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A series of single-phased Dy1−xTmxNi2B2C �x=0–1� compounds were prepared by an arc-melting method.
The superconductivity and magnetic properties have been investigated by measuring electrical resistivity,
magnetization, and specific heat. The superconducting transition temperature Tc decreases rapidly with increas-
ing x, and shows a minimum around x=0.15, then increases gradually with a further increase in x. The
magnetic transition temperature TM gradually decreases with increasing x. The effective magnetic moment �eff

gradually decreases with increasing x and agrees with the estimation assuming the free ion values of Dy3+ and
Tm3+ states, indicating that the change in the electronic structure of Dy and Tm ions is very small. The present
results together with previously reported Dy1−xRxNi2B2C �R=Ho, Tb, Y, and Lu� systems were discussed and
well explained in the frame of Abrikosov and Gor’kov theory and the field cancellation effect at Ni sites.
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I. INTRODUCTION

Since the discovery of quaternary nickel boroncarbides
RNi2B2C �R=Y or rare earth� in January 1994,1–3 these com-
pounds have attracted considerable attention by several
groups. The compounds crystallize in the tetragonal
ThCr2Si2-like structure, which can be displayed as a frame
with alternating R-C and Ni2B2 layers. Despite this layered
structure, band-structure calculations have shown a three-
dimensional electronic behavior.4,5 The compounds have a
multiband character, and the 3d electrons at Ni are major
charge carriers and mainly contribute to superconductivity,
even though the contributions from other bands are not ig-
norable. According to previous reported results,1–16 the Pr,
Nd, Dy, and Ho systems have commensurate antiferromag-
netic structures, and the Gd, Tb, Er, and Tm systems form
incommensurate magnetic structures. Among these com-
pounds, the Y, Lu, Dy, Ho, Er, and Tm systems exhibit su-
perconductivity. For the Dy, Ho, Er, and Tm systems, super-
conductivity coexists with magnetic order; the ratio of
superconducting transition temperature �Tc� to antiferromag-
netic ordering temperature TN ranges from Tc /TN=7.0 for
Tm to 0.60 for Dy systems.

Early studies suggest that at least for the quaternary par-
ent compounds, TN as well as Tc can be well scaled with the
de Gennes �dG� factor �gJ−1�2J�J+1�, where gJ is the Landé
g factor and J is the total angular moment of the R3+ ion
estimated for the Hund’s rule ground state.9–12 This scaling
of TN can be understood in terms of the conduction-electron-
mediated Ruderman-Kittel-Kasuya-Yosida coupling between
rare-earth ions, which is an exchange interaction between
localized magnetic spins and conduction electrons.14,15 The
linear dependence of Tc on the dG factor is consistent with
the predictions of the Abrikosov-Gor’kov �AG� theory17 of
the pair-breaking effect by magnetic impurities. According to
the AG theory, Tc is rapidly suppressed with the increasing of
dG. In pure RNi2B2C, in which the magnetic elements R are
located on regular lattice sites, Tc decreases monotonically
with the increasing of dG from R=Y�Lu� to R=Dy.14 Also,

for mixed R1−xRx�Ni2B2C systems, superconductivity is sup-
pressed as the effective dG �dGeff� factor, dGeff= �1−x�
�dG�R�+x�dG�R��, increases as long as the Tc is higher
than TN as predicted by the AG theory. However, it has been
reported that for several pseudoquaternary R1−xRx�Ni2B2C
systems the de Gennes scaling of Tc or/and TN breaks down
entirely.16,18–23 It should be noted that in the case of R=Dy,
superconductivity appears in the magnetic ordered state and
in this case, AG theory still valid or not is an open
question.14,19,20 Very recently, a reversible giant magnetoca-
loric effect were observed in Dy0.9Tm0.1Ni2B2C.24 The mag-
netic phase transition TM and superconducting transition
temperature Tc are 9.2 K and 4.5 K in Dy0.9Tm0.1Ni2B2C,
respectively, lower than those in DyNi2B2C.24 This behavior
was similar to that of nonmagnetic substituted
Dy1−xLuxNi2B2C system.16,22 Thus, Tm substitution to the
Dy site in DyNi2B2C system may be another typical candi-
date to study the coexistence and competition of magnetism
and superconductivity. To further understand these phenom-
ena clearly, in this paper we report a systematic study of
superconductivity, magnetic, and thermodynamic properties
in Dy1−xTmxNi2B2C �x=0–1� system, and the phase diagram
is determined.

