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Discovery of a quaternary superconducting system Y-Ni-B-C has been reported recently. Our
structural studies on YNi2B2C (T. = 15.5 K) reveal large and anisotropic thermal vibrations of C
atoms in the Y-C plane of the structure. No crystallographic phase transition is observed down to
50 K. Our specific-heat data suggest that YNi;B,C is a strong-coupling superconductor. Results of
our resistivity, magnetic, and specific-heat data clearly suggest coexistence of superconductivity and
magnetism (of Er spins) in ErNi2B2C (7. =10.5 K) below =~ 7 K.

I. INTRODUCTION

The pioneering and seminal discovery of the supercon-
ducting alloy system Y-Ni-B-C,12 the first quaternary
superconducting material, came about while attempts
were being made to search for superconducting mate-
rials containing transition metals other than copper, for
example, nickel. The intriguing fact that high-T, super-
conductivity is observed only in cuprate systems was the
primary motivation to look for such materials. Inter-
metallics of nickel seemed to be good candidates.

Borides hold out a great promise for interesting phys-
ical properties including superconductivity. Therefore
nickel-based ternary borides RNiyB (R = rare earth
atoms) were taken up3® for such investigations; they
turned out to be rather interesting materials. For ex-
ample, CeNiyB (Ref. 4) is strongly Pauli paramagnetic
with a linear temperature coefficient of electronic heat
capacity, v ~#30 mJ/mol K2. SmNiyB (Ref. 5) is a ferro-
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magnet having a rather high magnetic ordering temper-
ature Tys (= 39 K), which is higher than Tar (= 36 K)
of GdNiyB.5 According to the de Gennes scaling, consid-
ering that Thsr of GANiyB is 36 K, Ts of SmNiyB should
have been =~ 10 K. Y atoms do not carry a magnetic mo-
ment, and in many intermetallics, the magnetic moment
of nickel atoms is quenched due to the filling of d holes.
For these reasons, YNisB was considered to be a good
reference material in the above mentioned studies. Its
transport and magnetic properties, therefore, were inves-
tigated. A sharp and substantial drop of the resistance
and diamagnetic response was observed at ~12 K in a
sample of nominal composition YNiyB.! Later investi-
gations showed that the superconducting signal got en-
hanced dramatically upon intentionally adding carbon to
YNiyB during the process of arc melting. Results on two
of the C-containing compositions, namely, YNigBCo 2
and YNi,B3Cg 2, were reported? with 7T, =~ 12.5 K for
the former and =~ 13.5 K for the latter. Besides these
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two compositions, several other compositions YNi,B,C,
were investigated with their 7, ranging from 12 K to
15 K.® These studies clearly established that supercon-
ductivity occurs in the system Y-Ni-B-C with an elevated
T., 12 K< T.<15 K. This work raised the hope that Ni-
based systems are possible candidates as intermetallics
with high superconducting transition temperature.
Subsequent to our work Cava et al. reported supercon-
ductivity in RNizB;C (R = Y, Lu, Tm, Er, and Ho).”
Siegrist et al.® reported the structure of superconduct-
ing phase LuNi;B,C (T. = 16.5 K); it is derived from
the ThCr,Si, structure (space group I4/mmm) with car-
bon atoms inserted in the planes of Lu atoms. Here we
describe results of our structural, magnetic, and calori-
metric measurements on YNi;B,C and ErNi,B,C.

II. EXPERIMENTAL DETAILS

The two compounds YNi;B;C and ErNi;B,C were pre-
pared by melting high purity elements Y (99.9%), Er
(99.9%), Ni (99.9%), B (99.8%), and C (99.7%) in an
arc furnace under a protective atmosphere of flowing ar-
gon. Samples, sealed in quartz ampoules under vacuum,
were annealed at 1050°C for 12 h and cooled to room
temperature over a period of 5 h.

