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Magnetism and superconductivity in Y1ÀxTbxNi2B2C single crystals
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The magnetic and superconducting properties in a series of pseudo-quaternary compounds Y12xTbxNi2B2C
were investigated by the temperature-dependent magnetizationM (T) for applied field parallel and perpendicu-
lar to thec axis and by in-plane resistivity,r(T). There was a large anisotropy inM (T), which is attributed to
the crystalline electric field effects. As the Tb concentrationx is increased, the superconducting transition
temperatureTc decreases and disappears rapidly in the vicinity ofx50.4 while the Ne´el temperatureTN

appears abruptly nearx50.4 and increases with Tb content. In addition, the increase ofM (T) at low tem-
peratures belowTN was observed forx>0.4, of which the onset temperatureTWF is regarded as development
of weak-ferromagnetic component.TWF was also in proportion to the Tb contentx accompanied byTN . The
linear decrease ofTc for dilute Tb concentration seems to follow an Abrikosov-Gor’kov expectation, while the
sudden destruction ofTc nearx50.4 seems to have close correlation with the emergence of magnetic states,
i.e., antiferromagnetic and weak-ferromagnetic states. Possible scenarios for the correlation are discussed.

DOI: 10.1103/PhysRevB.63.144528 PACS number~s!: 74.70.Dd, 74.62.2c, 74.25.Ha
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I. INTRODUCTION

The quaternary borocarbidesRNi2B2C (R5Y), rare-earth
elements have been continuously studied after discover
the compounds in 1994 because of not only their comp
tively high superconducting transition temperatures up
Tc'16 K with R5Lu but also the coexistence of superco
ductivity and magnetism.1–3 Even though they have
layered-tetragonal structure alternatingRC sheets and Ni2B2
layers,4 which is reminiscent of highTc cuprate supercon
ductors, electronic band structure calculations demonstr
that they are electronically three dimensional. It was a
shown that Ni 3d electrons predominantly contribute to th
conduction band at the Fermi level, although the electro
contributions from the other elements B and C are
negligible.5,6

Among theRNi2B2C family, TbNi2B2C is not supercon-
ducting above 300 mK but undergoes an antiferromagn
ordering at TN515 K with Tb moments lying in@001#
direction.7 TbNi2B2C exhibited an additional magnetic tran
sition below 8 K in antiferromagnetically ordered sta
which was identified as weak-ferromagnetic transition
magnetization, resistivity, and specific-heat measuremen7,8

Neutron-diffraction measurements also suggested the p
ence of a small-ferromagnetic component.9 The origin of
nonsuperconductivity in TbNi2B2C is still under debate. One
of the possibilities is a noncollinear antiferromagnetic s
structure of Tb moments. In fact, the magnetic hyperfi
field at the Ni site, which could act as the pair-breaking fie
at Ni site, was observed in the Mo¨ssbauer spectroscopy.10

The study of pseudoquaternary compound, Er12xTbxNi2B2C
was reported. It was conjectured that the weak-ferromagn
component does not directly affect the superconductiv
However, it should be noted that there are complications
ground-magnetic structure in above compounds because
0163-1829/2001/63~14!/144528~7!/$20.00 63 1445
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magnetic structure in ErNi2B2C is quite different from the
one in TbNi2B2C.11

Based on the Abrikosov-Gor’kov~AG! theory in the di-
lute magnetic impurity limit,Tc decreases linearly with the
de Gennes factor, (gJ21)2J(J11), wheregJ is the Lande´ g
factor andJ is the total angular momentum of the magnet
impurity element. The de Gennes factor indicates
strength of the exchange coupling between the local m
ments and the conduction electrons. For pure-quatern
compounds,Tc seems to scale well with the de Gennes fac
of the rare earth.12 However, complete breakdown of d
Gennes scaling was reported in pseudoquaternary sys
Ho12xDyxNi2B2C and Lu12xDyxNi2B2C.13 Because Dy
spins in DyNi2B2C, which is in the next site of Ho in the
Periodic Table, have almost the same antiferromagn
structure as the Ho spins in HoNi2B2C,14–16 almost no
change in magnetic structure of Ho12xDyxNi2B2C belowTN

will be introduced by alloying of Ho and Dy. It was notice
that the effective magnetic field at the Ni site will be ca
celled out in antiferromagnetically ordered state by cons
eration of crystal symmetry and magnetic structure
Ho12xDyxNi2B2C system so that the superconductivity c
survive under the antiferromagnetically ordered ground s
in DyNi2B2C.17 On the other hand, for Lu12xDyxNi2B2C,
Lu31 ion seems to act as nonmagnetic impurity in Dy-ri
compound and thus bring about a pair-breaking effect.13,17

