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We present a status report on the quaternary rare-earth
transition metal borocarbides. We discuss in particular the super-
conducting and magnetic properties of LnNi,B,C (Ln =rare
earths, Y) in connection with sample preparation and composi-
tion. We also report new results on the analysis of the chemical
composition of the superconducting phase at 23K in the
Y~-Pd—-B-C system, using electron microprobe and, for the first
time in these materials, nuclear microprobe. We will briefly
comment on new borocarbides and other related systems.
© 2000 Academic Press

INTRODUCTION
Superconducting Materials

Superconductivity was first observed experimentally by
K. Onnes when he was studying the resistance of Hg at low
temperature (T, ~ 4.15 K) way back in 1911 (1). Since then,
the field of superconductivity has witnessed a considerable
progress. Among the elements, Nb was found to have the
highest T, (~ 9.25 K) under normal pressure (2). However,
under application of pressure of 200 kbar, La metal exhibits
superconductivity at as high as 12.9 K (2). Many binary and
ternary intermetallic compounds were also found to exhibit
superconductivity; some with even higher T, values. Among
the binary intermetallics, Nb;Ge, in thin film form, exhibits
a record transition temperature of 23.2 K, whereas the re-
cord for bulk intermetallic material is only 20.3 K for
Nb;Ga (2). Since as a general trend binary materials were
found to have T, higher than values those of elements, it was
hoped that the ternary compounds may exhibit even higher
T.. Moreover as the possible number of ternary compounds
outnumbers the binaries in a great way, the probability of
finding ternary compounds with higher T, enhances greatly.
However, the highest T, known so far in any true ternary
compound is ~ 16 K in SnMosSs. Some of the ternary
compounds exhibit a few novel phenomena, e.g., (i) coexist-
ence of superconductivity and magnetism in a few members

of Chevrel’s phases RMosSg and RMogSeg (R = rare
earths, Sn, Pb, Hg) (3) and tetraborides LnRh,B, (4); (ii)
heavy fermion superconductors as in CeCu,Si, (5a, 5b) and
URu,Si, (6) (also found in a few binaries, ¢.g., UPt; and
UBe; 3); (iii) coexistence of superconductivity and intermedi-
ate valence in CeRu;Si, (7); and (iv) very high upper critical
field in PbMos S¢ (H., ~ 510 kG at 4.2 K). Then, in the
late 1980s, the discovery of cuprate superconductors (8)
largely displaced the research interest from intermetallic
superconductors. These ceramic superconductors exhibit
T, at very high temperature (~ 135 K under normal pres-
sure and up to 164 K under 30 GPa pressure in Hg-based
superconductors) (9, 10). Since many of the ceramic super-
conductors have T, above liquid nitrogen temperature and
hence are easier to work with, the study on intermetallics
had come to a temporary standstill during the beginning of
the 1990s. However, the recent discovery of the quaternary
Ln-M-B-C system (M = Ni, Pd) restored interest in the
intermetallics (11-16). It is not only that progress in the field
of ceramic superconductors has become slow over the
course of time (and sometimes monotonous), and that the
researchers were looking for some other new topics to divert
their attention, but also that the Ln-M-B-C system has
been found to be really exciting to study for its own merit:
e.g., (1) it exhibits record T, among bulk intermetallic super-
conductors: ~23 K in multiphase Y-Pd-B-C systems; (ii)
a few members of the LnNi,B,C series exhibit coexistence of
magnetism and superconductivity (17) with a high value of
both T, and Ty and with a ratio of T,/ T that varies from
less than 1 to more than 1, thus helping to study the
interplay of superconductivity and magnetism; and (iii)
CeNi,B,C exhibits intermediate valence (IV) behavior (18)
and YbNi,B,C shows heavy fermion (HF) behavior (19).
Moreover, a variety of magnetic structures have been
observed in the magnetic members of the LnNi,B,C series
(20, 21). In this review, following others (22a-22f) in
a comprehensive way, we present the current status of
research on borocarbide superconductor, starting from its
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Quaternary Borocarbides

In 1993, Mazumdar et al. reported their observation of
trace superconductivity in YNizB around 12 K (11), which
was quite high for intermetallic superconductors, especially
in an Ni-based one. In a few months time, Phys. Rev. Lett.
reported work from TIFR, India and CNRS, France show-
ing that the superconductivity in YNiuB was actually
caused by the presence of carbon impurity present in their
compound, thus consequently discovering the first quater-
nary intermetallic superconducting alloy (12), with an Y/Ni
ratio of 1/2. However, from their EPMA (electron probe
microanalysis) measurements, they could not determine the
atomic fractions of the light elements boron and carbon of
the superconducting phase. In the same month, Nature
published three separate articles from Bell Laboratories,
USA and Center for Microscopy at Delph, Netherlands
(13-15). The first article reported another multiphase com-
pound Y-Pd-B-C having the record T, of ~23 K for bulk
intermetallic compounds. One of the other two publications
reported the crystal structure of superconducting Ln-Ni-
B-C phase, which turned out to be a filled variant of the
ThCr,Si,-type structure. The third paper described the suc-
cessful synthesis of most LnNi,B,C materials in single
phase and reported observation of coexistence of supercon-
ductivity and magnetism in TmNi,B,C, ErNi,B,C, and
HoNi,B,C. This is a remarkable result as not many inter-
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metallic superconductors are known to exhibit such coexist-
ence. The flurry of subsequent work (more than 500 papers
in 6 years) testifies the importance of the field thus born.

