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We have investigated the nearly isotropic superconducting
intermetallic RNi,_ .M B,C system (M =Pd, Pt, and Co, x=
0.05—0.2) by complementary experimental techniques. For
TmNi,B,C, T = 10.7 K and the antiferromagnetic (AFM) order
of the Tm spins develops below 7y =148 K. Pt as a dopant
affects 7 very little, whereas, for M = Pd, T is reduced to 9.9
and 9.1 K for x = 0.05 and 0.1, respectively. For TmNi,B,C and
TmNi, ,Pt,;B,C, the H,, values exhibit a maximum at 3 K.
While the AFM transition for TmNi,B,C at Ty is clearly identi-
fied by specific heat measurements, no specific heat anomaly was
observed for TmNi, ,Pd,;B,C down to 0.8 K, indicating that Pd
as a dopant drastically reduces 7. and Ty of the system. For
ErNi,B,C, Tc =109K and Ty=6.3K (7c>Ty). In ErNi,_,
M _B,C, both Pt and Pd as dopants (x = 0.2) reduce 7 to ~8K
and shift 7\ to ~ 11 K. For M = Co and x = 0.05 T is reduced
to 4.8 K and Ty increases to 8.2 K. For higher Co concentrations
(x=0.2 and 0.5), the compounds are not superconducting, and
Ty increases to 10.9 and 14.8 K respectively. It appears that for
ErNi,_ .M B,C (i) for x=0.2 the same Ty ~ 11.K is obtained
regardless of M, and that (ii) in contrast to R = Tm, all dopants
studied lead to a reduction of 7 and to an increase of T of the
Er sublattice, thus 7. < T. The delicate interplay between super-
conductivity and AFM in this system is discussed. © 1997 Academic

Press

1. INTRODUCTION

The discovery of superconductivity (SC) in RNi,B,C
(R = rare-earth) (1-4) and other quaternary lanthanide
transition-metal borocarbides with critical temperatures
Tc up to 23 K (5) has received great attention because
some members of the series with magnetic rare earths,
R = Dy, Ho, Er, and Tm, are antiferromagnetically (AFM)
ordered at low temperatures. These compounds cry-
stallize in a filled version of the body-centered tetragonal
ThCr,Si, type structure, stabilized by the incorpora-
tion of carbon in the R planes which separate the Ni,B,
layers.

Competition between SC and magnetism has been one
of the main topics of study in the field of SC research.
The striking features of RNi,B,C magnetic supercon-
ductors, which distinguish them from all other known
magnetic superconductors including high T supercon-
ductors, are (1) their relatively high T values (16.2 K
for R =Lu) and (2) their relatively high AFM temper-
ature transitions (Ty) values (Ty = 10.3 K for R = Dy).
In Fig. 1, several T¢ and Ty values are plotted as a func-
tion of the de Gennes factor (DG = (g — 1)2J(J + 1)
normalized to DG =1 for Gd), demonstrating that the
decrease of T¢ and the increase of Ty roughly scales by DG.
This shows the strong correlation between SC and
Ty values and gives evidence for the dominance of
the magnetic pair-breaking effect in the systematic change
of T with R element. It is readily observed, that
for R =Ho, Er, and Tm, T¢ > Tn. On the other hand,
DyNi,B,C is an exception in which Ty > T¢, and the intri-
guing question arises as whether this observation is unique
for R = Dy.

When Ni is partially replaced by a different 3d element
such as Pd, Pt, or Co, T¢ decreases as demonstrated for
RNi,_ M,B,C systems (6,7). The purpose of this paper,
employing several complementary experimental techniques,
is to obtain information about the influence of 3d M substi-
tution (M = Pd, Pt, and Co) on the interplay between SC
(T¢) and magnetism (Ty). In order to answer the question
raised above, we carried out dc and ac susceptibility
measurements on the systems TmNi,B,C (T = 10.8 and
Ty = 1.48 K) and ErNi,B,C (T¢ = 10.7 and Ty = 6.3 K),
and we show that their behavior is quite different. In
TmNi, _ M.B,C, Pt as a dopant affects T very little,
whereas Pd drastically reduces both T and Ty, and for
x = 0.1 we obtain T, = 9.1 and Ty < 0.8 K. On the other
hand, ErNi, - M,B,C serves as a second system in which
Ty > T¢, because all dopants studied (M = Pd, Pt, and Co)
lead to a reduction of T¢ and a shift Ty of the Er sublattice
toT > T¢.
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FIG. 1. The variation of T and Ty values as a function of the de
Gennes factor normalized to Gd for the heavy RNi,B,C system.