Room temperature x-ray diffraction measurements on
polycrystalline samples were performed using a Jeol
JDX-8030 automatic diffractometer. DIFFRACT-AT soft-
ware and JCPDS files have been used to check for im-
purity phases. Low temperature x-ray measurements
on YNi;B,C were performed using Siemens Kristalloflex
diffractometer (Co tube) with a He-TTK low tempera-
ture attachment. Structural analysis was carried out on a
YNi;yB;C single crystal (0.06 x 0.06 x 0.015 mm?3) using
a Enraf-Nonius four-axis goniometer. Electron diffrac-
tion investigations were performed using a transmission
electron microscope model No. Jeol 2000FX equipped
with an x-ray analyzer (LINK).

The resistivity of the two samples was measured us-
ing the standard four-probe technique. The magnetic
response as a function of temperature (zero field and
field cooled configuration) and as a function of field were
studied using a superconducting quantum interference
device (SQUID) magnetometer (Quantum Design Inc.).
Specific-heat measurements were carried out between 2 K
and 25 K in a home-built automated calorimeter using
the semiadiabatic heat pulse technique.

III. RESULTS AND DISCUSSIONS
A. Structural considerations

Electron diffraction studies were carried out on sam-
ples of YNi;B,C, prepared by crushing the arc-melted
button under CCly in an agate mortar. The diffraction
patterns satisfy the constraint A + k + [ = 2n and are in-
dexable in terms of a tetragonal system (a = 3.54 A e=
10.54 A) These observations are consistent with the cen-
tered tetragonal structure of the material. The absence
of intermediate spots, as compared to those correspond-
ing to the basic structure, rules out the presence of a

superstructure in this system.

Elemental analysis was carried out on the same sam-
ples using the LINK x-ray energy analyzer attached to
the electron microscope. The major phase of the ma-
terial had the expected composition. Some occasional
regions whose diffraction pattern did not confirm to the
tetragonal system were found to contain only Y and Ni.
Moreover, regions containing free B and C were never
detected.

Structural analysis of a single crystal of YNi;B,C was
carried out in which 333 x-ray reflections were mea-
sured. Out of them, 190 reflections were independent.
The centered tetragonal structure of YNi;B,C, derived
from these investigations, is consistent with our elec-
tron diffraction results mentioned above and is in agree-
ment with the structure determined by Siegrist et al.®
YNi;B2C belongs to the space group I4/mmm. Cell con-
stants determined are a = 3.526 A and ¢ = 10.543 A and
Z=2. The free parameter z, of the position of B atoms,
has been refined to be 0.358. Refinement factors are very
good (R = 0.024 and R,, = 0.023). The x-ray diffrac-
tion pattern of a polycrystalline sample of YNi;B,C es-
sentially shows lines (Fig. 1) that are indexed in terms of
the centered tetragonal structure (space group I4/mmm),
with a = 3.524(1) A and ¢ = 10.549(5) A.

As shown in Fig. 1, there are a few faint lines that do
not belong to this structure. In order to identify the ori-
gin of these lines, we carried out an impurity check using
the DIFFRAC-AT program, which revealed YB,C; to be
the main impurity phase. Both the positions and relative
intensities of the impurity lines are indexable in terms of
this phase belonging to the space group P42c. The lat-
tice parameters of the primitive tetragonal structure, a
= 3.784 A and ¢=7.119 A, calculated from the position
of the impurity lines, are in good agreement with those
reported [a = 3.796 A and ¢ = 7.124 A (Ref. 9)]. Traces
of NizC phase were also inferred to be present. Super-
conducting phases, such as YB;12, YBg, and Y,C3, were
not detected.