LnNi,B,C
Crystal Structure and Preparation

The LnNi,B,C compounds form in a filled variant of the
well-known tetragonal ThCr,Si,-type structure (space
group I4/mmm), where a carbon atom occupies the vacant
2b position (1/2, 1/2, 0) in the rare earth plane (15). The
structure is highly anisotropic (c/a ~ 3), having alternating
sheets of Ni,B, tetrahedra and Ln-C layers. This structure
can be considered as one of the members of the series
(LnC),,(NiB), (see Fig. 1) (16). The structure is rather similar
to the layered crystal structure of oxide superconductors,
and is very much different from those of other intermetallic
magnetic superconductors (MS), viz, RRhyB,, RMogSg,
and LnRu;Si, systems (23) where transition metal atoms
form clusters (24). The Ni-Ni distances (~ 2.45 A in
LuNi,B,C), than those in the Ni-metal (2.5 A) compounds,
indicate a strong metallic character in these materials. The
a-axis parameter of LnM,B,C compounds becomes smaller
than that of equivalent analogues in LnM,B, compounds
while the corresponding c-axis parameter increases, indicat-
ing stronger Ln-C bonding and expansion of B-B bond
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FIG. 1.
according to Zandbergen et al. (158).

Schematic representation of the structures of different members of the (LnC),,(NiB), series: (a) LuNi,B,C, (b) LuNiBC, and (c) Lu,NiBC,,
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lengths, respectively (25). Across the rare earth (RE) series,
as atomic number increases, and with the exception of
CeNi,B,C, the a-axis parameter decreases and the c-axis
parameter increases (26); i.e., (i) the ¢ parameter does not
follow the lanthanide contraction law and (ii) the anisotropy
of the structure increases. Neutron diffraction results show
that all the crystallographic sites are fully occupied (within
the accuracy of such calculations involving two light ele-
ments, viz., B and C), and there is no or insignificant site
mixing (27), although neutron and positron annihilation
experiments suggest possible carbon vacancies (27, 28).
High-resolution electron microscopy (HREM) results show
that these compounds show no existence of superstructure,
although sometimes a very small fraction of intergrowths of
LnNiBC and LnNi,B,C could be seen (16). No crystallo-
graphic change was initially observed down to 25 K (25, 29)
(see later, magneto-elastic distortion below magnetic
transition temperature). From high-temperature X-ray dif-
fraction (XRD) measurements on YNi,B,C, it was found
that this compound starts to oxidize and decompose above
850°C with the formation of secondary phases like Ni,B,
YB,C,, Y,0;, and YBO; (30). It was also shown that
chemical bonds among the atoms in the unit cell are highly
anisotropic in nature (30). The electrical resistivity measure-
ment at room temperature up to 8 GPa pressure does not
indicate any possible structural phase transition (31a, 31b).
We should also point out that when polycrystalline
LnNi,B,C compounds are prepared in an arc furnace, quite
often one may encounter, along with a few different minor
impurity phases, notably LnB,C, along with very small
amounts of Ni3B, Ni;C, and LnNi,B among others (includ-
ing various oxides) (25). These impurity phases can be sup-
pressed to a large extent when annealed at a suitable
temperature. In TmNi,B,C, HoNi,B,C, and GdNi,B,C,
respective LnB,C, phase can only be suppressed best when
annealed at 700 to 900°C (32), but at 1050°C for CeNi,B,C.
However, it was found that annealing at 1050°C produces
the best magnetic and superconducting properties of
GdNi,B,C and HoNi,B,C, respectively (33, 34). Since mag-
netic members of LnB,C, phases order magnetically (ferro
or antiferro, depending on Ln) (35a, 35b). one must really be
careful when interpreting magnetic data in the quaternaries.
It was also shown that nonstoichiometry due to weight
losses or impurity phase formation can very strongly
affect the superconducting properties of these compounds
(see the text below for details). Because of the noncongruent
nature of the melting of these compounds (36), single crys-
tals cannot be prepared by Bridgmann or Czochralsky
techniques but by floating zone (36a, 36b) or Ni,B flux
methods (37). Superconducting YNi,B,C and ErNi,B,C
can also be formed in thin film form (38a-38d). By using
rapid-quenching techniques, Strom et al. could also prepare
ribbons out of YNi,B,C (39). A few compounds like
ScNi,B,C (40) and ThNi,B,C (41a-41c) which also super-
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conduct at 15 and 6 K respectively, were found to be meta-
stable.

Superconductivity and Magnetism

Table 1 summarizes the superconducting and magnetic
transition temperatures of several borocarbide compounds.

TABLE 1
Superconducting and Magnetic Transition Temperatures of
Different Ln—M—-B—-C and related compounds (IV = Intermedi-
ate Valence, HF = Heavy Fermion)

Ln Compound T, Twum Ref.

Y Ln-Pd-B-C 23 10 — 13,105

Th Ln-Pd-B-C 21.514.5 — 124, 41a

Y Ln-Pd,B,C phase 23 — 130

Ce LnCo,B,C — v 145

Gd LnCo,B,C — 21 144

Ho LnCo,B,C — 54 151

Lu LnCo,B,C — — 48¢

Y LnCo,B,C — — 149

La Lnlr,B,C — — 141

La LnNi,B,C — — 14

Ce LnNi,B,C — v 14

Pr LnNi,B,C — 4.0 113b

Nd LnNi,B,C — 4.8 168, 169

Sm LnNi,B,C — 9.8 170, 171

Gd LnNi,B,C — 13.6, 19.4 172, 76b

Tb LnNi,B,C — 15 170

Dy LnNi,B,C 6 11 170, 173-175

Ho LnNi,B,C 8 85and 6 14, 17, 81a, 82a

Er LnNi,B,C 10.5 6 17, 47, 70b, 120b,
176, 177

Tm LnNi,B,C 11 1.5 17, 120b, 70b, 14

Yb LnNi,B,C 0 0-HF 57a, 57b

Lu LnNi,B,C 16.5 — 15, 70a, 176, 178, 179

Y LnNi,B,C 15.4 — 27, 56, 88, 180

Sc LnNi,B,C 15 — 40

Th LnNi,B,C 8 — 59

U LnNi,B,C — IV,218 41c, 59

La LnPt,B,C 11 — 138, 139a

Ce LnPt,B,C — 138, 139a

Pr LnPt,B,C 6.5 — 138

Nd LnPt,B,C — 9.6 139b

Dy LnPt,B,C — 59 139b

Y LnPt,B,C 10 — 138

Th LnPt,B,C 7 — 41b

La LnRh,B,C — — 141, 412

Ce LnRh,B,C — v 145

Pr LnRh,B,C — 142, 143

Nd LnRh,B,C — 142, 143

Sm LnRh,B,C — 142, 143

Gd LnRh,B,C — 142, 143

Tb LnRh,B,C — 142, 143

Dy LnRh,B,C — 142, 143

Ho LnRh,B,C — 142, 143

Er LnRh,B,C — 142, 143

Th LnRh,B,C — — 142, 143

U LnRh,B,C — 185 41c
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TABLE 1—Continued