2. EXPERIMENTAL

The samples were prepared by arc melting the constitu-
ent elements under argon. Buttons were flipped over and
melted six times to insure homogeneity. The buttons were
sealed in evacuated quartz tubes and annealed at 800 C
for about two weeks. Samples were characterized by pow-
der X-ray diffraction (XRD) and the lattice parameters
obtained by a least-squares fit procedure are listed in
Table 1. Zero-field-cooled (ZFC) and field-cooled (FC) dc
susceptibility measurements at various applied fields (H)
and studies of ac susceptibility (at frequency 10 Hz and field
amplitude 1 Oe) as a function of temperature were per-
formed using a SQUID magnetometer (Quantum Design).
The specific heat measurements at H = 0 T were carried out
using the ac calorimetery technique in the temperature
range 0.8—40 K. X-ray absorption spectroscopy (XAS)

TABLE 1
Lattice Parameters, Phase Purity, and SC and AFM
Transitions of RNi,_ M B,C

Compound a(A®)  c(A°)  Limp/T  Limp/I  Tc(K) Ty (K)
40001 40001 (ascast) (800C) 401  +0.1

TmNi,B,C 3.485 10.588 0.03 — 10.7 1.5

TmNi, 0sPdoosB,C 3488 10598 012 002 9.9

TmNi; 9oPdo.10B,C 3.489 10.595 0.13 — 9.1 < 0.8

TmNi, 0sPlo 0sB,C 3490 10601 006 001 108

TmNi; ¢oPtg.10B.C 3.494 10.612 0.22 0.08 10.5

ErNi,B,C 3.502 10.563 — 10.9 6.3

ErNi; gPd, ,B,C 3.513 10.584 0.07 79 11.1

ErNi, sPto 2B,C 3517 10.613 0.04 8.0 11.0

ErNi; 05C00 05BC 3501 10.555 005 47 82

ErNi, §Co,.,B,C 3.499 10.534 0.02 — 10.9

ErNi, sCoo sB,C 3500 10523 001  — 14.8

measurements were performed at the French synchrotron
radiation facility (LURE) in Orsay, using the X-ray beam of
the DCI storage ring (working at 1.85 GeV and 220 mA) on
the EXAFS D21 station. Experiments were carried out in
the 8600—8700 eV energy range which contain the Ly-edge
of Tm at 300 K. The background was subtracted in a
standard manner (8).

3. RESULTS AND DISCUSSION
A. The TmNiy - .M .B,C (M = Pd and Pt) System

The XRD patterns of samples were taken as cast, and
after 14 days annealing at 900 and 800 C. In Fig. 2 diffrac-
tograms of TmNi; ¢5Pdg 05B,C show that levels of the
main impurity TmB,C, are smaller after annealing at
800°C. Table 1 shows the ratio between the intensity of
the main XRD peak of TmB,C, over the intensity of the
main peak of the compound, before and after the heat
treatment. All magnetic measurements on TmNi, . M,B,C
described below have been performed on these materials.
The samples crystallize in the tetragonal ThCr,Si, type
structure, and the lattice parameters obtained are presented
in Table 1. A small but significant change of the a and
¢ lattice parameters with growth of Pd and Pt or of Co
concentration indicates a steady incorporation of these ele-
ments on Ni sites. The local electronic structure of the Tm
ions in TmNi,_ M, B,C was studied at 300 K by X-ray
Ly; edge absorption studies, and the results obtained are
shown in Fig. 3. Generally speaking, all spectra show
a single line at ~ 8650 eV which is attributed to Tm?>*,
indicating that the substitution of Pd and/or Pt does affect
the Tm valence.

L. The superconducting state. The ZFC and FC mag-
netic susceptibility curves (y(T)= M/H) measured at
20 Oe for TmNi,B,C are shown in Fig. 4. Tc = 10.7 K is
defined as the onset of the sharp decrease in y(T) (Fig.
4 inset). The same criteria have been used for all
TmNi, - .M, B,C samples, and the values obtained are listed
in Table 1. It appears that Pd and Pt as dopants behave
differently. Pt affects T very little, whereas for M = Pd,
Tc varies linearly with x. For x =0.1, we obtained
Tc = 9.1 K. For all materials we measured, (1) the ZFC and
FC y(T) branches at higher applied fields as well as (2) the
magnetization loops as a function of the applied field up to
5T, at various constant temperatures. The values of the
critical fields and of characteristic length scales such as the
coherence and the penetration lengths as well as of different
irreversibility phenomena will be published and discussed
elsewhere.