Figure 1 also shows results of calculations of inten-
sities, using the LAZY-PULVERIX program for YNi;B,C
with atoms distributed in the ThCr,Si, structure as fol-
lows: Y at 0,0,0; Ni at 0, 0.5, 0.25; C at 0.5, 0.5, 0; and
B at 0, 0, z where z =~ %. Calculated intensities are in
good agreement with the observed ones. The quality of
the agreement deteriorates significantly if one does not
consider carbon atoms. As B and C atoms are of rather
similar size, we considered two other possibilities: (1)
exchanging B and C atoms (YNi;C;B), and (2) putting
another C atom at the 0.5, 0, 0 position in the lattice
corresponding to the molecular composition YNi;B,C,.
Accordingly, we prepared samples of nominal composi-
tion YNi;C2B and YNi;B,C, also, by arc melting under
an argon atmosphere. X-ray diffraction of the sample
YNi,C,B shows that it is multiphase but it does con-
tain the YNi;B2C phase. The same is true of YNipB,Cy;
the sample contains YNi;B>C as the major phase; how-
ever, the concentration of the impurity phase YB,C; in-
creases significantly. The impurity phase NizB also ap-
pears. These considerations establish that C atoms in
YNiy;B,C are located at the vacant site 0.5, 0.5, 0 of the
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ThCr,Si, structure.

It is instructive to compare the lattice constants of
YNi;B,C with those of several related materials of
ThCI‘zSiz structure: YM28i2 (M= FC, CO, Nl); YM2B2
(M = Fe, Co) (see Table I). The lattice constant a among
the first three materials and also among the latter two
materials changes only slightly. The ¢ parameter, how-
ever, varies considerably and is minimum for YCo;B;.
One possible reason why YNi;B; does not form (this
work) is that, considering the variation of the parame-
ters of the materials YM,B, (M = Fe, Co), value of c of
the hypothetical YNi;B; would have been much smaller
(~9.3 A) which, perhaps, falls outside the limit of sta-
bility of the ThCr,Si, structure. In fact, most known
materials of ThCr,Si, have ¢ > 9.3 A. Introduction of C
atoms expands the ¢ axis (it is the largest among those
shown in Table I) and helps stabilize the ThCr;Si, struc-
ture. Expansion of the ¢ parameter takes place as the C
atoms in the R plane push away B and Ni planes. There
is a slight shortening of the a axis [compare the a param-
eter, Table I, of YNi;B,C with those of YM;B, (M =
Fe, Co)] which may be due to the strong bonding of C
atoms with R atoms. Both these effects lead to enhanced
anisotropy of the YNi;B,C tetragonal structure.

We also prepared the materials RNi;B,C (R = Ho,
Er, Tm) which have also been recently shown”® to crys-
tallize in the YNi;B,C structure. Their lattice parame-
ters a and c, respectively, are for HoNi;B,C, 3.513(1) A,
10.525(3) A; for ErNi;B2C, 3.503(1) A and 10.560(5) A;
and for TmNi;B,C, 3.485(1) A, 10.591(3) A. It is to be
noted that while the cell constant a does exhibit the usual
lanthanide contraction, the cell parameter ¢ expands in-
stead.

Thermal vibrations of various atoms were deduced
from the diffraction data using ORTEP software. C atoms
have a rather large amplitude of thermal vibration, es-
pecially in the (Y-C) plane [Fig. 1 (inset)], as compared
to that of Y, Ni, and B atoms. Small displacements
of C atoms from their theoretical position and/or off-
stoichiometry of the material also may give rise to the
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- FIG.1. X-ray diffraction pattern on pow-
dered sample of YNi2BC. Lines correspond-
ing to the impurity phase YB.C; are indi-
cated by the symbol (e) above those lines.
Results of our intensity calculations (x) show
good agreement with the observed intensities
when carbon atoms are assumed to occupy
the position (0, 0, 0.5). [Calculated inten-
sity without carbon is shown by the symbol
(—)]- See the text for further details. Inset
shows the structure of YNi;B2C determined
from single-crystal diffraction studies. Ellip-
soids of thermal vibrations of various atoms
as deduced from ORTEP software are shown.
Note the rather large thermal amplitude of
* C atoms in the Y-C plane. Isotropic ther-
mal parameters, deduced from these mea-
surements, are 0.34 A2, 0.30 A2, 0.37 A2, and
0.70 A? for Y, Ni, B, and C atoms, respec-
tively.
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effects in x-ray diffraction that are interpretable as aris-
ing due to large thermal vibrations. In this context, it
must be pointed out that the refinement factor is rather
good.

