduces the annealing empe-
rature to a practical value (~1100°C) and that Au does not
really enter the structure. However, very recent investiga-
tions of NdPt:B>C sys‘[em‘“’42 seem to suggest that Au does
enter the structure and also has a role in enhancing super-
conducting properties. It is not clear as to how the excess
Pt, B and C stabilize the structure. Investigations of Pt-
sys'[em43 show that the structure collapses even with as
small as 0.1 substitution of Sm or Gd.

Presence of hydrogen is known to influence 7c of super-
conductors and large absorption of hydrogen is an impor-
tant aspect in rare earth nickel alloys due to their potential
for applications. Experiments of hydrogenation of YNiB2C
show that the material takes hydrogen only to an extent of
0.25 atomic fraction and it neither affects the structure
nor the 7¢ in any significant manner™.

It has been shown'® that this family can form in homo-
logous series (R-C),(Ni2B2),, with the structure having
more sheets of R-C layers between the NixB: layers. Most
of the known cases form with m=1, n=1. For m=2, n=1
(i.e. RNiBC) only the heavier members (with smaller ionic
radius) of the rare earth series form'*** In this series,
the only known case of substitution of & metal is the case
of partial substitution of Ni by Cu in YNi_,CuBC. Inter-
estingly, this substitution increases 7. of YNIBC from
~0.8 K to a value as high as 9K

One compound is known for m=3 and n=1, but it is a
nitride LasNipBoN; (ref. 23) and is the only stoichiometric
material outside 1221 type (other than YNiBC (7. ~0.8 K)
and L[uNiBC (7:~29K)), which is a superconductor
(Tc ~12 K). Two compounds have been reported for m=4,
n=1, ie. LuNi:B:Cs (or LwNiBG)™ and YiNizBLCs (or
YQNiBC2)49. However, later detailed investigations have
shown that the four-layer RC structure™ incorporates a B
layer between two pairs of RC layers, giving LusNiBs;Cy,
suggesting that a four layer RC as a unit, is perhaps unsta-
ble as such and needs a B layer for stability. Very recently
it has been shown that this is, very likely, a very stable
structure and a large number of borocarbide compounds
can be formed with many rare earth and d metal combina-
tions. This is perhaps the only structure which gives a
quaternary  borocarbide with Fe. However, the structure
has a slight monoclinic distortion - LwuNbB3sCs has the
lattice parametersSI: a~5A,b~5A, c~274A, B ~93°.

Formation of a member of the series m=3 and n=2,
YaNisB4Cs has been reported and also claimed to be a wper-
conductor with T, ~12K* Our studies confirm the forma-
tion of the phase but not in phase pure form. We believe
that the reported superconductivity originates from the
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presence of 1221 phase in their sample. Recently, struc-
tures with m =5, n=6 (YsNigBsCs) or with m=5, n=28
(YsNigBsCs) have been reported to exist locally as metasta-
ble phases in as cast/annealed samples of YNi>, By ,C.
From the observation of stacking faults, possible occur-
rence of structures with m=2, n=3 (Y2NizsB:Cy) and m =4,
n =7 (Y4Ni7B7Cy) have also been claimed™.

The highest T, borocarbide: Y-Pd—B—C (1. ~ 23 K)

The two known Pd borocarbide systems, Y-Pd-B-C'**
and ThPd-B-C¥* deserve special mention as they con-
tain the superconducting phases with very high 7, (~23K
and ~20K, respectively) which were close to the highest
T, then known (~23 K) for intermetallics.