From the low field part of the magnetization loops in the
ZFC process measured at various temperatures, the lower
critical field (H.,) values can be extracted. Typical low-field
M (H) isotherm curves for TmNi,B,C are shown in Fig. 5.
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FIG. 2. X-ray diffraction patterns for TmNi; ¢5Pdg ¢5B,C as cast after annealing at 800 and 900 C.

Note that the curve measured at 1.8 K lies (for H > 300 Oe)
above that obtained for T =3 K. In the Meissner state
(below H.;), the total negative magnetic moment of a super-
conductor is linear with H, and given by

where V' is the volume of the sample and N is the demagnet-
ization factor. For accurate determination of the deviation
from the linear behavior we have used the parameter p =
4nM/H =V = — 1/(1 — N), which is constant up to applied
field H.,. Plotting the p parameter as a function of H at

M= —H=*V/4n(l — N) [1] wvarious temperatures, using Ap = 0.05 as a criterion for
25
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FIG. 3. X-ray absorption spectra at the TmLy; edge of TmNi,_ M,B,C measured at 300 K.
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FIG.4. ZFC and FC susceptibility measured at 20 Oe for TmNi,B,C.
The SC transition range is expanded in the inset.

deviation from a constant value, we obtained H ;(7T) within
error AH_.; = 5-6 Oe. The values obtained for TmNi,B,C
and TmNi; ¢M, 1B, (M = Pt and Pd) are shown in Fig. 5
(inset). (The lines are a guide for the eyes).

Several characteristic features in H.((T) of TmNi; oM ¢
B, can be pointed out. (1) The estimated H.{(0) ~ 400 Oe is
lower than the 800 Oe obtained for the nonmagnetic R ele-
ments, YNi,B,C and LuNi,B,C (9). (2) For both TmNi,
B,C and TmNi,; oPty 1B,C samples, H.; is suppressed at
low temperatures as T approaches Ty (see below) with
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FIG. 5. Low field data of the magnetization curves at various temper-
atures of TmNi,B,C. The H¢; values for TmNi,B,C and TmNi; ¢ My ¢
B,C (M = Pt and Pd) are shown in the inset Note the decrease at low
temperatures.

400

a broad maximum above Ty which is in common in antifer-
romagnetic superconductors (10). Thus this suppression is
attributed to the interplay between the magnetism of the
Tm?>* ions and superconductivity. It should be noted that
similar behavior has been observed for the higher critical
field H., of TmNi,B,C (11). (3) For TmNi, ¢Pd, {B,C,
a conventional H.,(T) was observed and the experimental
values fit to the empirical equation:

H(T) = Hy(O)[1 — (T/Te)*] with H,,(0) = 352 + 8 Oe.
[2]

II. The Tm magnetic state. Figure 6 displays the temper-
ature-dependent specific-heat data, C(T) measured at H =
0T, of TmNi,B,C at 0.8 K < T <15K. There is a clear
lambda-shaped anomaly with a peak at Ty = 1.477(2)K
that can be associated with the transition of the Tm sublat-
tice from paramagnetism to AFM order. This value is in
perfect agreement with Ref. (11). Note that the SC transition
at Tc = 10.7 K is also well defined. Here, we concentrate
only on the interplay between SC and AFM; therefore, all
the values extracted from this curve such as the magnetic
entropy at 1.5 K (4.8 J/mol K) and the electronic and lattice
terms of the C,(T) will be discussed elsewhere.

Table 1 shows that T is more depressed by Pd than by
Pt. Therefore, a similar C,(T) study on TmNi, ¢Pd, ;B,C
has been performed, and the results are displayed in Fig. 7.
The main effect to be seen is the absence of any magnetic
peak down to 0.8 K (the lowest temperature achieved in our
equipment) which indicates clearly that Pd ions suppress
simultaneously the two critical temperatures T¢ and Ty of
the system. Possible mechanisms leading to this suppression
may be scattering effects, changes in the electronic structure,
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FIG. 6. Specific-heat data measured at H =0 T of TmNi,B,C. The
AFM transition is expanded in the inset.
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FIG. 7. Specific-heat data measured at H =0 T of TmNi, ¢Pd, B,C.

or expansion in the cell dimension of the doped materials
(Table 1). Since pressure measurements on T indicate
(6) that volume effect due a change in the lattice para-
meters is negligible for x < 0.2, we may speculate that the
main reason for the suppression of both critical temper-
atures is the change in the electronic properties. Magnetic
susceptibility measurements performed above T show
Curie—Weiss behavior in all samples due to the paramag-
netic Tm** ions.

