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The competition between magnetism and superconductivity was investigated for the recently discovered
RNi,B,C superconductors with the magnetic rare-earth elements R =Tm,Er,Ho,Dy. The systematic decrease of
T., approximately scaled by the de Gennes factor, implies a very weak coupling between the rare-earth
magnetic moments and the conduction electrons due to a small conduction-electron density at the rare-earth
site. Associated with the antiferromagnetic order of the rare-earth moments, a pronounced dip structure in the
upper critical field H_,(T) was observed; a similar structure has been seen in the previously known magnetic
superconductors RRhyB, and RMo¢Sg. For HoNi,B,C, the pair-breaking associated with the magnetic tran-
sition is strong enough to bring about a resistive reentrant behavior even under zero field, an effect which, to
our knowledge, has not previously been observed in antiferromagnetic superconductors.

The discovery of a family of high-T_ boride carbides,
RNi,B,C (R=Lu,Tm,Er,Ho,Y, T.,=16.6 K for LuNi,
B,C), as well as mixed-phase Y-Pd-B-C (7.=23 K) has
provided fresh incentive to drive superconductivity
research.!~* Initial characterization of their superconducting
parameters® has revealed that a moderately high density of
states at the Fermi level, comparable to that of A15 com-
pounds, is part of the reason for the high T'.. The question of
whether or not any exotic mechanism plays a role in these
high-T . superconductors, however, still remains to be settled.
One of their fascinating features is that superconductivity is
observed not only for the nonmagnetic rare-earth elements,
but also for the heavy magnetic rare earths, Tm, Er, and Ho.!
Information on the interaction between the rare-earth mag-
netic moment and the conduction electrons is of benefit in
elucidating the character of the conduction electrons. The
discovery of these magnetic superconductors furthermore
leads one to expect the occurrence of a variety of exotic
phenomena associated with the competition between magne-
tism and superconductivity.

Competition between superconductivity and magnetism
has been one of the main topics of study in the field of
superconductivity research. In conventional s-wave super-
conductors, local magnetic moments break up spin singlet
cooper pairs and hence strongly suppress superconductivity,
an effect known as magnetic pair-breaking. Because of the
pair-breaking effect, in most superconductors the presence of
only a 1% level of magnetic impurity can result in the almost
complete loss of superconductivity.® In a very limited num-
ber of compounds, however, superconductivity occurs even
though magnetic ions with a local moment occupy all of one
specific crystallographic site. This can occur when the crys-
tallographic site for the magnetic ions is well isolated from
the conduction path and therefore the interaction between the
local magnetic moment and the conduction electrons is sub-
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stantially weak. The study of this class of magnetic super-
conductors was initiated by the discovery of RRh,B, (Ref.
7) and RMogSg (Ref. 8) (R =magnetic rare-earth elements),
followed by further discoveries of materials with similar be-
havior. The coexistence of superconductivity and a very high
density of local moments in these compounds results in a
number of exotic phenomena associated with the long-range
order of local magnetic moments, such as reentrant super-
conductivity and anomalous upper critical field behavior.” In
this paper, we demonstrate that the boride carbide supercon-
ductors with magnetic rare-earth elements belong to the
same class of magnetic superconductors as do RRh,B, and
RMogSg, and show the coexistence of antiferromagnetism
and superconductivity.

The RNi,B,C (R =Ho, Er, Tm, Dy, and Tb) samples used
in this study were prepared by arc-melting and subsequent
annealing, as described in our previous paper.! The powder
x-ray diffraction patterns demonstrate that the polycrystalline
materials are single-phase RNi,B,C. Bar-shaped samples
were cut from the ingots for resistivity and magnetic suscep-
tibility measurements. The resistivity measurements were
performed by the conventional four-probe technique, and the
magnetic susceptibility measurements were performed in a
commercial SQUID magnetometer.

In Fig. 1, temperature-dependent resistivities for
RNi,;B,C are shown. As reported previously,! a systematic
decrease of resistive superconducting transition temperature
is observed for RNi, B,C on going from Lu (7,=16.6 K) to
Ho (T.=7.5 K). We observe a small resistivity drop for Dy,
likely due to superconductivity around 2 K, and no trace of
superconductivity for Tb. A noticeable change in the tem-
perature dependence of resistivity can be seen for Dy and Tb
at around 10 and 15 K, respectively. Resistivity measure-
ments under magnetic field and with much higher applied
current indicate that they are not due to superconductivity.
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Indeed, the magnetic susceptibility measurements on these
samples indicate that the resistive anomalies are associated
with antiferromagnetic ordering.