It will be of great interest to investigate the supercondu
ing, magnetic properties and their interplay
Y12xTbxNi2B2C compounds. Because the host compou
YNi2B2C, is nonmagnetic, there will be no complication
ground state magnetic structure, such as Er12xTbxNi2B2C. In
this paper, we report magnetic and superconducting m
surements of Y12xTbxNi2B2C single crystals and a system
atic study of the pair-breaking effects in this system.
©2001 The American Physical Society28-1
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II. EXPERIMENTS

Sizable single crystals of Y12xTbxNi2B2C (x50.05, 0.1,
0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, and 0.8! were grown by flux
method using Ni2B as a solvent, as described in det
elsewhere.18 Stoichiometric Y12xTbxNi2B2C mixtures of
high-purity Y ~99.99%!, Tb ~99.99%!, Ni ~99.95%!, B
~99.7%!, C ~99.99 %! were all arc-melted under a flowing A
gas atmosphere and the melted button was flipped over
eral times to have homogeneous mixture. Estimated m
loss during the first arc-melting was less than 1 wt %. T
arc-melted polycrystalline Y12xTbxNi2B2C button was
placed on top of Ni2B fragments in an alumina crucible wit
the mass ratio of approximately 1:1.5, respectively. T
sample assembly was located in the middle of a vertical t
furnace, in which Ar gas was flowing to make oxygen fre
The samples are heated up to 1500 °C and cooled slow
the similar thermal cycle reported elsewhere.18 After comple-
tion of the thermal treatment, Ni2B was solidified in the cru-
cible through congruent melting, with the single crystals b
ing inside the flux. The crucible was placed in a vacuu
sealed quartz ampoule and then the ampoule was heat
1200 °C and stayed for about an hour to make Ni2B melt
sufficiently. The ampoule was taken out of the furnace,
verted and quickly spun in the centrifuge. Then, the crys
were extracted from the liquid flux by mechanical force. A
of the peaks of x-ray diffraction pattern for the pulverize
single crystals were well indexed in terms of tetragonal
tice structure withI4/mmmsymmetry group, indicating tha
they are of single phases without any noticeable impu
peak, which was found in the initial polycrystalline samp
It was shown that the grown crystals are platelike and thc
axis of the single crystals is normal to their flat surface.

dc magnetization measurements were performed wit
superconducting quantum interference device~SQUID! mag-
netometer~quantum design MPMS!. The zero-field electrica
resistivity was measured by standard four-probe met
under the temperature and field control of the SQU
using Keithley dc current source and Hewlett Packard na
voltmeter.

III. RESULTS

Figure 1 shows the temperature-dependent magnetiza
of Y12xTbxNi2B2C compounds in an applied field,H
510 kG, parallel (Hic) and perpendicular (H'c) to the c
axis for x50.1 and 0.6. Similarly for allx values, including
x50.1 and 0.6, the anisotropy between (Hic) and (H'c)
becomes pronounced as the temperature goes down.
magnetization for (H'c) is much larger than for (H ic) as in
TbNi2B2C, indicating that Tb spins lie predominantly in th
plane normal toc axis. This anisotropy is attributed to th
crystalline electric field~CEF! effect, which is the electro-
static effect due to the surrounding charges.19 Although both
curves at high temperatures follow the Curie-Weiss la
M /H5C/(T2u) whereu is the Weiss temperature, and C
rie constant,C5Nme f f

2 /3kB with N of the number of Tb ion
per mole formula unit, significant deviations are observed
low temperatures. Forx<0.3, a slight deviation ofM /H
14452
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from the Curie-Weiss law, which is shown in the inset
Fig. 1~a! near T59 K, is attributed to its superconductin
diamagnetism. However, forx>0.4, the magnetization
shows saturation behavior at low temperatures due to
antiferromagnetic~AF! ordering of the Tb moments, as i
Fig. 1~b!.