Ln Compound T, Twm Ref.
La Ln;Ni,B,N; 12.3 — 135, 181
La LnNiBN — — 135, 181
Tb Ln-Re-B-C 4? — 167
Gd Ln-Re-B-C 4? — 167
Lu Ln-Re-B-C 6? — 167
Lu Ln,NiBC, — — 158
Y Ln,NiBC, — — 159
Ho Ln,Re,Si,C — 8.8 166
Er Ln,Re,Si,C — 7.6 166
Y Ln;NiyB,C; 3/ 10 — 160
multiphase
Lu LnNi, _Cu,BC 6.6 — 154
Y LnNi, _ .Cu,BC 8.9 — 154
Dy LnNiBC — 15.7 156d
Er LnNiBC — 4 57c, 183
Gd LnNiBC — 8-10/14/ 76a, 156d, 182
33

Ho LnNiBC — 10 156d
Lu LnNiBC 2.9? — 152
Tb LnNiBC — 16.5 156d
Y LnNiBC — — 160
Yb LnNiBC — 4 57¢c, 182
Y LnNiCuB,C — — 163
Y LnNi,Si,C — — 163
Y LnCu,Si,C — — 163

In the LnNi,B,C series of materials, it was found that Dy,
Ho, Er, Tm, Lu, Y, Sc, and Th compounds exhibit supercon-
ductivity, out of which the magnetic rare earth analogues
also exhibit magnetic transition. *C NMR (nuclear mag-
netic resonance) (42), Y and B NMR (43), pressure (44), ESR
(electron spin resonance) (45), and some heat capacity
measurements (22c) suggest these materials to be simple
BCS (Bardeen-Cooper-Schrieffer)-type superconductors,
although a few measurements, viz., microwave (46) and
preliminary specific heat analysis (47) did not fully agree
with this conclusion. According to the BCS theory of super-
conductivity,

hwp 1
T.=1.14 N exp( N(EF)V>’

these rather high T, values might have originated due to
large Debye temperature (and frequency wp) favored by the
presence of two light elements boron and carbon and/or due
to high density of states (DOS) at Fermi level, N (Eg), origin-
ating mostly from the 3d band of Ni (48a—48d). The obser-
vation of rf-SQUID effect in YNi,B,C suggests that the
superconducting grains are coupled at grain boundaries
through Josephson effect (49). Inelastic neutron scattering
and tunneling measurements on these compounds suggest
a superconducting energy gap (A) in Lu(Y)Ni,B,C in the
range 2.5-4.5meV (50a-50d) in agreement with
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2A/kT, ~ 3.5 obtained from the BCS theory. A sizeable
boron isotope effect (o« ~ 0.25) (but not 0.5 as predicted by
BCS theory) was also observed in this system suggesting
these materials are electron-phonon-mediated supercon-
ductors (51a, 51b). However, the carbon isotope effect did
not induce any change in T, (51a, 51b).

From the upper critical field behavior, it was claimed by
Wang and Maki (52) for possible superconductivity of d-
wave type, although the positive curvature of the H., curve
near T, was not taken into account by these authors. Shulga
et al. proposed a two-band model to explain this curvature
(53). Unconventional pairing from field effects on specific
heat measurements (54) was also suggested, although de-
tailed magnetic experiments (55) and uSR (muon spin reson-
ance) experiments on single crystals (56) concluded to
conventional s-wave pairing.

Among these compounds, magnetic transition temper-
atures increases with the de Gennes scaling factor,
G = (gy — 1)*J(J + 1), whereas superconductivity temper-
atures decrease (17). YbNi,B,C turned out to be a moder-
ately heavy fermion compound (see Fig. 2) and does not
superconduct down to 20 mK (57a-57c). TbNi,B,C also
does not show any superconducting transition temperature
down to 300 mK (58), although extrapolating the de Gennes
scaling, YbNi,B,C and TbNi,B,C are expected to show
T, at about 12 and 4 K, respectively.

The other nonmagnetic member of the series, LaNi,B,C,
does not show superconductivity, which would agree with
the theoretical calculations showing that the DOS at Ef for
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FIG. 2. Heat capacity C, in a C/T(T?) plot, of (a) YbNi,B,C, (c).
LaNi,B,C, and the difference spectra (b) = (a)-(c), indicating heavy fer-
mion behavior of YbNi,B,C, according to Dhar et al. (57).
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LaNi,B,C is nearly half that for LuNi,B,C (48). When
plotted as a function of Ln** ionic radius, T, shows a max-
imum for ionic radius of 0.86 A, the value for Lu®* (59). The
same is also true when one plots T, as a function of Ni-Ni
distances and the maximum of T, comes at about 247 A
(59). The absence of correlation between T, and either the
Lnionic radii or the Ni-Ni distance also suggests that either
the density of states at E or the electron-phonon coupling,
or both play an important role in determining the supercon-
ducting properties of these materials. Moreover, from band
structure calculation, Mattheis et al. have suggested that
compounds with idealized NiyB tetrahedra should have
maximum 7, in the series of compounds, and that
LuNi,B,C is the closest one (60). However, it seems difficult
to understand from this model why ScNi,B,C has
a T, value (15 K) nearly equal to that of the Y-based mater-
ial (15.6 K) but has such different crystallographic charac-
teristics (in the plots of @ and ¢ parameters of LnNi,B,C
versus the trivalent ionic radius of Ln, ag. follows the lan-
thanide contraction curve but cg, is totally anomalous). On
the other hand, photoemission studies of polycrystalline
superconducting YNi,B,C, nonsuperconducting LaNi,B,C
(61a-61c), and Y, . Lu,Ni,B,C superconducting series (62)
and single-crystalline YNi,B,C and YbNi,B,C (63a-63b)
did not show any differences in the Fermi level position,
suggesting that electron—-phonon interaction is probably the
key parameter which controls T, (in agreement with boron
isotope effect). The X-ray absorption spectra measured at
the Ni-Ly; edge and B-K edge of different LnNi,B,C
members also could not categorically clear this point (64).