We have also carried out x-ray diffraction measure-
ments on YNi;B2C at 50 K, the lowest temperature that
we could achieve in our equipment. No crystallographic
transition occurs in the temperature range 300-50 K. The
lattice parameters obtained at 50 K are a = 3.521(1) A
and ¢ = 10.549(4) A. There is essentially no change in
the Ni-B distance (= 2.102 A), which means that the
Ni;B; framework is rigid. The Y-B distance (= 2.905 A
at 300 K) decreases by 0.003 A as the sample is cooled
from 300 K to 50 K. However, the C-B distance (= 1.496

TABLE I. Lattice constants a (A) and ¢ (&) of YNi»B,C
and a number of materials that are structurally related to it.

Material a (&) c(R)
YFe,Siz 3.920 9.920%"
Y Co,Si; 3.892 9.759°
YNi,Siz 3.950 9.530°
YFe;B, 3.546 9.5554
YCo,B: 3.56 9.358°
YNi;B> does not form?’
YNi;B2C 3.53 10.57 (300 K)&
3.524(1) 10.545(5) (300 K)*
3.521(1) 10.549(5) (50 K)f

®D. Rossi, R. Marazza, and R. Ferro, J. Less Common. Met.
58, 203 (1978).

PO. I. Bodak et al., Izv. Akad. Nauk. USSR Neorg. Mater.
7, 41 (1971) [Inorg. Mater. (USSR)].

°W. Rieger and E. Parthe, Monatsh. Chem. 100, 444 (1969).
4G.F. Stpanchikova, Yu. B. Ku’zma, and B.I. Chernjak,
Dopov. Akad. Nauk Ukr. RSR, Ser. A 10, 951 (1978).

°K. Nihara, T. Shishido, and S. Yajima, Bull. Chem. Soc.
Jpn. 46, 1137 (1973).

fThis work.

EReference 8.
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A at 300 K) increases by 0.0025 A and the B-B distance
(2.983 A at 300 K) also increases by 0.005 A.

B. Resistivity measurements

Figure 2 shows the typical results of the resistivity
measurements of YNi;B,C and ErNi;B,C. Several fea-
tures of these measurements must be pointed out:

(i) The resistive transition, T, = 15.3 K in YNi;B,C,
and 10.3 K in ErNi;B;C, is sharp. The width of the
transition (90%-10% resistivity) is = 0.5 K.

(ii) The magnitude of the room temperature resistivity
is large (>100 pf2) for a metallic system. This implies
that the electron-phonon interaction may be rather large.
The resistivity decreases linearly with temperature, down
to 60 K in YNi;B2C and down to 50 K in ErNi;B,C.

(iii) It is noteworthy that the resistance of ErNi;B,C,
if extrapolated linearly from the high temperature side,
passes through the origin. This is observed in many high-
T. superconductors.

(iv) The resistivity of ErNizB2C is higher than the re-
sistivity in YNi;B,C. Magnetic scattering of the carriers
due to Er spins is responsible for this.

We wish to point out that in the measurements car-
ried out on different samples of these materials, there are
variations in the absolute values of the resistivity and its
temperature coefficient. However, all the samples showed
the features mentioned above. These materials are highly
crystalline with preferential orientation of crystallites in
the polycrystal material. We believe that these features
may be responsible for the observed variation from sam-
ple to sample.