The inverse-magnetic susceptibilityx21[(M /H)21,
which is plotted in Fig. 2, is linear at high temperatures b
deviates from the linear Curie-Weiss behavior at low te
peratures. We have found two parametersme f f and u by
fitting the susceptibility data to the Curie-Weiss law in hig
temperature region above 100 K for eachx, as shown by the
fitting lines in Fig. 2. The values ofme f f for both field ori-
entations, which are listed in Table I, are within'5% of the
theoretical effective magnetic moment,me f f59.72mB for an
isolated Tb31 ion, except forx50.3. The difference of theu
values between the field orientations is mainly again due
the CEF effects. According to the point charge model
CEF, the sign of (u'2u i) is a decisive factor in determining
the easy axis. Thus, the positive values of (u'2u i) for all x
indicate the easy magnetic plane normal to thec axis in
Y12xTbxNi2B2C.

FIG. 1. Magnetization as a function of temperature for sin
crystals in an applied-magnetic fieldH510 kG for H'c ~filled
circles! and for Hic ~open circles! for ~a! Y0.9Tb0.1Ni2B2C, ~b!
Y0.4Tb0.6Ni2B2C. Inset: Expended plot in low-temperature region
8-2
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MAGNETISM AND SUPERCONDUCTIVITY IN . . . PHYSICAL REVIEW B63 144528
Large anisotropy was also observed in the field-depend
magnetization, M (H), for the applied fields of 0<H
<50 kG for Hic andH'c. A magnetic field induced phas
transition atT52 K for H'c near H518 kG, which ap-
pears broadly for small concentration of Tb, became m
pronounced atx50.8, as seen in Fig. 3~a!. This manifests
field-induced ferromagnetic transitions from AF state. Mo
over, theM (H) curve forx50.8 shows nonlinear behavio
at 2 K and in the low-field region as shown in the inset
Fig. 3~a!. Considering the weak-ferromagnetic state
TbNi2B2C, this nonlinearity ofM (H) can be attributed to
the development of weak-ferromagnetic component. The
trapolation of the linear magnetization for 5 kG<H
<10 kG to the zero field gives a spontaneous ferromagn
component of'0.16mB , much smaller than the value o
'0.5mB in TbNi2B2C. The magnetization forH'c at low
temperatures is saturated at high fields. The saturated
ments atT52 K were 8.27mB , 7.64mB , 8.13mB , 10.69mB ,

FIG. 2. Inverse magnetization as a function of temperature f
single crystal of Y0.4Tb0.6Ni2B2C from the data in Fig. 1~b! for
H'c ~filled circles! and forHic ~open circles!.
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6.76mB , 7.72mB , 7.99mB , and 7.78mB for x50.15, 0.2,
0.25, 0.3, 0.4, 0.5, 0.6, and 0.8, respectively, which are
nificantly smaller than the theoretical value of 9mB for an
isolated Tb31 ion except forx50.3. There may be anothe
field-induced magnetic transition at higher fields than 50 k
The high-field transitions were observed in HoNi2B2C and
the transition fields depended upon the field angle within

a

FIG. 3. Magnetization~M! as a function of applied magneti
field for a single crystal of Y0.2Tb0.8Ni2B2C at several temperatures
~a! H'c, ~b! Hic. Inset: Expended plot in low-field region. Not
the differentM scale for~a! and ~b!.
or

TABLE I. Weiss temperatures (u) and effective-magnetic moments (me f f) for magnetic fields parallel

and perpendicular to thec axis in crystals of Y12xTbxNi2B2C. The values are obtained by fitting the data f
each sample to the Curie-Weiss equation,M /H5C/(T2u) andC5Nme f f

2 /3kB ~see text!.

x u ~K! (H'c) u ~K! (Hic) me f f(mB /Tb)(H'c) me f f(mB /Tb)(Hic)

0.05 210.6660.91 280.4560.54 9.6060.60 10.2060.40
0.1 14.7161.06 245.1960.45 9.8060.80 9.9060.40
0.15 9.9060.49 259.7460.15 9.9360.53 10.260.27
0.2 2.4660.26 254.6660.28 9.7560.35 9.760.35
0.25 7.8060.12 249.4160.25 9.6060.24 10.0860.32
0.3 2.6060.34 250.9760.42 12.0060.47 11.8060.50
0.4 5.7160.74 242.5060.60 10.1860.55 9.7560.60
0.5 10.4060.18 252.4460.47 9.7860.28 10.1660.42
0.6 8.7960.32 254.0060.55 9.6560.37 10.0760.45
1.0 16.0061.00 260.0061.00 9.7060.10 9.9060.10
8-3
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B. K. CHO, H. B. KIM, AND SUNG-IK LEE PHYSICAL REVIEW B63 144528
plane normal toc axis.20 The large value of saturated ma
netization forx50.3, together with the largeme f f in Table I,
is still in question and under study. A simple possible exp
nation is that the Tb31 ion in x50.3 compound, somehow, i
influenced by polarization of the conduction electron sp
due to the exchange interaction between the local mom
and the conduction electrons. The question is why the po
ization is unique inx50.3? Contrary to Fig. 3~a! for H'c,
M~H! in Fig. 3~b! for Hic shows an ordinary paramagnet
behavior. It seems that applied fields along a hard axis
dom have an influence on magnetic ordering of Tb ions.