II. EXPERIMENTAL PROCEDURE

Polycrystalline samples of Dy1−xTmxNi2B2C �x=0–1�
were prepared by an arc-melting method using a tungsten
electrode under an argon atmosphere. First, we melted the
stoichiometric amounts of Dy, Tm, Ni, B, and C on a water-
cooled copper hearth. The weight loss of the sample was
attributed to boron and was accordingly compensated. Then,
the sample was melted more than six times for homogeneity.
The total weight loss of the sample obtained by this method
is less than 0.5%. Then the samples were finally annealed at
1323 K for 72 h in evacuated quartz tubes. All the samples
have the same LuNi2B2C-type structure with a space group
of I /4mmm which was confirmed by x-ray powder-
diffraction experiment. The samples were cut into rectangu-
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lar pieces for measurements of electrical resistivity, which
was carried out using a standard four-probe technique in the
temperature range from 1.8 to 20 K. Magnetization measure-
ment were carried out using a superconducting quantum in-
terference device �Quantum Design magnetic property mea-
surement system� in the temperature range from 2 to 300 K.
Specific heat measurements were carried out by the adiabatic
heat relaxation method in the temperature range from 2 to 30
K using the physical property measurement system �Quan-
tum Design�.

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of normal-
ized electrical resistivity ��T� /��20� for Dy1−xTmxNi2B2C
�x=0–1� system from 2 to 20 K. For the samples with x
=0.15 and 0.20, the presently studied temperature seems not
sufficiently low enough to make the resistivity zero but the
observed significant drop of resistivity in the low-
temperature region is most likely due to superconductivity.
Figure 2 shows the temperature dependence of low-field dc
magnetization �H=3 mT� for Dy1−xTmxNi2B2C �x=0–1�
system from 2 to 20 K. For the superconducting samples, the
low-field dc magnetization becoming negative or a signifi-
cant drop was found near Tc. The clear � shape behavior for
some samples show the antiferromagnetic transition. A clear
change in the slope of ��T� curves �Fig. 1� was also observed
in the vicinity of the magnetic transition temperature. Figure
3 shows the temperature dependence of the specific heat C
for Dy1−xTmxNi2B2C �x=0–1� system. The large peaks of C
are ascribed to the contributions from the magnetic transi-
tions. The peak heights decrease and their position shift to-
ward lower T with increasing x. The contributions of the
superconducting transitions to C seem too small to be seen
except for x=0.9 and 1.0. The superconducting transition
temperature Tc and magnetic transition temperature TN as a
function of x and the dGeff factor �which was calculated

using dGeff= �1−x��dG�Dy�+x�dG�Tm�� for
Dy1−xTmxNi2B2C �x=0–1� system are shown in Fig. 4. We
can note that Tc decreases rapidly with increasing x and
shows a minimum around x=0.15 �dG factor �6.2�, then
increases gradually with a further increase in x, i.e., a totally
break down of dG scaling. The magnetic transition tempera-
ture TN deduced from C�T� curves was consistent with that
from low-field M�T� curves, and TN gradually decreases with
decreasing dG factor �increases in x�, i.e., it can be well
scaled by the dG factor. Moreover, there is no obvious
change at the cross point of Tc and TN.

The temperature dependence of the reciprocal susceptibil-
ity 1 /� at an external field of 1 T for Dy1−xTmxNi2B2C �x
=0–1� system is shown in Fig. 5. The reciprocal susceptibil-
ity in high-temperature region could be well described by the
Curie-Weiss law, i.e.,
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FIG. 1. �Color online� Temperature dependence of normalized
electrical resistivity ��T� /��20� for Dy1−xTmxNi2B2C �x=0–1� sys-
tem from 2 to 20 K.
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FIG. 2. �Color online� Temperature dependence of low-field dc
magnetization �H=3 mT� for Dy1−xTmxNi2B2C �x=0–1� system
from 2 to 20 K.
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FIG. 3. �Color online� Temperature dependence of the specific
heat C for Dy1−xTmxNi2B2C �x=0–1� system.
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� = C/�T − �p� , �1�

where C is the curie constant and �p is the paramagnetic
Curie constant. The effective magnetic moment �eff deduced
from the Curie-Weiss law as a function of x in
Dy1−xTmxNi2B2C system is shown in Fig. 6. The value of
�eff gradually decreases with increasing x. The estimated val-
ues of �eff for the DyNi2B2C and TmNi2B2C are 10.29�B
and 7.33�B, which are close to the values of free ions; Dy3+