The structural stability in the case of Y-Pd-B-C is so
severe that materials with nominal composition YPd,B,C
contain only a minority 1221 phase and the superconduct-
ing signal is very weak'®*" A strong signal of supercon-
ductivity (7. ~23K) is obtained in a multiphase material
with a nominal composition around YPdsB;Cgys (ref. 19).
Even in this multiphase material, the superconducting
phase is found to form only as a metastable high tempe-
rature phase which is obtained by quenching the melt. On
annealing,  superconductivity ~ vanishes. This  behaviour
seems to confirm the belief that in intermetallic super-
conductors, structural stability is correlated to 7.° (higher
the T, lesser is the stability), as had also been noted from
Nb;Ge, the previously known highest 7. (23K) system,
where also superconducting phase does not form in bulk
material with the required nominal composition, but forms
only in thin film form of NbGe® (Of course, the recent
superconductor® M gB, with T.~39K is an extraordinary
exception.) While a systematic study of heat treatment of
YPdsB;Cq3s and correlation of intensities of X-ray dif-
fraction peaks of 1221 phase with strength of diamagnetic
signal seems to suggest superconducting phase is cubic®,
recent experiments on micro-grain single phase speci-
men® seem to confirm the phase to be 122l-type tetragonal
structure. Interestingly, investigations on the phase diagram
of the pseudo quaternary Y(Ni_Pd, ),B,C have shown that
stable and superconducting tetragonal phase can be obtai-
ned on substitution of Ni by Pd only up to x=04 and T,
decreases on the substitution (T, ~ 10K for x= 0.4)°*

Following our work on YNi,BC,, we investigated YPd,BC,
system, and found traces of superconductivity with two
transitions (7. ~22K and 10K) in the material with nomi-
nal composition, YPd,BCys (ref. 54). Trace superconduc-
tivity was found in Lu and Sc analogues T, ~10K) also®.
While the phase with 7, ~22K may belong to 1221 phase,
the superconducting phase responsible for the 10K transi-
tion is yet to be identified.

In the context of high 7., Th-Pd-B-C system also de-
serves mention as it has a phase with a high 7. ~20K)
comparable to that found in Y-Pd-B-C. In this case too,
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samples of nominal composition ThPd:B2C do not yield
single phase materials. Our samples exhibited two super-
conducting transitions, one with 7. =20K (resistance not
reaching zero) and another with 7.~ 14K (resistance dtain-
ing zero)56. Sarrao et al®, reported a phase with 7. =21.5K
(resistance not reaching zero) in a sample of nominal
composition ThPd;BsC. Later investigations using high reso-
lution electron microscopy suggested that the transition
around 14 K belongs to 1221 type ThPd:B2C phase, whereas
the phase with 7c~21K belongs to a ternary phase, ThPdoes
Ba7, with a cubic structure®.

Before concluding this section on materials, we would
like to note that microwave absorption results of our sample
of YNiB2C showed an anomaly around 23K, apart from
the one at 7. ~15K, suggesting the presence of a super-
conducting phase with 7. ~23 K% Interestingly, a similar
suggestion has also been made from the observation of
magnetic anomalies observed around the same tempera-
ture in samples of YNizBC prepared by the powder met-
allurgy technique66. This is an important and interesting
aspect requiring further investigations.

Physical properties of quaternary borocarbides

Quaternary  borocarbide family of materials, particularly
RNi;B,C series, exhibit a wide range of properties and
provide examples of superconductivity, magnetism with a
variety of magnetic structure, coexistence of supercon-
ductivity and magnetism, valence fluctuation, heavy fer-
mion behaviour, etc. Some of these are mentioned below.

Nonmagnetic superconducting borocarbides —
RNi,B,C(R=Y, Lu)

Amongst the nonmagnetic superconductors in the quater-
nary borocarbide family, YNpB:C and LuNi2B2C have
been extensively investigated for the superconducting
properties because they easily form single phase materials
and single crystals are also available. Only their basic proper-
ties are mentioned here.

YNLBC® and  LuNiB,C® are found to be type-11
superconductors with upper critical field Hcx(0) ~10T.
Ho is found to be almost isotropic in these two materi-
als’™”'. Initial studies indicated that these are conven-
tional BCS type superconductors. Isotope effect on 7. has
been observed” (from studies of samples having only ;!
or "B isotopes) supporting the mechanism of pairing of
Cooper pairs of electrons to be the well-known electron—
phonon interaction. A rare and remarkable direct evidence
of electron—phonon interaction comes from inelastic neutron
scattering experiments on single crystals of YNiB.C
and LuNiB,C™* where a dramatic change has been obser-
ved in the phonon spectra on the onset of superconducti-
vity. A narrow phonon peak occurs below 7. That this
peak is associated with superconductivity, is further streng
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thened by the observation that the intensity of this peak
depends on the strength of an external field in a manner
similar to the temperature dependence of Hea". While
Kawano ef al”> have interpreted the peak as due a new eci-
tation, others’ ™" have interpreted it as due to narrowing
of the phonon width as a result of increased life time due
to opening up of the superconducting gap.