From the magnetic measurements, all these compounds
are found to be type-11 superconductors. As a typical candi-
date, polycrystalline YNi,B,C was studied in detail and the
following parameters were obtained (55),

2(0) ~ (3.5 + 0.5 x 10 cm, E0)~ (10 + 2)x 10 "cm,
H  ~ 80 G, H,, ~ 47.6kG,

though these parameters vary from measurement to
measurement (22d). For example, pSR measurements on
single-crystalline YNi,B,C yield the parameters (56)

20~ 1.03x10 %cm, ¢(0)~81x10 7cm, H,; ~37G,
H_, ~ 60 kG.

The critical fields are anisotropic in nature (with an effec-
tive mass anisotropy m/m}, ~ 1.7) for YNi,B,C (22¢) and
LuNi,B,C (65), although the isotropic nature of magnetic
parameters (66) and resistivity (67) is also found in the
literature (see Fig. 3). From torque magnetometric measure-
ments it was found that YNi,B,C is an isotropic supercon-
ductor but HoNi,B,C is not, possibly because of the Ho
spins ordering (68). Amplitude of the de Haas-van Alphen
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FIG.3. (Top) Anisotropic behavior of H.,(T) of LuNi,B,C, according

to Metlushko et al. (65). (Bottom) Isotropic behavior of the resistivity
versus temperature of YNi,B,C according to Fisher et al. (67).

(dHvA) oscillations in YNi,B,C are found to be unaffected
by the phase transition at H.,, indicating the very weak
nature of field-dependent quasi-particle damping (69a, 69b).
Application of hydrostatic pressure decreases T, for most of
the members of the series, except in LuNi,B,C, where T, in-
creases marginally (44, 70a-70e). However, the application
of chemical pressure by substituting Sc in place of Lu does
not increase T, and the interpretation of this result still
remains unclear (70b, 22d). It was also seen that a very low
amount (0.2) of hydrogen can be absorbed by these mater-
ials without affecting the lattice parameters or T, (71).
Another very important feature of these type of com-
pounds is the nature of vortex lattice in the mixed state.
From small-angle neutron scattering (SANS) in ErNi,B,C
(72a-72¢) and scanning tunneling microscope (STM)
measurements in LuNi,B,C under field (73), one can clearly
observe: (i) a transformation from hexagonal to squared
vortex lattice and (ii) that the flux line turns away from the
direction of applied field at Ty of ErNi,B,C, implying
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microscopic coexistence of superconductivity and magnet-
ism. This is the first time that such observations have been
made in a magnetic superconductor.

Unlike the magnetic members of oxide superconductors
LnBa,Cu;0-_; the magnetic transition temperatures of
these borocarbide materials affect T,. All these materials
primarily order antiferromagnetically with a wide variety of
magnetic structures (see Fig. 4 and Table 2) (20, 21,
74a-T4c). The relatively large values of Ty imply that the
prevalent magnetic exchange interaction is of Ruderman—
Kittel-Kasuya-Yosida (RKKY) type. The superconducting
transition temperatures decrease nearly linearly with the de
Gennes factor. The ratio of T,/Tyis > 1 for TmNi,B,C and
ErNi,B,C, ~1 for HoNi,B,C, and < 1 for DyNi,B,C,
implying the appearance of superconductivity in the already
magnetically ordered lattice of DyNi,B,C. Not so many
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Modulation of the transversely polarized SDW of Er and Tm.
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TABLE 2
Magnetic Structures of Different Members of LnNi,B,C Series

Non
Ln magn. Ty Type Tag2 Type
La,Ce Non
Pr 4.0 AFM (Comm.)
Nd 4.8 AFM (Comm.)
Sm 9.8 AFM (Comm.)
Eu
Gd 19.4 SDW incomm. 13.6 + moment along ¢
Tb 15.0 Longi. SDW incomm.
Dy 11.0 AFM (Comm.)
Ho 8.5 AFM + others 8.5 c-axis spiral

5.0 AFM (Comm.) 6.5 a-axis mod. incomm.

Er 6.8 Trans. SDW incomm.
Tm 1.5 Trans. SDW incomm.
Yb, Lu Non

such cases are known (Tb,Mo3Si, orders below 19 K and
becomes superconductor around 1 K (75) but none have
such high T,. GdNi,B,C exhibits two magnetic transitions
(76a, 76b), as confirmed by X-ray resonant exchange scatter-
ing (XRES) (77) and '*°Gd Mossbauer (78) experiments.
The magnetic structure of NdNi,B,C and SmNi,B,C have
also been determined by XRES (79). The magnetic phase
diagram of HoNi,B,C is the most complex (80) among this
series of materials. Below 5 K, it has a simple commensurate
antiferromagnetic structure with spins along the (4, b) plane,
whereas in the range of 5-8 K it has a spiral magnetic
structure (along the ¢ axis) (81a, 81b). Moreover, in the
range of 5-6.5 K, it has an a-axis modulated incommensur-
ate additional component, introducing a ferromagnetic
component in these temperature range (20, 21, 82a, 82b).
This particular property gives rise to the double reentrant
behavior seen in the transport and magnetic properties of
HoNi,B,C (83). One puzzling characteristic is that these
double reentrant behaviors may not be always observed in
all the experiments. Schmidt et al. (83) have shown that in
the same sample, ac magnetic susceptibility can show the
phenomenon but the resistivity may not (see Fig. 5). This
behaviour is also very sensitive to the individual
stoichiometry of each element in the sample. This also
emphasizes the importance of sample preparation tech-
niques, as discussed earlier. Moreover, it is normally found
that HoNi,B,C forms in equilibrium with many other pos-
sible phases, such as HoB,C, (T¢yurie ~ 7 K) (35), Ho,NizBg
(Teurie ~ 12 K) (34, 84), and HoNiyB (Tcyie ~6 K) (85),
which order magnetically around the region of interest
(4-8 K) (84) and coexist with HoNi,B,C microscopically.
Some controversy also exists about the moment on Niion
in these materials. Although on the basis of heat capacity
measurements Hong et al. (86) claimed that the Ni d band is
filled, the X-ray absorption measurement at the Ni-L;; edge
clearly demonstrates that Ni has nearly 3d° character in
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FIG. 5. Reentrance as seen from electrical resistance (circle) and ac
susceptibility (triangle) for two samples of the series HoNi,_ B, ,C,
indicating a measurement-dependent behavior, according to Schmidt et al.
(83).