In the inset to Fig. 1, the transition temperatures are plot-
ted as a function of the de Gennes factor DG=
(g—1)2J(J+1), demonstrating that the decrease of T is
roughly scaled by DG. This gives evidence for the domi-
nance of the magnetic pair-breaking effect in the systematic
change of 7, with rare-earth element. In Abrikosov-Gor’kov
theory, which quantitatively describes the magnetic impurity
effect in superconductors, the initial depression of T, due to
magnetic pair-breaking, AT./T., is essentially given by
nI?N(0)DG [n is the number of magnetic moments, / is the
exchange constant, and N(0) is the density of states at the
Fermi level]. Assuming that / is constant for all the com-
pounds and using the density of states y~35 mJ/mol K2,
an exchange constant /~13 meV is estimated from the T,
slope, dT./dDG, seen in the inset to Fig. 1. This exchange
constant is almost comparable to those of RRh;B, and R
MogSg, and is appreciably smaller than is found in the rare-
earth binary intermetallics.'® This implies that the conduction
electron density at the R site is as small as those for the
magnetic cluster compounds. The single-crystal x-ray study
has revealed that RNi,B,C has a layered structure, with al-
ternative stacking of Ni two-dimensional (2D) squared lattice
sandwiched by B layers, and rocksalt-type RC layers.> An-
isotropic upper critical field measurements on single crystals
of the Lu- and Y-based compounds indicate, however, that
the new boride carbide superconductors are, despite their
layered structure, electronically three dimensional rather than
two dimensional.!! We may therefore infer that three-
dimensional conduction between Ni layers is primarily
achieved through B and C 2p orbitals.

Due to the coexistence of superconductivity and rare-
earth magnetic moments, exotic transition behaviors, as are
observed in the existing antiferromagnetic superconductors,
can indeed be seen under a magnetic field for all of the new
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FIG. 2. Temperature-dependent resistivities under various mag-
netic fields for HoNi,B,C, ErNi,B,C, and TmNi,B,C.

magnetic superconductors studied here. Figure 2 shows the
resistive transitions under magnetic field for Tm, Er, and Ho
nickel boride carbides. The most pronounced anomaly is ob-
served in the Ho compound. Under fields below 0.2 T, the
first resistive transition to a superconducting state is seen
above 5 K. Below this first transition temperature, a sharp
resistivity peak suddenly emerges around 5 K. This indicates
that the compound recovers the normal state, and then re-
turns to the superconducting state again at lower tempera-
tures. It is natural to ascribe the observed anomaly to a long-
range ordering of the rare-earth moments. Since the magnetic
ordering coexists with superconductivity at low tempera-
tures, the ordering is very likely to be antiferromagnetic.
Similar anomalies can be seen below 2.5 K and around 5.5
K, for the Tm and the Er compounds, respectively, but only
under a modest field. For the Tm compound, the resistivity
shows a continuous recovery towards the normal state and
does not show any sign of coming back to the superconduct-
ing state down to the lowest temperature measured, 1.3 K.
These anomalous transition behaviors can be summarized,
as shown in Fig. 3, by plotting the upper critical field
H_»(T) curve. The resistive transition temperature at each
field was defined as the midpoint of the transition. For com-
parison we also plot the upper critical field data for the non-
magpnetic Y and Lu compounds,”’ illustrating the very strong
suppression of the upper critical field in the magnetic com-
pounds. In addition to the overall suppression of upper criti-
cal fields, a clear dip in H.,(T) can be seen around 5, 5.5,
and 2.5 K for Ho, Er, and Tm, respectively, reflecting a sud-
den resistivity recovery below the first transition tempera-
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FIG. 3. The upper critical field H_,(T) as a function of tempera-
ture for HoNi,B,C, ErNi,B,C, and TmNi,B,C. The superconduct-
ing temperature at each field is defined as the midpoint of the re-
sistive transition in Fig. 2.

ture. In most antiferromagnetic superconductors, the mag-
netic transition manifests itself as a dip in the H ,(T) curve
as seen in Fig. 3, indicating the presence of strong pair-
breaking near the Néel temperature. The origin of the strong
pair-breaking has been a subject of longstanding debate.’ It is
worth noting that the depression of superconductivity ob-
served for the Ho compound, seen as the dip in the H ,(T)
curve, is particularly significant when compared to the pre-
viously known antiferromagnetic superconductors. For
HoNi,B,C, the resistivity peak in Fig. 2 below the first tran-
sition is seen even under zero field though the resistivity
does not recover to the normal state completely likely due to
sample inhomogeneity. To our knowledge, none of the pre-
viously known antiferromagnetic superconductors show any
resistive reentrant behavior under zero field.