While initial studies indicated that these materials are
conventional superconductors, later studies revealed some
deviations from the conventional behaviour. One of the
unusual behaviours of superconductivity in YNB:C, first
observed by us” and later confirmed by others®”"7 in
LuNpB,C  also, is the positive curvature of Heo(7) near
T.. Initial studies attributed the behaviour to granularity77.
It has also been possible to explain this behaviour using
two-band model with medium coupling between slow and
fast electrons’®. Whether this has a bearing on the supa-
conducting gap function (see below) is not clear. In the
"B NMR investigations of YNiB:C, temperature (7) de-
pendence of the spin lattice relaxation time (1) is found to
deviate from a simple Kormringa relaxation behaviour
(T 7) < const. Such a behaviour could arise from antiferro-
magnetically coupled dynamically fluctuating magnetic mo-
ment on Niatoms which in turn suggests a possibility of
magnetically mediated superconductivity in these materi-
als™* This assumes significance in the light of anisotropic
s-wave or non s-wavelike superconducting gap function
that has been suggested in recent single crystal experi-
ments (see below). The observation has also been inter-
preted by other workers®' as due to increase in the s-band
conduction electron spin susceptibility (as inferred from
and taking into account the Knight shift of the NMR sig-
nal) with decreasing temperature and that there is no need to
invoke a magnetic moment on Ni. However, a later NMR
study using a single crystal of YNiB2C suggests non s-
wave (d-wave) superconductivity in the material, based on
the temperature dependence of 1/7 below .

Quaternary borocarbides may have boron/carbon vacen-
cies depending on the preparation conditions and super-
conductivity seems to be somewhat sensitive to these
vacancies. Positron annihilation studies®> in YNiB,C have
indicated the presence of carbon vacancies and "B NMR
experiments have shown two sets of signals below T, the
position of NMR lines in one set shifting with tempera-
ture and those in the other set remaining the same as that
above T.c. The unshifted signal is perhaps due to those regions
which are non superconducting. Sensitivity of supercon-
ductivity to boron/carbon stoichiometry/vacancy is severe
in the case of the magnetic superconductor members
HoNiB2C and DyNB:C (see below).

At low temperatures and below Tt there is no change in
the structure of RNiB,C* % In YNizB:C, there is no change
in structure under pressure up to 6 GPa at room tempera-
ture” and T. does not change much under pressure in
YNiLBC (~+ 0.03 IQGPa)ss. Maximum rate of change of
T. (~0.45K/GPa) is found in HoN3BAC*.
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Theoretical investigations suggest that at the fermi en-
ergy, nearly half of the contribution to the density of states
(DOS) of electrons comes from Ni 3d electron states and
the remaining contribution comes from s and p electron
states of C and B and d electron states of Y (or Lu)go’gl.
Isomer shift of 161Dy Mossbauer resonance of supercon-
ducting DyNiB2C is similar to that of a non metallic sys-
tem thereby indirectly suggesting that superconductivity
arises from Ni;B; layers”. It has been found that both
density of states at the Fermi energy and 7. scale the
same way as the structural parameter da ratio (effectively
the B-Ni-B bond angle)93. LuNpB:C with near-perfect
B-Ni-B bond angles in the NiB4 tetrahedron of the struc-
ture, is superconducting with high 7. whereas LaNiB>C
in which the NiBy tetrahedron is distorted from ideal
bond angles, is non-superconducting (down to 0.3K). It has
been remarked that such a structure-7. relationship is un-
usual for intermetallic superconductors93. However, it may
be noted that the high 7¢ (~Tconset~16K) of metastable
ScNLBoC  significantly deviates from the above structural
correlation””.