these materials, implying that Ni may carry a magnetic
moment (64). Temperature dependence of magnetic suscep-
tibility of YNi,B,C shows a weak Curie—Weiss behavior
with 0.24uB/Niion and a Curie—-Weiss temperature 0 — 3 K
(86), but due to the presence of minor quantities of magnetic
impurity phases, this result is not conclusive on the exist-
ence of an intrinsic Ni moment. On the basis of an
B NMR experiment on polycrystalline YNi,B,C and
LaPt,B,C, Kohara et al. (87), Borsa et al. (88), Elan-
kumaran et al. (89), and Oda et al. (90), as well as Cooke
et al. from pSR experiments (91), conclude that Ni has a
moment, though from a similar experiment performed later
on single-crystalline YNi,B,C, Suh et al. (92a, 92b) com-
pletely disagree with this idea and instead attributed the
temperature dependence to boron s electrons. From the
Maossbauer experiments on different LnNi,B,C (1% Fe)
compounds in the temperature range 4.5-5.5 K, Sanchez et
al. observed the presence of transferred hyperfine field in
nonsuperconducting Tb and Ho (in the reentrant temper-
ature range) compounds, but not for superconducting Er
and Dy compounds (93). This result was contested by
Tominez et al., who did not find any significant difference in
the Fe Mossbauer spectra of HoNiy goFeq.0;B,C, a sample
in which reentrance was strongly reinforced by Fe, mea-
sured at 6, 5.2, and 4.2 K (34).

166 Mossbauer measurements on ErNi,B,C show that
the magnetic transition is of first order in nature (94a, 94b).
From their observation of a Er’* relaxation rate (1/T)
anomaly at T, Bonville et al. have also suggested that the
same conduction electrons, which are exchange coupled to
the 4f spin, take part in the formation of the superconduct-
ing state. This is against the conventional wisdom as
gathered from the knowledge of, for instance, the LnRh,B,
series, where the superconducting electrons and those elec-
trons which take part in magnetic interaction are totally
different (95). However, a recent '°°Er Mssbauer study on
non-superconducting ErNi; _,Co,B,C (96a) samples also
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exhibits a similar anomaly around the same temperature,
indicating a slowing down of Er** spin relaxation rate
around 10 K instead (96b). Bonville et al. have also observed
a temperature-independent (up to 20 K) magnetic hyperfine
field with a relative weight of ~ 10%, which they have
explained in terms of “slow relaxation” (94). Below the
magnetic ordering temperature, the material undergoes
a tetragonal to orthorhombic distortion (see Fig. 6) (97).
From the magnitude of isomer shift of 1°*Dy Mossbauer
studies on DyNi,B,C it was also suggested that the Dy-C
layer is nonmetallic (98) and that superconductivity occurs
in the “Ni-B” sublayer, in agreement with the observation
of an isotopic effect with B and not with C. However, the
resistivity of these compounds are found to be almost iso-
tropic (67, 99). The temperature dependence of the in-plane
resistivity (p,,) of this material shows an anomalously large
hysteresis (with H//), again indicating strong interplay of
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FIG. 6. Crystallographic distortion in ErNi,B,C as evidenced by (a)
a and b parameters, (b) distortion parameter a/b — 1 at Ty defined by the
intensity of a, (c) magnetic Bragg peak, and (d) specific heat peak, according
to Detlefs et al. (97).
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superconductivity and magnetism (under magnetic field)
(99).

The effect of off-stoichiometry has recently been seen in
the case of TmNi,B,C also. uSR measurements show
a spontaneous internal field, existing up to 30 K, which at
low temperature saturates below 2.5 K, but with a very
small moment of 0.1 pg (91, 100a, 100b).2*°*Tm Mossbauer
also indicates a similarly small Tm moment (101). This
discrepancy was solved by inelastic neutron scattering
measurements on two different samples of Tm; ;Ni,B,C
and TmNi,B,C; {, which yielded values of Tm moments of
0.1 and 4.3 pg, respectively (102a-102c), indicating that Tm
ions near carbon vacancies have a very small moment;
otherwise they have their normal value. Depending on the
crystalline electric field (CEF), as modified by vacancies,
a quadrupolar doublet (0.1 ug) or sextuplet (4.3 ug) spectra is
observed by Mdssbauer spectroscopy (see Fig. 7). The effect
of vacancies or of slight excess of constituting elements in
HoNi,B,C affect the superconducting properties to a great
extent, along with some minor modification of its magnetic
properties (34, 84, 103), as also indicated by *>’Fe Mossbauer
experiments (34, 104).