�10.63�B� and Tm3+ �7.55�B�, respectively. Indeed, the ex-
perimental derived values of �eff are consistent with those of
theoretical calculated �as shown in Fig. 6� by the following
equation:25

��eff�Dy1−xTmxNi2B2C��2

= x � ��eff�Dy3+��2 + �1 − x� � ��eff�Tm3+��2. �2�

This results indicates that the electronic structures of Dy3+

and Tm3+ ions in the ground state do not have a pronounce
change in the entire Dy1−xTmxNi2B2C system. The tempera-
ture dependence of high-field magnetic susceptibility at a
field of 1 T �higher than Hc2� for Dy1−xTmxNi2B2C �x
=0–1� system is also shown in the inset of Fig. 5. The mag-
netic susceptibility shows a weak temperature dependence at
low temperatures for x=0.2–0.6, i.e., a ferrimagneticlike be-
havior emerged. The magnetic field dependence of magneti-
zation for Dy1−xTmxNi2B2C �x=0–1� system at 2 K up to 7
T was measured, and the results are shown in Fig. 7. The
results of samples for x=0 and 0.1 are consistent with those
of previously reported by Li and Nishimura.24 The magneti-
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FIG. 4. Superconducting transition temperature Tc and magnetic
transition temperature TN as functions of x and dGeff factor �which
was calculated using dGeff= �1−x��dG�Dy�+x�dG�Tm�� for
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FIG. 5. �Color online� Temperature dependence of the reciprocal
susceptibility 1 /� at an external field of 1 T for Dy1−xTmxNi2B2C
�x=0–1� system. Inset shows the temperature dependence of mag-
netic susceptibility at a field of 1 T �higher than Hc2� for
Dy1−xTmxNi2B2C �x=0–1� system.
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FIG. 6. The values of experimentally deduced �closed symbols�
and theoretically calculated �open symbols� effective magnetic mo-
ment �eff as a function of x in Dy1−xTmxNi2B2C system.
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FIG. 7. �Color online� Magnetic field dependence of magnetiza-
tion for Dy1−xTmxNi2B2C �x=0–1� system at 2 K up to 7 T with
increasing and decreasing field.
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zation tends to be saturated at high field which is similar to
those in the Y or Lu substituted DyNi2B2C system.20,21,26

Morozov27 theoretically predicated that similarly as in the
spin-triplet paired superconductors, nonmagnetic impurity in
an antiferromagnetic superconductor cause pair breaking.
Morozov28 also theoretically studied the reentrant behavior
of HoNi2B2C in the temperature region 5�T�6 K, and
concluded that the modification of the wave functions of
conduction electrons by the long-range magnetic order due
to the paramagnetic phase is the main reason for the abrupt
suppression of superconductivity. Nass et al.29 also theoreti-
cally studied the impurity effect on superconductivity. They
concluded that in some magnetic superconductors, nonmag-
netic impurities may suppress Tc owing to the destruction of
the translational symmetry of the antiferromagnetic lattice.
In the present Tm-substituted system and our previously re-
ported Lu-substituted DyNi2B2C system,16 the observed fer-
rimagneticlike magnetic order at a certain substitution con-
tent can be a main reason for the suppression of
superconductivity. The observed ferrimagneticlike behavior
is possibly due to some spin fluctuation caused by the disor-
der and inhomogeneity that was induced by Tm substitution.
These behaviors were similar to Dy1−xLuxNi2B2C system.16

It has been also demonstrated that for pseudoquaternary
Dy1−xRxNi2B2C �R=Ho, Tb, Y, and Lu� systems the dG scal-
ing of Tc or/and TN breaks down entirely. For example, in the
Dy1−xHoxNi2B2C system,18 Tc was almost constant in the
region of Tc�TN. An almost unchanged TN was found in the
Dy1−xTbxNi2B2C system for x�0.6.19 The rapid suppression
of superconductivity in nonmagnetic Y or Lu diluted
DyNi2B2C systems was also observed.16,20–23 To further un-
derstand the Dy site substitution effect, the variations in Tc
and TN versus doping content x and dGeff factor in
Dy1−xRxNi2B2C �R=Ho, Tb, Tm, and Lu� system are pre-
sented in Figs. 8 and 9, respectively.