In order to identify the magnetic ordering transitions, w
have measured the temperature-dependent magnetiza
M (T), for H5100 G (H'c). The AF-ordering temperatur
TN defined by the maximum slope of the magnetizat
curve near the transition, can be seen fromx50.4 and is
obviously increased with Tb doping, as shown in Fig. 4~a!.
Moreover,TN has linear dependence on the de Gennes
tor, which is consistent with the Ruderman-Kittel-Kasuy
Yosida ~RKKY ! indirect exchange model for AF transition
The de Gennes factor for the compounds studied in this
per is weighted by Tb concentration. TheTN is suppressed
gradually as the external field is increased up to 10 kG

FIG. 4. ~a! Normal-state magnetization as a function of tempe
ture in applied field H5100 G (Hic) for single crystals of
Y12xTbxNi2B2C. ~b! Neel temperatureTN versus de Gennes facto
D5(gJ21)2J(J11), determined from the data in~a!.
14452
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plotted in Fig. 4~b!. For x50.4, TN andTc are so close tha
it is difficult to distinguish them in magnetization data ne
T55.5 K.

In addition, anomalous increasing behavior inM (T) at
low temperatures belowTN is observed forx>0.4 as seen in
Fig. 4~a! and enhanced with increasing Tb concentratio
Together with the data of TbNi2B2C in Refs. 8–10 and
weak-ferromagnetic component found inM (H) curve in Fig.
3, the onset of the increase inM (T) at lower temperatures is
regarded as indication of development of wea
ferromagnetic component, defined asTWF .

To investigate the superconductivity of these materia
low field magnetization measurement was performed on e
sample forHic, where the superconductivity is well ob
served with minimum obstruction by the magnetic contrib
tions of Tb31 ions. In Fig. 5, for the case ofx50.1, zero-
field-cooled ~ZFC! magnetization data, remarkably lowe
than field-cooled~FC! data, shows distinct diamagnetic ma
netization at temperatures below 13.4 K.Tc was determined
by the onset of the diamagnetic drop of ZFC magnetizati
In FC magnetization data, a small bump aroundTc in Fig. 5
is observed, which seems to arise from spin alignment by
external field penetrating into the imperfect superconduc
during the superconducting transition. Moreover, an anom
lous paramagnetic Meissner state was occasionally dete
in FC magnetization measurement for some cases ox,
which can be attributed to significant field inhomogeneity
low-magnetic field in our measurement system. In ZFC m
netization data of Fig. 5, the volume fraction for magne
shielding is more than 100% due to the demagnetization
fect, which is not corrected in this paper.

The relative in-plane electrical resistivity as a function
temperature in the zero-applied field is plotted in Fig. 6.
shows that a sharp superconducting transition aboveT
52 K exists up tox50.4 and vanishes forx>0.5. TheTc

-

FIG. 5. Superconducting volume magnetization as a function
temperature for a single crystal of Y0.9Tb0.1Ni2B2C in an applied-
magnetic field,H510 G (Hic). Both field-cooled~FC! and zero-
field-cooled~ZFC! data are shown.
8-4
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MAGNETISM AND SUPERCONDUCTIVITY IN . . . PHYSICAL REVIEW B63 144528
was determined by an intersection of the maximum slope
the transition with normal-state resistivity near the sudd
drop. TheTc rapidly decreases with increasing Tb conte
which is similar to the results from the low-field magnetiz
tion data. In high-temperature range, normal-state resisti
shows linear temperature dependence as that of typ
metal. High residual resistivity ratios,r(300 K)/r(T), in
Table II, indicate that this sample is of good quality, as
TbNi2B2C of r(400 K)/r (2K)519. We could not clearly
distinguish any resistance loss in terms of magnetic sca
ing near AF transition.

The transition temperatures,Tc , TN , andTWF as a func-
tion of the de Gennes factor are all together exhibited in F

FIG. 6. Normalized in-plane electrical resistivity as a functi
of temperature in zero-applied magnetic field for single crystals
Y12xTbxNi2B2C.