High-T. cuprate materials, with T, as low as 10 K,
exhibit a linear temperature dependence of resistivity
down to their T.. Scattering of the carriers from two-
dimensional (2D) antiferromagnetic fluctuations of Cu
spins has been suggested to be one possible mechanism of
this behavior.'® It is not clear to us, at present, if such a
mechanism is operative in these material as well, consid-
ering highly two-dimentional nature of their crystal struc-
ture. If so, it would imply that moments on Ni atoms are
not zero identically and that they are both spatially and
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FIG. 2. Temperature dependence of resistivity (p in

pQcm) of YNi2B2C and ErNi;B2C. It is to be noted that the
extrapolated p(T') in the case of ErNi; B, C passes through the
origin. The inset shows the resistivity near the superconduct-
ing transition temperatures in the two samples.

temporally correlated. More extensive efforts are needed
to clarify such a basic and important question as this
will have bearing on the mechanism of Cooper pairing in
quaternary borocarbides. Recent muon spin resonance
(uSR) experiments on LuNi;B2C and TmNi;B,C sug-
gest that Ni ions do carry a moment, which are inferred
to undergo a magnetic ordering below ~ 1.4 K.11

C. Magnetic susceptibility and magnetization
measurements

Figure 3 shows the magnetic susceptibility as function
of temperature of both the samples in their normal state.
The inverse susceptibility x(7')~! of ErNiyB,C as a func-
tion of temperature is also shown in Fig. 3.

The observed susceptibility x(7T") of YNi;B,C is tem-
perature dependent, suggesting thereby that the mate-
rial is not a Pauli paramagnet. x(T') was fit to x(T) =
x(0) + C/(T + ©,) in the temperature range 15-300 K.
From this fit, pes per Ni atom was obtained to be 0.18up
and O, to be +54 K. The contribution to the suscep-
tibility from the impurity phases may alter these val-
ues. It may be pointed out that, as mentioned earlier,
1SR experiments!! do detect a moment on Ni atoms in
LllNingC.

The inverse susceptibility x(7)~! of ErNizB,C varies
linearly with temperature, suggesting a Curie-Weiss
(CW) behavior of x(T')[= C/(T + ©,)]. pes=9.32up per
formula unit and ©, =~ —2 K were derived from this fit.
It is to be noted that peg is less than that of the Er3+ free
ion (9.59up). One possibility for the reduced magnetic
moment is that Er and Ni moments are strongly anti-
ferromagnetically correlated in the paramagnetic state.
It should be of interest to investigate these and other
related aspects by neutron diffraction measurements.

Figure 4 shows the superconducting diamagnetic re-
sponse of the field-cooled (FC) and the zero-field-cooled
(ZFC) samples of YNi;B,C in a magnetic field of 30 G as
a function of temperature. It can be seen from the figure

,\2.0 NI B L...IH.‘HHIHH:BOA
3 ] L 25
£ 1.5 g

} . ;20\
g 1.0 7 ErNi B,C £ 1° B
~ ] . = 10—
— 0.5 Field 1kG £ . =
~ ] £ N
= 0.0 et 0

0 50 100 150 200 250 300

Temperature (K)

FIG. 3. Temperature dependence of magnetic susceptibil-
ity of the paramagnetic state in an applied field of 5 kG for
YNi;B,C (see the inset; the line is a fit to a CW behavior)
and 1 kG for ErNi>B,C. The figure does not show the dia-
magnetic response due to superconductivity (i) ErNi2B2C as
the sample is field cooled (ii) in YNi;B2C because the data
points are limited to T > T.. Solid circles show the inverse
of susceptibility in ErNizB,C. The line passing through the
solid circles is a Curie-Weiss fit.
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FIG. 4. Temperature dependence of diamagnetic response

of YNi;B;C [unannealed bulk, annealed bulk, and powder
of the annealed sample at a field of 30 G both in zero-field-
cooled (ZFC) and field-cooled (FC) conditions]. The shielding
signal (zero field cooled) is very close to 100% of the perfect
diamagnetism. The figure also shows the effect of annealing
on the diamagnetic response of the material.

that a nearly 100% (of the ideal diamagnetism) shielding
signal is observed in the as-cast and annealed solid sam-
ples and the powder of the annealed sample of YNi;B,C.
The annealed solid sample shows a very small Meissner
signal (close to zero). However, the powder of the an-
nealed sample shows the best (=50%) Meissner signal.
The significant difference between the Meissner signals
of the annealed solid and the powder samples may be
because of a reduction in field trapping due to an en-
hanced surface to volume ratio on powdering. That the
Meissner signal is less than the ideal value may be due to
the possible low value (< 30 G) of the lower critical field
H_; and also due to possible crystalline imperfections.