Another interesting property of superconductivity in qua-
ternary borocarbides is the occurrence of square super-
conducting vortex flux line lattice (observed through
small angle neutron scattering) as against the usually epec-
ted hexagonal flux line lattice. At fields higher than
~1kOe, a square flux line lattice has been observed both
in YNuB,C™ (Figure 8) and in LuNiB«C”. At low fields
or at higher temperatures, the flux line lattice goes over to
hexagonal symmetrygs. Internal magnetic field also changes
the symmetry/orientation of the flux line lattice in the
magnetic superconductors of these borocarbides (see later).
Such a fielddriven transition of symmetry of flux line
lattice has not been observed before in any superconduc-
tor’”. Presently, the most stimulating and unusual aspect
of the nonmagnetic superconducting borocarbides is the
question of symmetry of the gap function or the order pra-
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Figure 8. Flux line lattice with square symmetry observed in small
angle neutron scattering experiment in a single crystal of YNi;B,C with
magnetic field of 4kOe strength applied parallel to the caxis of the
crystal. Reprinted figure with permission from Yethiraj, M. ef al., Phys.
Rev. Lett., 78, 4849, 1997. © 1997 by the American Physical Society.
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meter of superconductivity. While the initial experiments
and interpretations suggested an isotropic s-wave symme-
try of the function, recent detailed experiments, such as,
tunnelling spectroscopy%, point contact spectroscopy97, ultra-
high resolution photoemission spectroscopygs, heat capmity99
and thermal conduc'civi‘ry100 measurements under magnetic
field, etc. on high quality single crystals are increasingly
pointing out to clear anisotropy in energy gap. Some of these
results seem to point to an unusual s +g type symmetry for
the order parameter (Figure 9) and suggest unconventional

superconductivity in these quaternary borocarbides O This
is still an open question and is the current focus in the field.
Magnetic superconductors — RNi,B,C (R = Tm,

Er, Ho, Dy) and NdPt.BC

As mentioned earlier, under normal circumstances, pres-

ence of magnetic ions is detrimental to superconductivity
in a material. However, cases such as RRh,B; (R=Pr,
Nd, Sm, Tm) are well-known, where superconductivity
has been shown to coexist with antiferromagnetismm. In
these cases, the magnetic ordering temperature (7y) is rather
low (<2K). One of the remarkable properties of the quater-
nary borocarbide materials is that the materials, RNi,B,C
(R=Dy, Ho, Er, Tm) show coexistence of superconducti-
vity and magnetism with high magnetic ordering tempe-
ratures (7 >5K). With both 7, and Ty being >4 K, and
occurrence of all the three possibilities of competition bet-
ween T, and Ty, viz. T.(11 K)> Ty (1.5K) in TmN,B,C'";
T. (11K)>Ty (6K) in ENpBLCH'™, T 8K)~Ty (8K)
in HoNi;B,C'"% T. (6K)<Ty (11K) in DyNpB,C'*™,
these systems are ideal for detailed investigations of the
coexistence propeltym. The presence of bulk (shown by
heat capacity32’108) and long range magnetic order (shown
by elastic neutron scatteringss) has been confirmed in these
materials. High 7xs imply that unlike the previously
known cases, in quaternary borocarbides, the magnetic inter-
action is mediated by the conduction -electrons (through
the wellknown RKKY interaction in magnetism of metallic

Figure 9. The anisotropic shape of gap finction of superconductivity
with s+ g wave symmetry with four point nodes. Reprinted figure with
permission from Maki, P. et al., Phys. Rev. , B65, 140502, 2002. © 2002
by the American Physical Society.
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systems), possibly by the same electrons which are res-
ponsible for superconductivity. This is an exciting possi-
bility, which makes these materials important. The double
reentrant behaviour of HoNiB;C in zero extemal mag-
netic field (on cooling, first becomes a superconductor at
85K, tends to become normal around 5.5 K and regains
superconductivity below ~4.5 K), has not been seen earlier
in any other system. Superconductivity occurs in DyNuB,C
after the onset of magnetic order. These are fascinating
aspects of competition between superconductivity and
magnetism in this series. The competition is so delicate
that B and C stoichiometry severely affects the supercon-
ducting properties of HoNi:BC'”  and DyNiszCm. In
HoNiB:C, the reentrance property is critically dependent
on the stoichiometry. In DyNiBxC, because of supercon-
ductivity occurring in an already magnetically ordered
lattice, even non-magnetic impurities act as pair breakers''°.
Indeed, due to this reason, discovery of superconductivity
was missed in DyNB;C in the initial studies'”. Recently,
coexistence of superconductivity (7:onset~3K) and magnet-
ism (7x ~ 1.7 K) has been shown in the NdPt;B>C system41’42.