TABLE II. Residual resistivity ratio for crystals o
Y12xTbxNi2B2C. The resistivity measurement is carried out
zero-applied magnetic field in plane normal toc axis.

x Residual resistivity ratio

0.05 rab(300 K)/rab(16 K)511.6
0.1 rab(300 K)/rab(14 K)59.15
0.15 rab(300 K)/rab(13.5 K)58.94
0.2 rab(300 K)/rab(13 K)58.94
0.25 rab(300 K)/rab(12 K)56.64
0.3 rab(300 K)/rab(12 K)57.8
14452
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7. The de Gennes factor for the Y12xTbxNi2B2C compounds
is scaled with Tb concentration. As Tb concentrationx is
increased,Tc is reduced and disappears nearx50.4, while
TN is linearly increased abovex50.4 andTWF is gradually
enhanced abovex50.4 at lower temperatures. This diagra
is quite different from the polycrystalline data of Bitterlic
et al.21 The transition temperatures of polycrystals in Ref.
are a little bit lower and less clear than those of single cr
tals in this paper. While theTc variation shows similar be-
havior for both cases, significant difference between the
cases is found in the magnetic transition temperatures.
TN and TWF in this work are found for wider range of Tb
concentration than those in Ref. 21, resulting in the narr
range of overlapping of magnetism and superconductivity
x50.4.

IV. DISCUSSION

It was shown that the large anisotropy inRNi2B2C com-
pounds mainly is due to the CEF splitting of the grou
multiplets of R ion.19 In the RNi2B2C compounds, the
crystal-field Hamiltonian can be expressed as

HCEF5B2
0O2

01B4
0O4

01B4
4O4

41B6
0O6

01B6
4O6

4 , ~1!

where theBn
m are CEF parameters to be determined exp

mentally and theOn
m are Stevens equivalent operator

Among the CEF parameters, the first termB2
0 is dominant

and the initial estimation of the value ofB2
0 is important in

analyzing the anisotropicM (T) in a CEF scheme. Wang an
Boutron showed that only theB2

0 term among the terms in
the CEF Hamiltonian contributes to the high-T Weiss tem-
peratures in single crystals withR.22

f

FIG. 7. Transition temperatures,Tc , TN , andTWF , as a func-
tion of de Gennes factor,D5(gJ21)2J(J11), from magnetization
and resistivity measurements for single crystals of Y12xTbxNi2B2C.
8-5
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From the expansion of the susceptibility as a power se
in 1/T, the value ofB2

0 can be calculated from the differenc
betweenu i andu' using the relation

B2
05

10

3~2J21!~2J13!
~u'2u i!, ~2!

whereJ is the total angular momentum of the isolated io
The above equation is derived based on the assumptio
uncoupled ions, i.e., no exchange interaction between r
earth ions. In addition, it was shown that the anisotro
exchange interaction between Ho31 ions in HoNi2B2C is in
part responsible to the observed magnetic anisotropy.19 It is
plausible for us to use the value of (u'2u i) for dilute Tb

concentration compounds to evaluate theB2
0 value because

the exchange interaction is expected to be neglig
in Y12xTbxNi2B2C (x!1) compared to that in
Y12xTbxNi2B2C (x'1) due to the dilute concentration o
Tb31 ions in the former compounds, whereas the CEF
fects should be nearly same in the two crystals. By using
Weiss-temperature in Y12xTbxNi2B2C (x50.05,0.1),B2

0 is
found to be 1.43 K and 1.21 K, which is smaller than t
B2

051.54 K for TbNi2B2C. Therefore, it can be conjecture
that the anisotropic interatomic exchange interaction act
cause larger difference of Weiss-temperatures betweenHic
andH'c.

The superconducting and magnetic transition tempe
tures are together plotted versus effective de Gennes fa
of Y12xTbxNi2B2C in Fig. 7. As can be seen, the stron
correlation exists between each transition temperature
Y/Tb concentration ratio and between superconducting tr
sition and two magnetic transitions. For low concentration
Tb31 (x<0.25), linear dependence ofTc in terms of de
Gennes value is observed as can be expected by Abriko
Gor’Kov ~AG! theory that describes the magnetic impur
effect on the superconductivity in terms of the exchange
teraction between localized magnetic electrons and con
tion electrons forming superconducting pair belowTc . The
initial reduction ofTc due to magnetic pair breaking is give
as

Tc

Tc0
512

c

2

N~0!I 2

8kBTc0
c8S 1

2DD, ~3!