The magnetization M (H) of YNi;B;C, as a function
of applied field H with 0< H <55 kG, has been measured
at various temperatures 5 K< T' <20 K. The results are
typical of a type-1I superconductor (Fig. 5). Considering
that Hy(T) is the field at which M (H,T) deviates from
linearity, we estimate, from Fig. 5, H.1(T) = 30 G at
5 K. A more detailed study of the magnetic rsponse of
this material is presented in Ref. 12 in which the material
has been examined following various sequences of applied
magnetic field and temperature.

o YNi_B,C 3

- 1 |

s 4 ] 272 3
ap I -

FRE :
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\EJ -4 - 7K F

-8 9K r

= ] 11K |
— 12 —rrrrrrrrprrrrrr e

o0 10 20 30 40 50 60

Magnetic Field (kGauss)
FIG. 5. Magnetization versus field at various tempera-

tures, for both increasing and decreasing fields, in YNi>B2C.
Each run starts with a zero-field-cooled condition. The value
of upper critical field H.2 has been estimated from these mea-

surements. The line is a guide to the eye [see Fig. 6 for
H.,(T)].

We have determined the variation of H¢2(T') with tem-
perature from magnetoresistance measurements.'® The
results of these measurements are shown in Fig. 6. H,.,
at 5 K is ~4.5 T. It should be noted that our data sug-
gest that the temperature dependence of Hc,(T) (Fig. 6)
is different from that of conventional type-II supercon-
ductors (inset, Fig. 6). The slope dH 2(T)/dT is close
to zero at T. and increases with a decrease of tem-
perature in YNi;B,C, whereas in a conventional type-
II superconductor dH.2(T)/dT is nonzero at T, and is
nearly constant for a considerable range of temperature
below 7. (see the inset of Fig. 6). This feature, which
points to an unconventional nature of superconductivity
in YNi;B2C, deserves to be investigated further. With
E(T) = ®o/(2mH2(T)), we estimate a value of the co-
herence length of £ ~ 80 A at 5 K.

The superconducting diamagnetic response of
ErNiy;B,C in as-cast solid and powdered samples is shown
in Fig. 7. The solid sample exhibits a shielding signal,
in the ZFC configuration, which is quite close to that of
perfect diamagnetism. The powdered sample also shows
a good shielding signal (=50% of ideal diamagnetism).
However, noteworthy is the fact that in both the cases,
in the field-cooled configuration, the material exhibits a
positive response down to the lowest temperature. This
is an indication of sufficient field penetration, even at
a field of 30 G, and field trapping. The paramagnetic
contribution of Er spins in the flux lines in the interior
of the material masks the superconducting diamagnetic
response of the material.

There is a small anomaly in the magnetic response of
ErNi,B;C, in the FC configuration, in the neighborhood
of 7 K. We associate this with a magnetic ordering of
Er spins around 7 K (see results below of heat capac-
ity measurements also). In the zero-field-cooled state,
diamagnetism due to superconductivity shields the sig-
nal due to magnetic order. Thus, a magnetically ordered
state of Er spins coexists with superconductivity in this
system. Figure 8 shows the field dependence of M (H) at
5 K in ErNiy;B,C. It crosses zero at a low field of ~400 G.
The magnetism due to Er spins dominates the magnetic
response of the material above this field.