The temperature-dependent susceptibilities for the boride
carbides are plotted as 1/x—T in Fig. 4. At high tempera-
tures, the inverse susceptibility is linear in T, obeying the
Curie-Weiss law x=C/(T+ Ocw). From the Curie constant
C, the effective moment per rare-earth ion, p.g, is estimated
as 7.7ug, 9.8ug, 10.4up, 11.1up, and 9.9 up for Tm,
Er, Ho, Dy, and Tb, respectively, in good agreement with
those expected for free trivalent ions. The extrapolation of
the high-temperature linear part in Fig. 4 gives a positive
Ocw~10.8 K for Tm and negative @ cyw~—2.2, —1.5,
—9.8, and —10.2 K for Er, Ho, Dy, and Tb, respectively.
This implies that, for Er, Ho, Dy, and Tb compounds, the
dominant interaction between the rare-earth moments is fer-
romagnetic. Indeed, at low temperatures, the inverse suscep-
tibility commonly deviates downward from the high-
temperature linear behavior, indicating the development of
ferromagnetic correlation. In the Dy compound which does
not superconduct down to 2 K, the susceptibility decreases
down 10 K as shown in the inset to Fig. 4, indicating anti-
ferromagnetic ordering despite the negative ® . In the su-
perconducting Ho compound, when a magnetic field higher
than H, is applied, a similar decrease in the magnetic sus-
ceptibility is observed below 5 K. This indication of antifer-
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FIG. 4. The inverse susceptibility as a function of temperature
for TbNi,B,C, DyNi,B,C, HoNi,B,C, EmNi,B,C, and
TmNi,B,C. The applied magnetic field is 500 G. Inset: The suscep-
tibility as a function of temperature for DyNi,B,C and
HoNi,B,C. For HoNi,B,C, a magnetic field of 5 kG, which is
higher than the upper critical field H,, is applied to eliminate the
diamagnetic contribution from superconductivity.

romagnetic order occurs exactly at the temperature where the
resistive reentrant behavior appears. This gives strong evi-
dence that the observed reentrant behavior is indeed associ-
ated with antiferromagnetic ordering.!? The observed antifer-
romagnetic ordering temperatures are roughly scaled by the
de Gennes factor DG, as are the superconducting T'.’s.

The observed anomalous behavior of the magnetic sus-
ceptibility, antiferromagnetic ordering despite the negative
Ocw, strongly resembles what has been observed in meta-
magnets like CoCl,,"* where 2D ferromagnetic layers are
weakly coupled antiferromagnetically. We therefore specu-
late that the rare-earth spins are strongly coupled ferromag-
netically within the R-carbon layer and that a weak antifer-
romagnetic coupling between the ferromagnetic layers gives
rise to long-range antiferromagnetic order. The presence of
2D ferromagnetic layers associated with the layered structure
may be part of the reason for the unusually strong pair-
breaking observed near the Néel temperature.

In summary, we have demonstrated competition between
rare-earth magnetism and superconductivity in the new
boride carbide superconductors HoNi,B.C, ErNi,B,C, and
TmNi,B,C. This happens due to a small interaction between
the conduction electrons and the rare-earth magnetic mo-
ments, comparable to those found for previously known
magnetic superconductors such as RRhy;B, and RMogSq,
implying a very low conduction electron density at the R
site. An anomalous depression of superconductivity has been
observed at low temperatures, as has been commonly ob-
served near the Néel temperature in antiferromagnetic super-
conductors. Compared with the previously known antiferro-
magnetic superconductors, the observed suppression is very
significant. In HoNi,B,C, the suppression is strong enough
to bring about resistive reentrant behavior even under zero
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field. We speculate that a very anisotropic spin-spin interac-
tion, associated with the layered structure, in-plane ferro-
magnetic coupling, and antiferromagnetic coupling between
planes, gives rise to the complicated temperature dependence
of the magnetic susceptibility, and possibly the strong pair-
breaking effect near the Néel temperature. A detailed exami-
nation of spin structure is needed to clarify this point. Be-

cause of their layered structure, these materials may be
viewed as naturally occurring ‘“magnet-superconductor su-
perlattices,” distinctly different from the previously known
magnetic superconductors. Whether or not this feature, spe-
cific to these compounds, brings about any exotic phenom-
ena in the competition between magnetism and superconduc-
tivity, is worthy of further exploration.

*Present address: Institute for Solid State Physics, University of
Tokyo, Tokyo 106, Japan.
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