where c is the concentration of the magnetic impurit

c8( 1
2 )54.96 is a derivative of digamma function evaluat

at 1
2 , N(0) is the density of states at the Fermi level andI is

the exchange constant between the local and conduc
electron spins. TheN(0) of theRNi2B2C compounds should
be very similar to theN(0) of LuNi2B2C, differing only by
the filling of the 4f levels which was shown not to contribu
to the conduction band.5,6 The density of states at the Ferm
level can be estimated to be 7/eV per formula unit from
measuredg'19 mJ/mol K2 for YNi2B2C and for LuNi2B2C
that is larger than the value of'4.8/eV per formula unit
from electronic band calculation. Using the approximate i
tial slope of reduction ofTc with de Gennes factor in Fig. 7
for Y12xTbxNi2B2C, the exchange constant is found to
I'11.5 meV.
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The de Gennes scaling of allTc , TN , andTWF indicate
that the electronic and magnetic properties
Y12xTbxNi2B2C compound are closely correlated by th
same origin of the exchange interactions between locali
magnetic moments and itinerant conduction electrons.
great interest is the behavior of each transition atx50.4 in
Y12xTbxNi2B2C. Sudden disappearance of superconduc
ity above x.0.4 seems to have close correlation with a
pearance of both AF ordering and weak-ferromagnetic co
ponent. For the single crystal of Y0.6Tb0.4Ni2B2C, all of three
ground states, superconductivity, AF state, and weak fe
magnetic component are observed simultaneously as
perature is lowering belowTc . Because of the coexistence o
the three ground states, the sudden suppression of supe
ductivity nearx50.4 seems to be closely related with a
pearance of magnetic state.

Contrary to AG scheme for the dilute Tb31 concentration,
it is unlikely that the exchange pair breaking effect can
considered as a main contribution to pair breaker, i.e.,
concentration ofx50.4 is enough to give de Gennes fact
above the critical value in AG universal curve. Recen
critical de Gennes value of Er12xTbxNi2B2C compounds is
estimated to be around 5.2, which is larger than the
Gennes factor for Y0.6Tb0.4Ni2B2C. However, the estimation
was made under the assumption of different exchange i
gral depending upon the rare-earth element. Our estima
of exchange integral of 11.5 meV, which is 0.75 eV Å3, is
smaller than the one from the Ref. 23,I 50.89 eV Å3, so that
the critical de Gennes factor even should be larger than t
estimation. It was also shown that the confinement of m
netic moment in the plane perpendicular to thec axis due to
CEF effect, which is shown in Figs. 1 and 2, makes t
exchange interaction less effective as a pair breaker.

Another explanation of disappearance of superconduc
ity is related with the emergence of AF ordering. The ph
nomenological theory is recently developed to explain theTc
variation in terms of de Gennes factor in Ho12xDyxNi2B2C,
utilizing the magnetic structure in AF state.17 In the case of
pure TbNi2B2C, belowTN , three of the Tb moments that ar
the nearest neighbors of Ni atom align in the@100# direction
and one of them is in opposite orientation. A net magne
field at the Ni site, which is located at the center of tetrah
dron, composed of the nearest rare-earth ions and ma
contributes to the superconductivity, is not completely ca
celled by the AF ordering. There is a possibility that t
pair-breaking belowTN is brought about by the remnant fiel
at the Ni site. Hence, this model can explain the sudd
quench of superconductivity nearx50.4 in Y12xTbxNi2B2C.
In addition to the AF ordering, the weak ferromagnetic co
ponent also appears at the same composition. Although
weak ferromagnetic component seems not to directly af
the pair breaking in Er12xTbxNi2B2C,23 it should not be
ruled out the detrimental effect of weak ferromagnetic co
ponent to the superconductivity in Y12xTbxNi2B2C.

V. CONCLUSION

Full series of Y12xTbxNi2B2C crystals represents variet
of magnetisms and superconductivities, which were see
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The superconductivity, AF-ordered state and we
ferromagnetic state are observed clearly depending upon
Y/Tb concentration ratio. The three transition temperatu
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quench of superconductivity accompanies the emergenc
the magnetic states, the superconducting pair breaking se
to be more complicated than the AG exchange interactio
x'0.4. Not only exchange interaction from AG theory b
also interaction with magnetism of AF state and wea
ferromagnetic component should be considered altoge
for the detailed model for the pair-breaking
Y12xTbxNi2B2C.
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