The unique square superconducting vortex flux lattice
observed in the non-magnetic borocarbides”™”  becomes a
microscopic tool for observation of interplay of super-
conductivity and magnetism in magnetic superconductors
at microscopic scale. The flux lattice is found to undergo
a rotation on the onset of magnetic order in ENiB,C''.
Simultaneous  transformation of magnetic structure and
flux lattice structure has been seen in TmNiB.C''> Such
interesting behaviours have been observed for the first time
in magnetic superconductors“3. More discussion on mag
netic superconductors can be found in refs 4, 107, 113.

Borocarbides with hybridization effects

Usually, the valence state of rare earth ions in a rare earth
intermetallic is the 3+ state. But, for Ce, Eu and Yb ions,
4+, 2+ and 2+ valence states may also be favoured, as they
correspond to empty 4f-shell, half filled 4f-<shell and fully
filled 4f-shell, respectively. For these three rare earth ions,
the felectron wave function can be spatially extended
and relatively nondocal, resulting in a hybridization of
4felectrons with conduction electrons. Such a felectron
hybridization manifests in a variety of anomalous proper-
ties which are interesting. Ce-, Yb- and Ubased quaternary
borocarbides show these effects and are briefly described
below.

Valence  fluctuating  borocarbide — CeNi-B,C. The lattice
parameters of CeNpBxC deviate from the systematic
variation in the rare earth series (Figure 7), which indicates
that Ce is in non-trivalent state due to hybridization of 4f
electron with conduction electrons. In this case, the hybri-
dization effect manifests as valence fluctuation (VF) pheno-

114 . L
menon ~ where the valence of Ce ion fluctuates in time
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between 3+ and 4+ states at a time scale of ~10™"s. This
is seen from the much reduced magnetic susceptibility of the
material at any temperaturem, compared to that expected
for a Ce’” compound magnetically ordering at very low
temperatures, due to time averaged susceptibility of the two
valence states (Ce4+ is non-magnetic as there is no fele-
ctron). The average valence of CeNiB2C is found to be
close to 4+ (ref. 114). X-ray Ly edge absorption measure-
ments, having very short probe time (~10716 s) compared to
the fluctuation time, give the complementary confirmation
of VF in CeNiByC where two absorption edges are seen
corresponding to the two valence states (Figure 10)“4.
The material does not show magnetic order down to 2K,
which is consistent with VF behaviour, as the nonmagnetic
4+ state is the ground state for such a sy stem.

In fact, in the CeM2B,C (M =Ni, Co, Rh, Ir, Pd, Pt) -
ries, the hybridization increasing in a continuous manner
with respect to the J element, can be inferred from the
average of valence of Ce ion and the magnetic property
of the materials''™"'® Valence of Ce is closer to tetrava-
lent state in the Ni-, Co-compounds; intermediate state in
the Rh- and Ircompounds; and ends up close to 3+ state
in the Pd- and Pt-compounds“&m. While Ce in the Pd-
compound CePd;B,C appears to be in the stable 3+ state
with Ce-moments ordering magnetically at low tempera-
ture (ITn~45 K)“s, in the Ptcompound, the hybridiza-
tion effect is still present, as seen from the moderate heavy
fermion behaviour''®

Spin  fluctuation/heavy  fermion  borocarbide — YbNi;B;C.
YbNB:C, though non-superconducting, is a very impor-
tant member of the quaternary borocarbide family. Con-
sidering that the two neighbouring members of YbNuB,C in
the rare earth series are superconducting—LuNbBC (Tt ~
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Figure 10. Ce Ljredge X-ray absorption spectrum of CeNiB,C at