To thoroughly understand the change in Tc, we divide the
substitution range into two regions where superconductivity
show a minimum �x�0.15, 0.15, 0.4, and 0.7 for R=Lu, Tm,
Tb, and Ho, respectively� and discuss them separately. From

Fig. 8, for the low doping content, Tc almost linearly de-
creases with increasing R content x, and the suppression rate
of Tc on x, �Tc /�x, is −37, −26, −12, and �0 K for R=Lu,
Tm, Tb, and Ho, respectively. According to the AG theory,17

the magnetic pair-breaking effect is due to the exchange scat-
tering by uncorrelated local magnetic spins, and the suppres-
sion of superconductivity can be characterized by

�Tc/�x � − Jsf
2 � dG, �3�

where x is the concentration of magnetic moment and Jsf is
an exchange coupling constant between the local moments
and the conduction electrons. From Fig. 9, for
Dy1−xRxNi2B2C system at low doping content �correspond-
ing dGeff in the range of 6–8 in Fig. 9�, Tc decreases with
increasing dGeff for R=Tb as is predicated by AG theory.
However, Tc increases with the increases in dGeff for R=Lu
and Tm, which is contradict with AG theory. The almost
unchanged in Tc for R=Ho also cannot be understood with
this theory. Doh et al.30 proposed a phenomenological model
which includes two magnetic and two superconducting order
parameters �SOPs� accounting for the multiband structure in
RNi2B2C system, and the pair-breaking effect in
Dy1−xHoxNi2B2C system was well explained. Based on this
model, the dominant one of the SOPs was due to the Ni
band, and the other SOP was due to the other bands. In a
paramagnetic state, both SOPs are suppressed as dGeff in-
creases. However, in a magnetically ordered state, the SOP
from the Ni band is affected by the local field due to the field
cancellation effect at the Ni site because geometrically, Ni is
thought to be located at the center of the tetrahedron of four
nearest rare-earth ions in the Dy1−xRxNi2B2C system. The
band originating from Ni does not feel the magnetic moment
of Dy�Ho� anymore below the Neel temperature since it is
located exactly in the center of a tetrahedron of the nearest
Dy�Ho� atoms. This is the reason why Tc almost unchanged
below TN. This behavior was also experimentally verified in
a Mossbauer study.31 Therefore, with the substitution of
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FIG. 8. �Color online� Superconducting transition temperature

Tc and magnetic transition temperature TN as functions of x in
Dy1−xRxNi2B2C �R=Ho, Tb, Tm, and Lu; x=0–1� system.
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other R3+ at Dy3+ site, the field cancellation effect will
modify the wave functions of conduction electrons by the
long-range magnetic order in Dy1−xRxNi2B2C system.4,5 The
observed ferrimagneticlike magnetic order in Tm- and Lu-
substituted DyNi2B2C systems properly reflected the field
cancellation effect by the random doping at Dy site. The
strength can be simply estimated from the difference in mag-
netic properties, including the magnetic moment and the
magnetic ordering wave vector, of RNi2B2C from the mother
compound DyNi2B2C. The AG theory is still valid as well if
we consider the above points and assume the difference in
magnetic properties as �	dGeff�, i.e., for a magnetic ordered
superconductor, Eq. �3� can be modified as

�Tc/�x � − Isf
2 � �	dGeff� − Jsf

2 � dGeff �4�

in which Isf is the exchange coupling constant between the
Ni�3d� electrons and the effective magnetic cancellation
field. The magnetic structure of DyNi2B2C and HoNi2B2C
consist of ferromagnetically aligned Dy�Ho� spins in the ab
plane but antiferromagnetically coupled along the c axis.14,20