50 { | (! | s

E - 60 ;
5407 7
g 30 3 ] t‘;).’o“ i*
@) . T E
= 20 4 YNi,B,C . E
T ES i % g 6
fant © 10 E Mﬂ(%:;rtno;esv‘:.tiln;elcg)lm - Temperature(K) £
; - M?gnetoreslst?ncle l].;lot . ;

3 rom p vs. T plo e,k

O 1 1 1 l 1
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Temperature (K)
FIG. 6. Temperature dependence of Hcz(T) in YNizB2C

obtained from magnetoresistance measurements (Ref. 13).
Solid squares are values of H., obtained from p vs T data
at various fields and open squares are values of H.z obtained
from p vs H data at various temperatures. The inset shows
the temperature dependence of Hcz(T') in a conventional type-
II superconductor Gdo.2PbMo¢Ss (see Ref. 14, p. 26).
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FIG. 7. Superconducting diamagnetic response in solid
and powdered samples of ErNi;B,C. See text.

D. Heat capacity measurements

Figure 9 shows the molar heat capacity Cp/T of an an-
nealed sample of YNi;B,C plotted as a function of 72 in
the temperature range 5 K< T <22 K. The heat capac-
ity of the as-cast sample of YNi;B,C was also measured.
We find that the anomaly in C, due to superconductivity
is narrower, and occurs at a higher temperature in the
annealed sample, suggesting that the quality of the sam-
ple improves on annealing. This is reflected in the x-ray
diffraction pattern of the material as well and also in its
diamagnetic response.

The data points above the superconducting transi-
tion temperature were fit to the expression Cp/T =
~ + BT? + 8T*, where v and 3 are the coefficients of
the electronic and the lattice heat capacities, respec-
tively. The third term § was added as the C,/T plot
above the transition temperature has a slight curvature.
The results of the fit are v=8.9 mJ/molK2, $=0.163
mJ/mol K%, and §=2.37x10"° mJ/molK®. We obtain
a value of the Debye temperature © p=415 K from the
value of 3. Assuming an idealized superconducting tran-
sition at the midpoint (T2 = 210 K?) of the specific-heat
anomaly, we get AC,/yT. = 3.6. This is much higher
than 1.43, the BCS value for the weak-coupling limit.
Movshovich et al.® report a value of v = 18.7 mJ/mol K2
measured using a single crystal of YNi;B,C. We do not
understand the reason for this difference; v should be in-
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FIG. 8. Magnetization versus field at 5 K, for both in-

creasing and decreasing fields, in ErNizB2C. The run starts
with a zero-field-cooled condition. The inset shows an ex-
panded view of the isothermal magnetisation curve near the
low magnetic field region.

—~ 120 e
o2 ‘ .
4 L YNIZBZC i
i) 90 - Mg
£ L 27 (K) 3
> 60 - 10 20 &
T T ™ =
\E/ 30 L E 80 B |
[ L E 440 & 4
o o) LA et 0.9
0 200 400 600
2 2
T (K")
FIG. 9. Temperature coefficient of heat capacity Cp/T

of YNizB2C as a function of T2. The inset shows Cp/T as
a function of T. Data in the temperature interval 16 K<
T <22 K have been fit to the expression Cp/T = v + BT? +
§T*. The values of the fitting parameters are given in the
text. Data below T., after making the phonon contribution,
are fit to the expression Cp/T = 0.36372. Inset shows the
Cp/T vs T plot.

dependent of whether the material is polycrystalline or a
single crystal. It is interesting to point out that the val-
ues of T, and ©p are very similar to those of PbMogSg,*
which is considered to be a strong-coupling superconduc-
tor. This suggests that strong-coupling effects are oper-
ative in YNiy;B,C. The large value of the ratio T./©Op is
also consistent with this conclusion.'* We wonder if the
large vibrations of C atoms in this system play any role
in the strong electron-phonon coupling.

