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Nonmagnetic ground state of the superconductor PrPt2B2C and magnetic pairbreaking
in La0.9R0.1Pt2B2C „RÄCe, Pr, Nd…
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PrPt2B2C is an unusual superconducting member (Tc;6 K) of quaternary borocarbide family. At high
temperatures, Pr ions are found to carry magnetic moment, but so far no magnetic order is reported. We have
investigated the nature of the electronic ground state of this material~nominal composition PrPt2.1B2.4C1.2)
through magnetic and heat capacity studies. We confirm that PrPt2B2C exhibitsbulk superconductivity below
6 K. Our studies show that~non-Kramers! Pr ions at low temperatures are in the crystal field split singlet
ground state~nonmagnetic! and there is no indication of an induced magnetic moment. In the nonmagnetic
analogue superconductor LaPt2B2C (Tc;10.5 K), we have studied magnetic pairbreaking by magnetic ions
Ce, Pr, and Nd. We find severe pair-breaking caused by Ce ions suggesting an enhanced Ce-4f -conduction
electron hybridization.

DOI: 10.1103/PhysRevB.65.132519 PACS number~s!: 74.70.Dd, 75.20.Hr, 75.30.Mb, 75.40.2s
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I. INTRODUCTION

Following the discovery of superconductivity in Ni-base
quaternary borocarbidesRNi2B2C (R5rare earth!,1–3 Pt-
based quaternary borocarbidesRPt2B2C (R5La, Ce, Pr, Nd,
and Y! were also found.4 Although they are structurally simi
lar to the extensively studied Ni-based quaternariesRNi2B2C
(LuNi2B2C-type tetragonal structure5!, there are significan
differences between the two series. InRNi2B2C, supercon-
ductivity occurs in materials withR5Dy, Ho, Er, Tm, and
Lu, belonging to thelatter half of the rare earth series.3,6 On
the other hand, forRPt2B2C, superconductivity occurs in th
earlier half of the rare earth series—in LaPt2B2C (Tc

;10.5 K) ~Ref. 4! and PrPt2B2C (Tc;6 K).4 Interestingly,
in both the series, for nonmagnetic Y, which from the s
point of view is generally assumed to behave as a heavy
earth ion, both the Ni and Pt members show superconduc
ity (Tc;15.5 and;10 K, respectively!. Further, in the ma-
terial aspect also there is a significant difference. Unlike
compounds, which readily form in the stoichiomentric ra
1:2:2:1, the Pt compounds do not form in single phase w
prepared in the same ratio.4 In order to stabilize the
LuNi2B2C-type phase, either one has to partially substit
Pt by Au, such as LaPt1.5Au0.6B2C ~Ref. 7! or have off sto-
ichiometry in Pt, B, and C, such as LaPt2.1B2.4C1.2.8

Occurrence of superconductivity in PrPt2B2C is one of
the most fascinating features of the Pt-based borocarbide
there are not many Pr-based superconducting compou
For instance, among high-Tc cuprates, superconductivity i
absent in PrBa2Cu3O7. In addition, this material has anoma
lously high Pr-magnetic ordering temperature. Precise na
of the electronic state of Pr ions in this material is still und
discussion.9 More relevant in the present context, is the e
ample of nonsuperconducting PrNi2B2C, where the absenc
of superconductivity may be primarily due to the effect
ionic size/band-structure effects10 though presence o
4 f -conduction electron hybridization has also been show
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this material.9,11,12PrRh4B4 ~which forms under pressure! is
a rare example of Pr compounds which exhibit supercond
tivity ( Tc;4.6 K). It also undergoes a magnetic transition
TN;1.6 K.13

As several other members of the borocarbide family
hibit coexistence of magnetism and superconductivity, it is
interest to know the nature of the crystal field split grou
state of the Pr ions in PrPt2B2C. A crystal field split non-
magnetic singlet ground state, which is possible in Pr31, will
not result in any magnetic ordering if a magnetic momen
not induced by exchange interaction.12

The above considerations motivated us to investigate
ground state of Pr ions in PrPt2B2C. We succeeded in pre
paring single phase material with the starting composit
PrPt2.1B2.4C1.2 and we present here the results of our me
surements. For comparison, the corresponding nonmagn
analog LaPt2.1B2.4C1.2 was also prepared and studied. Fu
ther, we have also investigated the pair-breaking effect
dilute Ce, Pr, and Nd ions in LaPt2B2C.