For the TbNi2B2C, the magnetic spins points along the a axis
and form an a-axis-modulated order structure.8 The antifer-
romagnetic ground state of TmNi2B2C consists of ferromag-
netic planes along the c axis, sinusoidally modulated along
the �110� direction.32 The values of dG factor are 1.17, 4.5,
7.1, and 10.5 for Tm3+, Ho3+, Dy3+, and Tb3+, respectively,
and TN increases in this order. For the nonmagnetic Lu3+ is a
magnetic spin vacancy, the values of dG factor will be 0,
therefore, Lu3+ ion will act as the stronger pair breaker than
the other magnetic ordered R3+ ions. As a matter of fact, the
suppression rate �Tc /�x for R=Lu, Tm, Tb, and Ho is well
consistent with the predicted. From Fig. 9, at low doping
content �dGeff in the range of 6–8�, we can note that the
absolute value of suppression rate of Tc on dGeff,
��Tc /�dGeff�, does not show too much difference for R=Lu,
Tm, and Tb. That is, the pair-breaking effect in DyNi2B2C
mainly depends on the field cancellation effect at the Ni site,
it is not directly related to the magnetic moment of the dop-
ant ions at least for R=Lu, Tm, and Tb in Dy1−xRxNi2B2C
system.

For the higher doping region �x
0.3, 0.15, and 0.75 for
R=Lu, Tm, and Ho, respectively�, the behavior of supercon-
ductivity is easily understood. The decreases in Tc with in-
creasing Dy content �1−x� is due to the magnetic pair-
breaking effect when the rare-earth ions are replaced by the
magnetic Dy ions for RNi2B2C �R=Lu, Tm, and Ho�, as
predicted by the AG theory.14,17 However, the �Tc /�dGeff
versus dG factor for these compounds �in Fig. 9� seems not
to show a universal behavior which was different from the
AG theory prediction. This behavior originated from differ-
ent crystalline electric field �CEF� effects of R3+ and differ-
ent values of conduction-electron-local-moment coupling
constant.9,22 From Fig. 9, in the range of dGeff�3–6 and
4.5–5 for R=Tm and Ho, respectively, the value of
�Tc /�dGeff for R=Tm and Ho is almost the same as R=Lu
�dGeff�0–5� which possibly suggests that CEF of Dy3+

plays dominant role at these regions.

From Figs. 8 and 9, we can note that both x and dGeff
dependence of TN in Dy1−xTmxNi2B2C show a linear behav-
ior. However, the TN does not follow the dG scaling in
Dy1−xTbxNi2B2C �Ref. 19� and Er1−xTbxNi2B2C �Ref. 33�
systems because the two mother compounds have different
magnetic ordering structure. These ground states of the two
mother compounds will compete with each other and this
competition or the change in magnetic structures can result
in a breakdown of dG scaling. The present TmNi2B2C and
DyNi2B2C have different magnetic structures but the TN of
TmNi2B2C �1.5 K� is much lower than that in DyNi2B2C
�10.6 K�, i.e., the magnetic exchange interactions of Tm mo-
ments are smaller than those of Dy moments. The breakdown
of dG scaling in Dy1−xTmxNi2B2C, therefore, is expected to
be observed at very small amount of Dy content region �no
data in present study�. The linear dependence on x and dGeff
of TN in Dy1−xRxNi2B2C �R=Lu and Ho� can reflect the same
magnetic structure in the whole doping range in these com-
pounds.

IV. CONCLUSIONS

In summary, we have systematically studied the supercon-
ductivity and magnetism of Dy1−xTmxNi2B2C �x=0–1� com-
pounds. For lower doping region �x�0.2�, the superconduct-
ing transition temperature Tc decreases rapidly with
increasing Tm content x and shows a minimum around x
=0.15, which is mainly due to the field cancel effect at Ni
sites. For the higher doping region �x�0.2�, Tc decreases
gradually with a further increases in Dy content 1−x �in-
creases with Tm content x�, which is due to the magnetic
pair-breaking effect when the Tm ions are replaced by the
magnetic Dy ions. The magnetic transition temperature TM
and the effective magnetic moment gradually decreases with
increases x. From a comparison study of x and dGeff depen-
dences of Tc and TN in Dy1−xRxNi2B2C �R=Ho, Tb, Tm, and
Lu� systems, based on the AG theory17 and the phenomeno-
logical model proposed by Doh et al.,30 we presented an
explanation that could account for the superconductivity and
the magnetism of the magnetic ordered superconductors
Dy1−xRxNi2B2C systems. We can conclude that the pair-
breaking effect in DyNi2B2C does not directly relate to the
magnetic moment of the dopant ions, it mainly depends on
the field cancellation effect at the Ni site at least for
Dy1−xRxNi2B2C �R=Lu, Tm, and Tb� systems. The relation
between TN and dGeff �following or breaking dG scaling�
mainly depends on the magnetic structure in the ground state
of the mother compound.