10 K. The double edge spectrum (second edge is seen a a shoulder)
shows the presence of Ce ion in both 3+ and 4+ valence states in the
material due to valence fluctnation (VF) phenomenon. For comparison,
the Lyredge spectrum of another known VF material CeNiyB, which
has average Ce valence closer to 4+ is also shown. Inset shows the
spectrum of CeNiB,C at 300K and at 10K indicating temperature de-
pendence of average valence of Ce as often expected in a VF material.
Reprinted figure with permission from Alleno, E. et al, Phys. Rev.,
B52, 7428, 1995. © 1995 by the American Physical Society.
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16.5K) and TmNpBxXC (7c~11K), from the deGennes
scaling systematics of 7. of magnetic superconductors of
RNi:B,C' with respect to rare earth, one would expect
YbNiB2C to exhibit superconductivity around 12K. Due to
low melting point and high vapour pressure of Yb, although
it is difficult to synthesize Yb compounds, YbNixB,C was
successtully synthesized119’120. Investigation of its proper-
ties showed surprising absence of superconductivity down
to 2K. In contrast, it is to be noted that among the memn+
bers of RMoeSs series, YbMaS has the highest 7. (~9K).
High and temperature independent resistivity of YbNiB2C
in the high temperature interval (50 K-300 K)119 shows
that 4f-electrons of Yb hybridize with conduction electrons
and the material behaves as a dense Kondo system. In this
case, at low temperatures, the hybridization brings about
a correlation amongst electrons which increases their effective
mass by about a hundred fold (as inferred from the coeffi-
cient of electronic specific heat (y) deduced from heat ca-
pacity (in the temperature range 12-25K) of the naterial
which is at least ~200 mJ/mol K* (Figure 11)119 as against a
few milli-joules encountered in normal metallic systems)
and evolves into what is termed as moderate heavy fer-
mion state. The value of 7y obtained from extrapolation of the
heat capacity data below 2K is ~600 mJ/mol KA1
Thus, strong hybridization of 4f-electrons with conduc-
tion electrons takes place in YbNbB2C. As against the
previous example of valence fluctuating CeNiB:C, in the
case of YbNiB:2C, the charge on Yb remains stable 3+ as
inferred from high temperature susceptibility and tem-
perature independent X-ray Lir edge line shape and posi-

tion''. Therefore, YbNiB:C is not a charge fluctuation
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Figure 11. Temperature (7) dependence of heat capacity (C) of

YbNi,B,C (curve a) plotted in the form of C/T vs T?. For comparison, T
dependence of C of the nonmagnetic analogue LaNi,B,C (curve c) is
also shown. Curve b is the heat capacity of YbNi,B,C after subtracting
the non-magnetic contribution using the data of LaNi)B»C. The large
value of the intercept at the j-axis of the extrapolation of the curve b
indicates the heavy fermion nature of YbNL,B,C (see text) (from ref.
119).
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system but a spin fluctuation system. Considering that in
YbNB:C, the estimated Kondo temperature (T1<~11K)120
and the expected 7. are comparable, the absence of supa-
conductivity in this material seems to be due to the compe-
tition of moderate heavy fermion nature of the material
In fact, the effect of hybridization is so strong that a substitu-
tion of even 0.1 atomic fraction of Y by Yb in YNiB:C,
depresses its T, by 12 K'?!. This is the largest suppression
of 7. observed for Yb substitution in an intermetallic mper-
conductor. The magnitude of the depression can be contrasted
against the depression of 7. by only 4K by the substitu-
tion of 0.1 atomic fraction of Y by Gd in YNisBC'?L It s
to be noted that the substitution by Gd ion is expected to
give the largest depression of 7. in a rare earth series of
substitution in a superconductor. Considering that heavy
fermion superconductors are known to exist, understand-
ing the exact cause of suppression of superconductivity in
YbNB:C would indirectly add to the knowledge of mecha-
nism of superconductivity in these quaternary borocar-
bides. X-ray absorption studies on Ni edge in RNB.C
show that Ni-d band in YbNiB:C is less filled than others.
Thus, it appears that Kondo interaction may be causing a
reduction in electron density of states at Eg which in turn can
be responsible for loss of superconductivity in YbNiB,C'*.

High Ty systems —YbNiBC, UNpB,C, and URIBXC. In
another extreme condition of hybridization, it can result
in an enhancement of magnetic exchange coupling and to
an enhanced magnetic ordering temperature. YbNiBC (with
m=2and n=1 in the homologous series mentioned earlier
a;nd one of the compounds synthesized by us for the first

123) is an example of this type. It orders magnetically
around 4K which is a relatively high magnetic ordering
temperature for a Yb system. The effect is more pronounced
in U-based borocarbides, UNiBC (antiferromagnetic order
at 218 K) and URMB>C (ferromagnetic order at 185 K)124
These magnetic ordering temperatures are the highest
amongst those reported for U compounds with closely related
structure'™ of ThCnSih. In these two materials, tempera-
ture dependence of resistivity has a T* behaviour which is
further evidence of hybridization effect 124

Before we conclude this section, it is noted that non-
formation of EuNbB:C may be related to hybridization
effects as seen in Ce and Yb systems. In the case of Eu,
hybridization effect usually drives Eu ion to divalent state
which has a much larger ionic radius which in turn may
drive the lattice into instability preventing the formation
of the compound.