II. EXPERIMENTAL

As mentioned above, we have used the off stoichiome
method8 for preparing LuNi2B2C-type phase stabilized
samples. Starting nominal composition of our samples w
RPt2.1B2.4C1.2 (R5La, Pr!. This was also the case for th
doped materials La0.9R0.1Pt2.1B2.4C1.2 (R5rare earth!. The
constituents were taken in the desired atomic ratio and w
arc melted under argon atmosphere. The samples w
melted six times and were flipped over each time before
next melting. Loss in weight after the final melting wa
,1%. The ingots, wrapped in tantalum foils and sealed
evacuated quartz ampoules were annealed for seven da
;1100 °C. Magnetization measurements at various fie
and temperatures were carried out using a SQUID magn
meter ~Quantum Design, USA!. Resistivity measurement
were made using the four-probe dc method. Heat capa
©2002 The American Physical Society19-1
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measurements were made using semi-adiabatic heat p
method on a home built automated calorimeter.

III. RESULTS AND DISCUSSION

Powder x-ray diffraction data~XRD! for the samples con
firmed the formation of the LuNi2B2C-type tetragonal phas
in these alloys. For further discussion, we shall refer to
samples asRPt2B2C. Figure 1 shows XRD patterns fo
LaPt2B2C, La0.9Ce0.1Pt2B2C, and PrPt2B2C ~curves have
been shifted up for clarity!. Lattice parameters were refine
using least squares fitting technique, values of thea and c
parameters of the centered tetragonal structure are also g
in the figure. The impurity phase was,1% in all the cases
except for LaPt2B2C where the most intense nonindexab
peak was;5% of the most intense peak of the main pha
La0.9R0.1Pt2.1B2.4C1.2 with R5Sm and Gd resulted in multi
phase materials. This confirms that the phase formatio
the seriesRPt2B2C critically depends upon the size of th
rare earth ions.

FIG. 1. The x-ray diffraction pattern of PrPt2B2C, LaPt2B2C,
and La0.9Ce0.1Pt2B2C.

FIG. 2. The resistivity of RPt2B2C (R5La, Pr! and
La0.9R0.1Pt2B2C (R5Ce, Pr, Nd! from 2 to 300 K ~top!, and en-
larged view of the same below 15 K~bottom!.
13251
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A. Superconductivity and nature of the ground state of Pr ions
in PrPt2B2C

Figure 2~top! shows the resistivity ofRPt2B2C (R5La,
Pr! and La0.9R0.1Pt2B2C (R5Ce, Pr, Nd! as a function of
temperature from 300 K down to 2 K. An enlarged view
the resistivity below 15 K is shown in Fig. 2~bottom!. Room
temperature resistivity of PrPt2B2C (;350 mV cm) is
rather high compared to that of other materials studied h
and so is the residual resistivity;200 mV cm ~the resistiv-
ity just above the onset temperature,Tc,on in the case of
superconducting Pr compound!. We believe that high value
of resistivity may have appreciable contribution from t
sample dependent microstructure. The low-temperature re
tivity data of PrPt2B2C show clearly the occurrence of su
perconductivity withTc,on;6 K (Tc,0;4.4 K). Evidence
for bulk superconductivity in Pr compound is further co
firmed by our zero-field-cooled low field magnetization da
~Fig. 3!. The Tc observed by us in PrPt2B2C and in
LaPt2B2C (Tc;10.5 K) are in reasonable agreement w
those reported in the literature.4

FIG. 3. The low field~50 Oe! magnetizationM /H of RPt2B2C
(R5La and Pr! and La0.9R0.1Pt2B2C (R5Ce, Pr, and Nd!.