The impurity effects in YNi,B,C have also been studied
in detail. These effects can include, to name a few, size effects
(chemical pressure), magnetic pair breaking, change of DOS
at Ep, intermediate valence (IV) effects, and Kondo phenom-
enon. It was observed that when Y is replaced by other ions
such as Ce, Gd, Dy, Ho, Er, Yb, or U, T, always decreases
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(—6K/0.1 Ce, —5K/0.1 Gd, —1.4K/0.1 Dy, —0.8 K/0.1
Ho, —04K/0.1 Er, —13K/0.1 Yb, nonsuperconductiv-
ity/0.1U) (18, 41, 47, 105-108). It is normally (except for Ce,
Yb, or U doping, where 4f conduction electron hybridiza-
tion probably plays a crucial role) found that T, decreases
while Ty increases nearly linearly as the effective de Gennes
factor increases (with Ty less sensitive than T,) due to
magnetic pair breaking (within the assumption of “nonin-
teracting,” i.e., diluted, magnetic ions), but it becomes com-
pletely violated when T, < Ty, as observed in the pseudo-
binary system Dy, _.R,Ni,B,C (R = Ho, Lu) and, hence,
no extrapolation of physical properties is possible when one
approaches from the other side of the phase diagram (109).
As noted by Hossain et al. (110) and Gupta (111), nonmag-
netic impurities on the atomic scale can have profound
effect and play completely different roles above and below
Tn- Above Ty, nonmagnetic impurities simply dilute the
concentration of magnetic ions and thus reduce the mag-
netic pair breaking effect. Below Ty, nonmagnetic ions play
the role of defects in antiferromagnetic lattice and thus give
rise to pair breaking. Moreover, as superconductivity in
DyNi,B,C is, by itself, very sensitive to Dy non-
stoichiometry (112), and as the Y or Lu substitution may
also change the stoichiometry, this factor may be as well the
main parameter for controlling the decrease of T..

T, also decreases when Ni atoms in YNi,B,C are re-
placed by other transition metal elements, such as Fe, Co,
Cu, Ru, and Pd (see Fig. 8) (113a—c). It was observed that Ru
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FIG. 7.

169Tm Maossbauer spectra of (a) Tm; ;Ni,B,C and (b) TmNi,B,C, ;, showing effect of stoichiometry, according to Gasser et al. (102a).
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has the largest rate of suppression among these elements.
Although Pd and Ru have similar sizes, Pd substitution has
one of the smallest effects on T, of YNi,B,C, while Ru
substitution causes a large T, depression. No convincing
explanation has been given yet. It was proposed that when
the difference of the number of valence electrons of
transition metal elements is negative, the shift of the Fermi
level with respect to the peak in DOS is responsible for the
lowering of T, (114). But according to this argument, Cu
substitution should have increased T,, as Cu has more
valence electrons than Ni, which is not the case. Hence, it
was proposed that modification of the possible mixed val-
ence character of Cu would be partially responsible for this
decrease in T, (115).

The other two notable compounds in this series are
CeNi,B,C and YbNi,B,C. From the lattice parameter
anomaly, Ce ions in this compound are considered to be in
a nontrivalent state (26). X-ray absorption measurements at
the Ce-L; edge show that Ce ions are indeed in an inter-
mediate valence state, with valence changes from 3.15 at
300 K to 3.21 at 10 K (18). However, from the variation of
T, as a function of rare earth ionic radii or Ni-Ni distances,
one would tend to believe that the suppression of T, in
CeNi,B,C may not be caused by the intermediate valence
behavior of Ce in this compound. Instead the size effect and
subtle variation of band structure may play a very signifi-
cant role. Very recently, from zero-field-cooled magnetic
susceptibility and heat capacity measurements, El Mass-
alami et al. (116) claimed that they have observed bulk
superconductivity in CeNi,B,C at ~0.1 K, which has yet
to be verified by other researches.

YbNi,B,C is found to be a moderately heavy Fermion
system (Kondo temperature, Tx ~ 10 K), which is not very
common for Yb-based materials (57, 117). From the de
Gennes scaling of T, across the series, one would have
expected the material to be superconducting at about 12 K,
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whereas the material did not show a superconducting
transition down to 1.5 K. The off-stoichiometric samples
like Yb; ;Ni,B,C, YbNi, 3sB,C, and YbNi,B, ,C also did
not show any T, down to 2 K (19). 7°Yb Méssbauer experi-
ments measured down to 23 mK did not show any magnetic
order (57c). A small hyperfine field was observed indicating
a upper limit of 0.05-0.1 uB for Yb moment, if any.
1B NMR measurements on YbNi,B,C show a crossover
from a local moment system above 50 K to itinerant corre-
lated electron behavior below 5 K (118).

Samples with nominal composition of UNi,B,C could be
prepared, with a significant percentage of LnNi,B,C phase,
as observed by XRD patterns (41a, 41c, 59, 119). These
materials do not show superconductivity down to 2 K.
Since U ions are known to show IV behavior, it will be of
interest to study the valence properties of U ions in the
single-phase compound, as the multiphase sample suggests
an average valence of 5.2 for the U ions (59).

Ln—Pd-B-C SYSTEM

Superconductivity with the highest T, (at about 23 K,
10% higher than that observed in the best bulk binary
compound, Nb;Ga) in bulk intermetallic material was re-
ported in the multiphase YPds;B3;Cy 35 system (13). Follow-
ing this, a few more Pd-based multiphase materials, e.g.,
YPd,BC, (02<x<1) (119, 120a, 120b), YPd,B,C,
(y <0.1) and YPd;B,C, (z <0.1) (121), and YPd,B,C,,
(w~1(122) and ~1.5(123a, 123b)), were reported to show
superconductivity in the temperature range 22-23 K,
though Hossain et al. have observed a difference in zero-
field-cooled and field-cooled susceptibility in YNiuBC, even
at ~26 K (120). All these materials have at least two com-
mon properties: (i) they are multiphase, and (ii) annealing
them above 900°C destroys superconductivity, even though
they remain multiphase. Another superconducting phase
has also been found in various cases: at 10 K in LnPd,BC,
02<x<1; Ln=Y, Lu (120), Th (4la-c, 120) and at
145K in the Th-Pd-B-C system (124a, 124b). A large
number of propositions were made for the possible structure
of the “23-K superconducting phase.” From HREM studies,
a few have proposed a body-centered tetragonal structure
with a ~ 3.7-3.8 A and ¢ ~ 10.6-10.8A (123, 125a, 125b).
Zandbergen et al. have found, besides free graphite, six other
different phases in the Th-Pd-B-C system, viz., (i)
ThPd,B,C, I-type tetragonal and, in their opinion, possibly
related to the 14.5-K superconducting phase; (i)
ThPd, ¢5B4.7, P-type cubic and, in their opinion, possibly
related to the 21-K superconducting phase; (iii) ThPd;, P-type
hexagonal; (iv) ThPdgB;, I-centered orthorhombic; (v)
ThPd;B,C, unknown structure; and (vi) ThB,, tetragonal
(125a). In the case of the Y-Pd-B-C system, beside two
noncrystalline phases, they found (i) YPd,BC, I-centered
tetragonal, and considered it to be the superconducting
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phase; (i1) YPd, ,B; 3, cubic; (iii) YPdgB;, I-centered orthor-
hombic; and (iv) YB,_,C,, tetragonal (125a). By analyzing
their rapidly quenched sample of nominal composition,
YPd,B,C, Strom et al. has attributed the superconducting
phase to a cubic structure (a = 4.15 A) (126), although a few
of their superconducting samples do not contain this phase
(127).