Magnetic borocarbides — RNiB,C (R = Pr, Nd, Sm,
Gd, Tb) and high coercive field Sm—Ru—B—C

The magnetic borocarbides PrNiBC, NdNizB:C, SmNiBC,
GdNB2C  and  TbNBXC  order an'[iferromagne‘cically103
(Tn~4K, 5K, 10K, 19K and 15K, respectively) with a
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variety of magnetic spin structures®™. In addition, the mag-
netic structure of some of them undergoes a change with
temperature or with externally applied magnetic field. For
example, TbNizB:C at SK, has a spin structure which is
antiferromagnetic  along  a-direction and  ferromagnetic
along b- and c-directions®. On application of magnetic field,
the initial antiferromagnetically aligned spin sublattice under-
goes a spin reorientation (around 2kOe), and the material
ends up with a ferromagnetic structure (above 20 KOe)
(Figure 12)103. On the basis of deGennes scaling, from the
systematics of 7cs of superconducting members, TbNiB2C
is expected to superconduct around 4 K. Absence of super-
conductivity in this material is attributed to the ferromag-
netic nature of magnetic order of Tbmagnetic moments
below this temperature. Along with the magnetic struc-
ture of the magnetic superconductors, RNiB,C (R=Tm, Er,
Ho, Dy), this set of materials gives another opportunity to
systematically study the magnetism in a rare earth series.
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Figure 12. Magnetic field-induced changes in the magnetic structure
as reflected in the field (F) dependence of magnetization (M) of
TbNi;B,C at 5K (from ref 35). The step near 0 Oe shows ferromag-
netic component of the initial magnetic structure.
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Figure 13. Magnetic hysteresis at 5 K of the samples with nominal
composition Smgg;Rup,B,C and Smg gRuzB;C (Reprinted from  Journal
of Magnetism and Magnetic Materials, 226230, Geethakumary ef al.,
pp. 1437-1439, © 2001, with permission from Elsevier). The complete
hysteresis loop is mnot traceable due to available applied field being
smaller than the coercive field ¢)) of the materials. Extrapolation of the 0
to—15 T branch of the top curve indicates that the /A is ~15T at 5K
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The Sm-Ru-B-C sys‘[em1 » s perhaps the most interesting
magnetic borocarbide. Samples of nominal comp osition
Smpg7 RwB2C (deficiency in Sm is due to high volatile nature
of Sm metal during the melting process) give a single
phase material, with a hexagonal structure instead of the
tetragonal structure of other members of RM:2B2C series.
It is noted that the Y-analogue, YRwB:;C, forms in the
expected 1221 tetragonal structure (though not in phase pure
form) and also exhibits superconductivity (7 =9.7 K)126.
The hexagonal structure resembles that of SmRuszBp, but
SmRuzB; itself does not form readily, showing that C has a
role in stabilizing the structure. Samples of nominal com-
position SmosRwBsC also give a hexagnal single phase
material with slightly different lattice constants. These
materials order ferromagnetically (73 ~50K-70K). An in-
teresting observation is that Smgyg7RbB,C and SmysRwuB:C
show huge magnetic hysteresis at SK with a coercive
field of ~150 kO¢'” (Figure 13) (extrapolated value, as full
hysteresis could not be covered in * 120 kOe field of the
magnetometer), which, perhaps, is the largest observed for
a polycrystalline Sm intemetallic.