FIG. 4. The inverse susceptibility of PrPt2B2C in 5 kOe between
1.8 and 300 K. The upper inset showsM /H in fields of 5 and 50
kOe. The lower inset shows the magnetization at 2 and 10 K
fields up to 55 kOe.
9-2
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Figure 4 shows inverse susceptibility versus tempera
of PrPt2B2C measured in a field of 5 kOe. Above 100 K, th
susceptibility x follows a Curie-Weiss behavior. The da
were least squares fit to the expressionx5C/(T2up). The
effective momentmeff derived from C, is 3.63mB /Pr ion,
and the paramagnetic Curie temperatureup is 233 K. The
value ofmeff is close to the value of the magnetic moment
free Pr31 ion (3.58mB). The large negativeup indicates
dominant antiferromagnetic exchange interaction betw
the Pr ions but we do not observe any magnetic orde
down to 1.7 K in this compound. The relatively large val
of up may therefore be due to crystal field effects. The sh
upturn in the inverse susceptibility below 3 K~seen as a
corresponding sharp drop inM /H in the upper inset of Fig.
4! is due to superconductivity. At 2 K, the sample is diama
netic up to nearly 5 kOe and attains paramagnetic natur
higher fields~lower inset, Fig. 4!. Considering that there ma
be some paramagnetic contribution due to Pr ions,Hc2 at 2
K may be.5 kOe. The nearly temperature independentM
at low temperatures in 50 kOe (.Hc2 at 2 K! ~upper inset
Fig. 4! indicates that the crystal field split ground state is
nonmagnetic singlet. We note that the observed low temp
ture value of susceptibility is comparable to that reported
singlet ground state system PrIn3.14

Heat capacityC of PrPt2B2C and LaPt2B2C is shown in
Fig. 5 asC/T versusT2. The inset in Fig. 5 showsC versus
T up to 50 K in both LaPt2B2C and PrPt2B2C. The anomaly
in the form of a broad hump, beginning at 5 and 10 K f
PrPt2B2C and LaPt2B2C, respectively, corresponds to the s
perconducting transitions in these compounds and confi
the bulk nature of superconductivity. The jump in the he
capacity is not sharp at the transitions and the anomal
broad reflecting the width of broad superconducting tran
tion as seen in the resistivity and magnetization data
cussed above. The heat capacity data of PrPt2B2C is consis-
tent with the nonmagnetic ground state of the Pr ions. A
magnetic transition the heat capacity typically shows a h
peak with a magnitude of several J/mol K. Such a featur
not seen in our data taken between 1.8 and 60 K. The
capacity decreases monotonically with temperature and h
low value of 32 mJ/mol K at 1.8 K. This low value ofC

FIG. 5. The heat capacityC of PrPt2B2C and LaPt2B2C asC/T
versusT2. The inset shows the heat capacity of the two compou
up to 50 K.
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indicates that Pr ions are not likely to order even at low
temperatures. If Pr ions were to order magnetically below
K, an upturn would have been seen in the heat capacity
cursor to the magnetic transition. This conclusion recei
further support from a comparison of the heat capacity
PrPt2B2C with that of the nonmagnetic reference anal
LaPt2B2C ~Fig. 5!. At low temperatures, though the heat c
pacity of PrPt2B2C is higher than that of the nonmagnetic L
analog, they have comparable values, clearly pointing out
nonmagnetic nature of Pr ions at low temperature. We, th
conclude from our magnetization and heat capacity data
Pr ions are in the nonmagnetic singlet ground state
PrPt2B2C. The difference in the heat capacity of the Pr a
La compounds becomes appreciable above 10 K. The ex
heat capacity in the Pr compound that persists up to at l
50 K is the Schottky contribution to the heat capacity fro
the excited crystal field levels.

B. Pair breaking in LaPt 2B2C

It is of general interest to study Cooper pair breaking
magnetic ions in a superconductor. Such a study
La0.9R0.1Pt2B2C is appealing as LaPt2B2C has a rather high
Tc and because Ce and Pr ions exhibit anomalous beha
in their respectiveRPt2B2C (R5Ce and Pr! compounds. Our
investigation here is limited to onlyR5Ce, Pr, and Nd,
since, as mentioned above, we could get single-phase m
rials for these substitutions only. Figure 3 shows the res
of our low field magnetization data in these samples.

The depression ofTc due to 10% substitution of La by P
and Nd ions in LaPt2B2C, as deduced from the susceptibili
data, is 1 and 1.5 K (DTc /Tc;0.1 and 0.15!, respectively.
The magnitude of the depression is less than that observe
the RNi2B2C series; correspondingDTc /Tc by 10% Pr and
Nd substitution in YNi2B2C (Tc516.5 K) is 0.35 and 0.25
respectively.15 In the context of suppression ofTc by Pr and
Nd, we should mention that the band-structure effects h
been cited to be responsible for the nonoccurrence of su
conductivity inRNi2B2C with R as light rare earth elements
including Pr.10 The peak in the density of electronic states
the Fermi level@r(Ef)#, which is a characteristic feature o
the superconductingRNi2B2C (R5Dy, Er, Ho, Tm, Lu, and
also Y!, does not exist amongst the light rare earth memb
However, in the case of PrNi2B2C, the effect of
4 f -conduction electron hybridization also exists,12 which
may further contribute to the suppression of superconduc
ity.