The heat capacity of YNi;B,C, below the supercon-
ducting transition down to 5 K, follows a linear Cp, /T vs
T? relationship. It should be of interest to extend these
measurements, below 5 K, to check and confirm this tem-
perature dependence of Cp. It may be pointed out that
the power-law behavior of the heat capacity in the su-
perconducting state of heavy fermion systems has been
taken as an indication of unconventional superconductiv-
ity where the symmetry of the superconducting energy
gap is lower than the symmetry of the Fermi surface.!®

The C,/T vs T? plot for ErNi;B,C is shown in Fig. 10.
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FIG. 10. Cp/T of ErNi;B,C as a function of 72. The

inset shows Cp, /T as a function of T'. The large anomaly at ~
6.5 K indicates a magnetic transition of Er spins. The large
~ (indicated by the dashed line, following the fit Cp/T =
176.4 + 0.68T2 + 4.8 x 10~*T* in the temperature range 14—
25 K) is due to crystal field effects. The inset shows the C,
vs T plot showing the jump in C, at the magnetic ordering
temperature.
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The inset of the figure shows C, /T vs T'. A large anomaly
is observed with the peak of heat capacity occurring
around 5.8 K. We interpret this as due to the magnetic or-
dering of Er spins. Since the resistivity does not show any
reentrant behavior below this temperature, and the ma-
terial continues to exhibit a diamagnetic response down
to 5 K, we conclude that superconductivity and magnetic
ordering coexist below ~7 K in this system.

The coexistence of superconductivity and magnetic or-
dering occurs, for example, in ternary rare earth rhodium
borides!” and molybdenum chalcogenides!? and high-T,
superconductors. It is to be recalled that in the ternary
system ErRhyB,4 (7. = 8.2 K), a reentrant transition to
the normal state is observed below the magnetic ordering
temperature (=1.2 K). This is because in ErRh By, Er
spins undergo a ferromagnetic ordering!® and supercon-
ductivity is destroyed below the magnetic ordering tem-
perature. On the other hand, in cases like TmRh4B,4,'®
where Tm ions are known to order antiferromagnetically,
superconductivity is not destroyed due to magnetic or-
dering. These results suggest that it is very likely that
Er spins in ErNi;B,C order antiferromagnetically near
6 K.

The heat capacity anomaly (AC, =500 mJ/mol K) at
the superconducting transition in ErNiyB;C is seen as
a structure at ~ 10.2 K. A small bump in the heat ca-
pacity near 12 K is possibly due to some minor impurity
phase. The C,/T vs T? plot of ErNi;B,C is linear above
180 K? and an extrapolation to T=0 K gives a Cp/T
value of 225 mJ/mol K2. This large value of (Cp/T)r—0,
cannot be attributed to the itinerant degrees of freedom
as the specific-heat jump at the superconducting tem-
perature is too small to be consistent with this value
of (Cp/T)T=0. It is conceivable that the large value of

Cp above 10 K arises due to crystal field effects. Just
as YNi;B2C, ErNi;B,C also should be a strong-coupling
superconductor. However, due to the reasons mentioned
above, it is not possible to obtain a reliable estimate of v
corresponding to the itinerant degrees of freedom. There-
fore it is difficult to comment upon the strength of the
electron-phonon coupling in this system.

IV. CONCLUSION AND SUMMARY

To summarize, we have carried out detailed structural
investigations in YNi;B2C (T, = 15.5 K). Our results
show that there is no superstructure in this system. Car-
bon atoms have a large amplitude of thermal vibrations
in the Y-C plane. The material does not undergo any
crystallographic transition down to 50 K. YNi;B,C has
a high upper critical field H., =50 kG at 5 K. The tem-
perature dependence of H.; in these materials is rather
different from that observed in conventional type-II su-
perconductors. The large values of AC,/yT, and T./©p
suggest strong-coupling effects to be operative in this ma-
terial. The power-law T' dependence of C, below T, sug-
gests that the superconducting energy gap parameter has
zeros on the Fermi surface. More detailed studies are
required to establish the unconventional nature of su-
perconductivity in this system. Superconductivity and
(anti)ferromagnetic ordering coexist in ErNi;B,C below
the magnetic ordering temperature (=7 K).
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