In view of all the above contradicting and often confusing
information, it is really difficult to single out the phase
responsible for superconductivity in the Y-Pd-B-C.
Godart et al. (32) and Tominez et al. (128) have tried to
make a systematic effort to find out the phase actually
responsible for superconductivity in the Y-Pd-B-C phase
diagram. The main problems to doing so are manifold; the
samples, whether YPd,B,C or of any other nominal com-
position, are multiphase; slow cooled as cast YPd,B,C is
not superconducting (32); and one must rapidly quench the
sample to achieve superconductivity (126, 127). Annealing
the sample always destroys the superconducting phase. The
composition of the superconducting phase having two light
elements must be determined. Due to the presence of two
light elements, (boron and carbon), the various classical
characterization techniques are almost inefficient in deter-
mining composition. Chemical analysis in a multiphase
material (and even in a single phase with the two light
elements) is totally inappropriate. Intensity analysis of XRD
or neutron diffraction also does not yield satisfactory re-
sults. TEM/EPMA are rather insensitive to light elements.
Even for those spectrometers (multilayer-based mono-
chromator) specially designed to probe light elements, one
also must consider the influence of neighboring atoms,
which is significant for light atoms such as boron and
carbon. In HREM studies, the image contrast between
B and C is also very small and because of the close values of
their atomic numbers, Y and Pd are also not well distin-
guishable. The only alternative, which is found to overcome
these problem to a great extent, is the nuclear probe micro-
analysis (NPMA) (129). Particle-induced X-ray emission
(PIXE) and Rutherford back scattering (RBS) techniques
can be used to measure heavy element concentration and
NRA (nuclear reaction analysis) to determine light element
concentration. As NRA is a nuclear probe, the analysis is
insensitive to the neighboring atoms of the light elements.
The main difficulty in NPMA is to find the right type of
particle beam (depending on the element to be studied) and
to avoid time evolution of the sample under beam. Among
the several superconducting nominal compositions,
YPdsB;Cy 35 was choosen for NPMA analysis as it exhibits
the largest magnetic-shielding fraction ( ~50%) and a large
magnetic flux exclusion fraction ( ~15%). Therefore, as-cast
and annealed samples of this composition were studied by
NPMA (130). New experimental conditions and detailed
results are described by Berger et al. in this Proceedings
(131). The results are summarized in Table 3. Since only the
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TABLE 3
Compositions and Structures of the Phases in Heterogeneous
Alloy of Nominal Composition ‘YPd;B,C, s’

Vol. %

® Morphology Composition as cast Cell (10\)

A Matrix YPd, By, Centered ortho- I,
0 4= 8.441(4) b = 8.984(5),
¢ = 16.543(8)
B Globules YPd; 4By s Cubic- P, a = 4.122(1)
C Needles YPd, ¢B,.05Ci.05
20 Centered tetra- I,
a = 3.751(1),
¢ =10.725(3)
D Dendrites YPd, (B,4.; 7.5  Cubic- P, a = 4.053(1)
E Squared Tetra - P, a = 7.079(4)
inclusions YB. ¢ 1.5 b =4.014(4)
E Spheric YPdy3Bss-2.0 1 Not detected
inclusions Csay-55

needles (phase C) and dendrites (phase D) disappeared by
annealing as also superconductivity, it was assumed that
one of these two phases should be the true superconducting
phase. However, (i) as the fraction content of phase C is
higher and closest to the Meissner fraction and (ii) as the
phase C has a needle-like structure, their connection can
give rise to a path for zero resistance; it was then argued that
phase C is responsible for the 23 K superconducting phase.
This composition seems to be metastable, as the synthesis of
single-phase material is still elusive, and hence no true
measurements of its superconducting properties could be
performed. Although a few attempts were made to deter-
mine the critical fields (132, 133), pressure dependence of
compressibility (134), etc., because of the multiphase nature
of the samples, not much importance can be attached to
them.

OTHER Lan—M-B-C AND RELATED SYSTEMS

Besides the LnNi,B,C systems, a few more quaternary
systems were discovered and studied. A few of them also
show great promise for study. Beside borocarbides,
La;Ni,B,Nj is another system which also shows supercon-
ducting transition with T, ~12.3 K (135). This material also
has a crystal structure nearly similar to the
B-Ni,-B-LaN-LaN-LaN type of stacking. This structure
is found to be more 2-D in nature than that of borocarbides.
However, the neutron diffraction study shows that the nitro-
gen site is only 90% occupied, yielding La;Ni,B,N, 4 as the
actual composition (136). The material was found to be
a hard type-I1, phonon-mediated weak to medium coupling
BCS superconductor (137a, 137b). LaNiBN, which also
could be synthesized with 90% phase purity, though metal-
lic, does not superconduct down to 4.2 K (135).
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Although initially superconductivity was observed in
LnPt,B,C for Ln = La, Pr, and Y (at 11, 6.5, and 11 K,
respectively) only (138), LnPt; sAu, ¢B,C (Ln = La, Ce, Pr,
Nd, Dy, Y) was reported to form in single-phase (substitu-
ting Pt by a little excess of Au produces single phase mater-
ial) (139a, 139b). Nd and Dy analogues order magnetically
at 9.6 and 5.9 K respectively (139b). ThPt,B,C could be
prepared having LnNi,B,C structure, with low impurity
content, and was found to exhibit superconductivity at
~7K (4la-c, 140). Phase formation conditions and exist-
ence of superconductivity, in the three series of d metal from
the same column of the periodic table, do not seem to show
any regular behavior as summarized in Table 4.