(B) The ErNiy - M.B,C (M = Pd, Pt, and Co) System

The lattice parameters and the effect of partial substitu-
tion in ErNi,_ M,B,C on T¢ studied by dc susceptibility
measurements have been reported recently by Bonville et al.
(7). The measurements presented here have been performed
on the same samples. For undoped ErNi,B,C, the critical
temperatures Te = 10.9 K and Ty = 6.3 K are close to each
other; therefore the SC transitions for ErNi, _ .M, B,C were
extracted directly from ac susceptibility measurements
which are not sensitive to the magnetic nature of the Er
sublattice. Figure 8 shows typical ac y(T) and y"(T) of
ErNi,B,C and ErNi, gPt, ,B,C, where T¢ is defined as the
onset of the y” curve. The T values obtained using the same
procedure for all materials studied are listed in Table 1 and
compare well with Ref. (7). It appears that, in contrast to the
TmNi, _,M,B,C system, both Pt and Pd (with the same x)
reduce Tc at the same rate.

On the other hand, for the AFM transitions of the Er
sublattice, we used the dc SQUID magnetometer at ap-
plied fields, higher than the crirical field H,, of the SC
state which is H,,(0) ~15 kOe for ErNi,B,C (12). Figure
9 shows the dc y(T) curves, measured at 10 kOe, and
Tyx = 6.3 K is defined as the merging temperature of the
ZFC and FC branches, where the difference between the
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FIG.8. Acsusceptibility as a function of temperature of ErNi,B,C and
ErNi, sPto ,B,C.

branches becomes less than Ay = 1x 10”2 emu/mol Oe.
This Ty is in perfect agreement with values obtained by
other methods (12).

Shown in Fig. 9 (inset) is an expanded view of the dc ZFC
and FC curves for ErNi; gPty ,B,C measured at 40 Oe. The
sharp decrease in the two branches below 8 K fits perfectly
the onset of the SC state at T = 7.9 K deduced from Fig. 8.
However, irreversibility in the y(T) is observed above T,
and the two branches merge only at 11 K. This irreversibil-
ity is related to the AFM structure of the material, which
orders at Ty = 11 K. Similar behavior is observed in
ErNi, gPd, »,B,C and the same critical temperatures were
achieved (Table 1). We may conclude that substituting
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FIG.9. ZFC and FC susceptibility measured at 10 kOe for ErNi,B,C,
indicating Ty = 6.3 K. The inset shows the ZFC and FC susceptibility
measured at 40 Oe for ErNi, gPt,,B,C, indicating T¢ at 7.9 K and
Ty =11K.
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FIG. 10. Ac susceptibility measurements of ErNi; ¢5C0¢.05B,C, show-
ing Tc at 4.8 K and Ty = 8.2 K.

isoelectronic Pd or Pt for Ni induces roughly the same
volume effect and effect equally T¢ and Ty.

The same phenomenon is observed in the ErNi,_ Co,
B,C system. The ac susceptibility measurements show defi-
nitely that for x =0.05 the onset of SC is T =4.7K
(Fig. 10). Magnetic studies at elevated temperatures
(T > 15 K) clearly indicate that the Co ions are not mag-
netic in these compounds. Therefore, the sharp decrease of
Tc is not a result of magnetic pair-breaking. As Co does not
carry the same number of valence electron as Ni, we believe
that electronic effects are dominant in lowering Tc. More-
over, Fig. 10 shows a peak in the y'(T') curve at 8.2 K. This
peak is attributed to the AFM ordering of the Er sublattice.
The dc measurements confirm this determination. ErNi; ¢
Cog ,B,C does not show bulk SC down to 1.9 K, and our dc
studies (not shown) indicate that Ty = 10.9 K. This means
that in the ErNi; M, ,B,C system, the same Ty = 11(0.1)K
is obtained regardless of M. For ErNi; sCoy sB,C Ty =
14.8 K was obtained, indicating that T\(Er) increases with
increasing Co concentration.

4. CONCLUSIONS

In the TmNi,_ .M,B,C system, dopants such as Pd and
Pt reduce both T and Ty of the samples. In addition, in the

ErNi, . M,B,C system, the common behavior of sup-
pression of T by dopants is also obseved. However, here
these dopants shift Ty to higher temperatures well above T¢.
It appears that the ErNi, - .M B,C system serves as another
example of a system in which Ty > T¢. The intriguing ques-
tions remain as to why the two TmNi,B,C and ErNi,B,C
systems behave differently when they are doped with non-
magnetic elements.
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