The depression ofTc in Ce doped sample is dramatic. A
can be seen from Figs. 2 and 3, superconductivity is s
pressed by 10% Ce ions at least down to 1.8 K. For nor
trivalent Ce ions, the pair-breaking effect i
La0.9Ce0.1Pt2B2C would have been smaller than that induc
by Pr and Nd ions in La0.9R0.1Pt2B2C (R5 Pr, Nd!. The
large depression ofTc by Ce ions in LaPt2B2C is indeed
surprising considering that Ce ions are trivalent
CePt2B2C, as inferred from ourL III edge16 and magnetic
susceptibility measurements16 and they have effective mag
netic moment (;2.58mB) which is very close to that in the

s
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BRIEF REPORTS PHYSICAL REVIEW B 65 132519
free ionic state. However, we should point out that CePt2B2C
does exhibit an unusual behavior: Its magnetic susceptib
over a wide range of temperature follows a Curie-Weiss
havior but it does not order magnetically at least down to
K. Rather high (;260 K) paramagnetic Curie temperatu
suggests the presence of spin fluctuations in CePt2B2C. Fur-
ther, resistivity of La0.9Ce0.1Pt2B2C sample shows a rise be
low 20 K ~Fig. 2! suggesting occurrence of Kondo effec
possibly with rather low Kondo temperature (TK;10 K).
We suggest that spin fluctuation effects arising fro
4 f -electron hybridization with conduction electrons are
sponsible for the suppression of superconductivity
La0.9Ce0.1Pt2B2C.

The anomalous nature of the suppression of supercon
tivity by Ce in the Pt system is further emphatically se
from the fact that 10% Ce ions in YNi2B2C depressTc by
only about 6 K, even though Ce ions in CeNi2B2C are in
mixed valent state. The absence of superconductivity
CePt2B2C and suppression of superconductivity by Ce
LaPt2B2C is almost identical to the case of YbNi2B2C.17 Yb
ions are almost trivalent in YbNi2B2C and considering the
Tc of its neighboring members, superconductivity is e
pected with aTc of ;12 K but the material does not supe
conduct down to 300 mK. The moderate heavy fermion
havior (g;300 mJ/mol K2) of YbNi2B2C indicates that the
4 f level in this case is close to the Fermi level and is b
lieved to be responsible for the absence of superconduct
in it. We note that g of CePt2B2C is also high
;180 mJ/mol K2.18 Further, a strong depression ofTc is
found in YNi2B2C when doped with Yb ions. Substitution o
0.1 Yb in YNi2B2C depressesTc by 12 K.15

With the condition thatTK is comparable or smaller tha
Tc , one may see a reentrance of superconductivity due to
et

a
f
cs
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Kondo effect in La12xCexPt2B2C as has been seen, for e
ample, in La12xCexAl2.19 It would be therefore very inter
esting to carry out a systematic study of this system to lo
for the possible reentrant superconductivity.

IV. CONCLUSION

Superconductivity in PrPt2B2C is indeed quite remarkabl
considering that only a few Pr-based materials are know
be superconducting. From magnetization and heat capa
measurements, we have shown that superconductivity
PrPt2B2C is bulk in nature. Our results indicate a crystal fie
split singlet ground state with no indication of induced ma
netic moment and therefore magnetic order is unlikely.
the 4f conduction electron hybridization has been sugges
to be one of the reasons for the nonexistence of super
ductivity in PrNi2B2C and because the same phenomeno
responsible for the drastic suppression ofTc by Ce ions in
LaPt2B2C, we conclude that 4f -conduction electron hybrid
ization is negligible in PrPt2B2C.

The depression ofTc by Ce ions is anomalously larg
even though Ce ions appear to be in 31 state in CePt2B2C.
We interpret this as due to the hybridization of Ce-4f 1 con-
duction electrons. We have pointed out the striking similar
of CePt2B2C with YbNi2B2C.
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