Summary

In this review, we have described the landmark discovery
of superconductivity in first the quaternary intermetallic
system at TIFR, Mumbai. The discovery led to a new family
of materials, quaternary borocarbides, ie. rare earth tran-
sition metal borocarbides. The members of the family
have a variety of interesting properties, superconductivity
with Tc~>10K, coexistence of superconductivity and
magnetism with high 7. and 7w, valence fluctuation beha-
viour, heavy fermion behaviour, etc. Apart from high T,
superconductivity, these materials show other interesting
aspects such as, positive curvature of Hcx(7) around tempe-
rature close to T¢, square flux line lattice and its symmetry
having interesting behaviour with respect to external and
internal magnetic fields, non s-wave symmetry of the su-
perconducting gap function, etc. We have attempted to
give an overview of the materials and a flavour of the
properties of some of the important members. There are
still several open questions in the field. Some of the materi-
als with interesting property are still to be prepared in
single phase. Structural instability/phase purity problems
of some of the materials could possibly be overcome by
appropriate partial substitutions, as it had been found in
the case of RPtuB.C system. Even in the case of RPt-B-
C system, the role of excess of Pt, B and C 1sed in some
of the synthesis methods of single phase samples is yet
to be resolved. From our l'nves'[igaﬁons42 it was conclu-
ded that in the earlier reported single phase material
NdPt1 sAugsB2C, Au plays a direct role in enhancing the
superconducting property of Nd-Pt-B-C system. A syste-
matic investigation of Au substitution in this system
would be rewarding. Identification of the superconduct-
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ing phase with 7. ~10K in Y-Pd-B-C sys‘[em54 would
be fruitful and this would need investigation of phase
diagram Y-Pd-B-C system. Though Bitterlich et al” did
study some aspect of the phase diagram, they did not report
any transition with 7. around 10K. This may be because,
their emphasis was on the phase with 7¢ around 23K and
any superconducting signal from a 7. around 10 K might
have got masked in the superconducting signal from the
phase with 7. around 23 K. Since it is very difficult to -
termine a quaternary phase diagram, phase relationship
should be attempted at least in the vicinity of 1221 phase,
as it had been done in Y-Ni-B-C'”. The indication of
the presence of a superconducting phase with 7.~23K
in Y-Ni-B-C from microwave absorption measurements”
and a similar suggestion from investigations of samples
prepared by powder metallurgical route”®  are important
and need further investigations and confirmation.

Being quaternary, there is considerable potential for new
materials and new phenomenon. For example, the coexis-
tence of superconductivity and magnetism in NdPt:B.C (Tt ~
25K, In~15 K)42 was established only recently. In Lu—
Re-B-C system, a quaternary superconducting phase
(Tc ~6 K) exists'”™ The exact composition and structure
of this phase is yet to be identified. Since superconducti-
vity is observed in other members of this system, ad in
one of them (TbReB-C, Tt ~4K) a magnetic order
with relatively high transition temperature (7v ~30K) is
also seen'”, identification of superconducting phase in
Lu-Re-B-C would be rewarding not only in discovering
new superconducting material, it would also enable estbli-
shing whether superconductivity and magnetism coexist
in the same phase in Tb-Re-B-C. The exact composition
and structure of the high coercive field Sm-Ru-B-C is
still to be established. If better success is achieved in
growing thin films of borocarbides, going by the example
of NbsGe, where the superconducting phase exists only in
thin film form, it will be worthwhile to investigate whether
the high 7. (23 K) phase in multiphase Y-Pd-B-C system
could be formed as a single phase YP&B:C in thin film
form. Novel physics may be obtained when success is
achieved in obtaining multilayer thin films of appropriate
combinations of  superconductor/insulator/superconductor/
magnetic  superconductor/magnetic layers. The symmetry
type of the order parameter of superconductivity and whether
superconductivity is of unconventional nature in quarter-
nary borocarbides is an on-going fundamental debate.

It is hoped that this review gives a feel for the methods
and efforts, which in our opinion represents a piece of clas-
sic science, that went into the exciting discovery of super-
conductivity in quaternary borocarbides. Superconductors
with high 7cs, magetic superconductors with high coexi-
stence temperatures, large number of materials with a sariety
of physical properties, have all attracted world-wide #tention
and research. Detailed works with high quality single
crystals are revealing further intrigning properties of
these exciting superconductors which keeps these materi-
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als in the forefront of research in superconductivitym. The

excitement created by quaternary borocarbides

has po-

vided incentive and impetus for the hard task of search for
new materials, even going beyond quarternaries to multinary

intermetallics.
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