Lalr,B,C and LaRh,B,C are also reported to form in the
same structure, but these compounds do not show any
superconducting transition down to 1.4 K (141). Other
members of LnRh,B,C (La-Er, not Pm, Eu) could also be
synthesized in nearly single-phase form (26,142-144).
ThRh,B,C does not show any superconductivity down to
1.5 K, while URh,B,C was found to order ferromagnetic-
ally below 185K (41c). Both CeRh,B,C and CeCo,B,C
were found to exhibit intermediate valence character (145).

The LnCo,B,C series is difficult to prepare as single
phase, although the majority phase has the LnNi,B,C-type
structure (144, 146, 147). Recent results (144) in GdCo,B,C,
seem to indicate that initial excess of carbon may lead to the
purest phase. The YCo,B,C sample does not show any
trace of superconductivity down to 2 K (146, 148-150), like
HoCo,B,C (down to 30 m K), which exhibits antiferromag-
netism (Ty ~ 5.4 K) (151).

Among the borocarbide compounds, the LnNi,B,C-type
of structure is not the only possibility for quaternaries.
Siegrist et al. (15) have suggested homologous series of
general formula (LnC),,(NiB), by inserting more LnC and/or
Ni,B, layers in the structure (see Fig. 1). LuNiBC is one
such series (tetragonal, space group P4/nmm) and LuNiBC
was found to possibly superconduct below 2.9 K (152). Un-
like LnNi,B,C, T, is found to increase by doping with Cu in
place of Ni, but decreases with V doping (153). T, can be
increased up to 6.6 K for the Lu- compound and up to 8.9 K
for Y-based compounds (154), due to the Cu d band contri-
bution to the DOS at E (155). LuNiBC (Ln = Gd, Tb, Dy,

TABLE 4
Phase Formation and Superconductivity in
LnM,B,C (M = Ni, Pd, Pt)

d Metal Phase formation Superconductivity

Ni All Ln Small Ln ion (Dy...,)

Pd Large La ion Small Ln ion (Y)
Multiphase with small Ln ion

Pt Large Ln ion (La, ..., Nd) Large Ln ion (La, Pr)

Small Ln Ion (Y, Dy) Small Ln ion (Y)
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Ho, Yb) were found to order magnetically and no supercon-
ductivity was observed down to 2 K (156a-156f). A giant
exchange interaction was found in YbNiBC from '7°Yb
Mossbauer experiments (57b).

Nearly single-phase tetragonal LnNizB,C,;.; com-
pounds (space group unknown) could also be synthesized
for Ln =Y, Ho, Er, and Tm (157). Surprisingly, all these
compounds have been reported to have T, values very close
to that of the corresponding LnNi,B,C phase, and one
wonders whether this could be due to LnNi,B,C being an
impurity phase in LnNiyB,C.

Lu,NiBC, was also reported to form in a monoclinically
distorted structure (158), while Y,NiBC, forms in a primi-
tive tetragonal structure (159). Y3;Niy,B,C; has also been
reported to form with the possible space group 14 (160). This
material contains both YNi,B,C and YNiBC as impurity
phases. Two superconducting transitions were observed at
10 and 3 K, one of which might come from the pure
Y;NiB,C; phase (160). An attempt was made to study
superconductivity in rapidly quenched YC(NiB), (x = 2, 3, 4)
borocarbides, and superconductivity was observed in all
these materials around 14 K (161) and peaked at 16 K for
x = 3, but the final compositions of these samples are un-
known. From microwave measurement studies, the possibil-
ity of another superconducting Y-Ni-B-C phase with
T, about 23 K was also speculated (132) as a possible surface
effect. Recently, from magnetic measurements some signal
was also observed in this system around 24 K (162), also of
unknown nature.

Single-phase YNi,Si,C (YNi,B,C-type structure) and
multiphase (but with significant components of YNi,B,C-
type structure) YCu,Si,C could also be synthezised, but no
superconductivity was observed (163). Long ago, the struc-
ture of Dy, Fe,Si,C was reported as monoclinic (C2/m space
group) (164) and other materials (Ln, M ,Si,C with M = Fe
and Re) having the same structure were recently reported
(165) with possible IV Ce-based materials in both series.
Antiferromagnetism was found in Ho- and Er-based
Ln,Re,Si,C (166). In the Ln-Re-B-C system, Lu material
exhibit superconductivity at about 6 K; surprisingly both
Tb and Gd analogue exhibit superconductivity at 4 K (167).
Although it was claimed that superconductivity originates
from a quaternary phase, the authors did not present any
XRD analysis in their work.

FINAL REMARKS

Microscopic NMR investigations have shown that the
superconducting properties of YNi,B,C are influenced by
the “local” fluctuations of stoichiometry. Significant effects
of off-stoichiometry on superconductivity of DyNi,B,C was
known very early in the quaternary borocarbides era, as
also on the double reentrance behavior of HoNi,B,C and
more recently on measured values of magnetic moments in
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TmNi,B,C. Consequently, to both chemists and physicists,
the main interest of quaternary borocarbides, up to now,
has been the novel way of coexistence between supercon-
ductivity and magnetism within the same energy scale
(T, ~Ty), and its dependence on material preparation. This
is also particularly true when identification of quaternary
superconducting phase among various phases containing
two light elements is involved. Recent development in
microanalysis i.e., electron microprobe, and more recently,
use of nuclear microprobe on these materials, has proved to
be of significant interest. Many questions of fundamental
interest are still pending; Are nonstoichiometry effects on
superconducting properties of HoNi,B,C intrinsic or due to
changes in magnetic impurity phases? What is the origin of
the anomaly of 1/T; at 10 K in ErNi,B,C? Does an intrinsic
or transferred moment on Ni exist? What is the valence state
of U ion in nonsuperconducting UNi,B,C? What is the
origin of the giant exchange in YbNiBC? and many more.
These will require efforts right from “better” preparation
and characterization of these materials up to improved
understanding of the physics.
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