ACKNOWLEDGMENTS

This work was partially supported by the National Natural
Science Foundation of China �Grant No. 50871036�, Innova-
tion Research Team for Spintronic Materials and Devices of
Zhejiang Province, and Major Scientific and Technological
Innovation Project for Higher Education of Zhejiang Prov-
ince �Grant No. ZD2007010�.

EFFECTS OF Tm SUBSTITUTION ON… PHYSICAL REVIEW B 81, 214517 �2010�

214517-5



*lingwei@hdu.edu.cn
1 R. J. Cava, H. Takagi, H. W. Zandbergen, J. J. Krajewski, W. F.

Peck, Jr., T. Siegrist, B. Batlogg, R. B. van Dover, R. J. Felder,
K. Mizuhashi, J. O. Lee, H. Eisaki, and S. Uchida, Nature �Lon-
don� 367, 252 �1994�.

2 R. J. Cava, H. Takagi, B. Batlogg, H. W. Zandbergen, J. J. Kra-
jewski, W. F. Peck, Jr., R. B. van Dover, R. J. Felder, T. Siegrist,
K. Mizuhashi, J. O. Lee, H. Eisaki, S. A. Carter, and S. Uchida,
Nature �London� 367, 146 �1994�.

3 R. Nagarajan, C. Mazumdar, Z. Hossain, S. K. Dhar, K. V. Go-
palakrishnan, L. C. Gupta, C. Godart, B. D. Padalia, and R.
Vijayaraghavan, Phys. Rev. Lett. 72, 274 �1994�.

4 W. E. Pickett and D. J. Singh, Phys. Rev. Lett. 72, 3702 �1994�.
5 L. F. Mattheiss, T. Siegrist, and R. J. Cava, Solid State Commun.

91, 587 �1994�.
6 K. Rogacki, Phys. Rev. B 68, 100507 �2003�.
7 S. K. Sinha, J. W. Lynn, T. E. Grigereit, Z. Hossain, L. C. Gupta,

R. Nagarajan, and C. Godart, Phys. Rev. B 51, 681 �1995�.
8 J. W. Lynn, S. Skanthakumar, Q. Huang, S. K. Sinha, Z. Hossain,

L. C. Gupta, R. Nagarajan, and C. Godart, Phys. Rev. B 55,
6584 �1997�.

9 H. Eisaki, H. Takagi, R. J. Cava, B. Batlogg, J. J. Krajewski, W.
F. Peck, Jr., K. Mizuhashi, J. O. Lee, and S. Uchida, Phys. Rev.
B 50, 647 �1994�.

10 B. K. Cho, P. C. Canfield, L. L. Miller, D. C. Johnston, W. P.
Beyermann, and A. Yatskar, Phys. Rev. B 52, 3684 �1995�.

11 L. C. Gupta, Physica B 223-224, 56 �1996�.
12 Z. Q. Peng, K. Krug, and K. Winzer, Physica C 317-318, 441

�1999�.
13 L. Li, K. Nishimura, and K. Mori, Physica C 467, 9 �2007�.
14 K.-H. Müller and V. N. Narozhnyi, Rep. Prog. Phys. 64, 943

�2001�.
15 P. C. Canfield, P. L. Gammel, and D. J. Bishop, Phys. Today

51�10�, 40 �1998�.

16 L. Li, K. Nishimura, E. Ikeda, and K. Mori, Jpn. J. Appl. Phys.,
Part 1 46, 6604 �2007�.

17 A. A. Abrikosov and L. P. Gor’kov, Sov. Phys. JETP 12, 1243
�1961�.

18 J. H. Choi, H. Doh, E. M. Choi, S. I. K. Lee, M. Ohashi, and N.
Mori, Phys. Rev. B 65, 024520 �2001�.

19 J. H. Choi, H. J. Kim, H. B. Kim, H. J. Doh, S. I. Lee, and B. K.
Cho, Phys. Rev. B 72, 054516 �2005�.

20 P. Dervenagas, J. Zarestky, C. Stassis, A. I. Goldman, P. C. Can-
field, and B. K. Cho, Physica B 212, 1 �1995�.

21 Z. Hossain, R. Nagarajan, S. K. Dhar, and L. C. Gupta, Physica
B 259-261, 606 �1999�.

22 B. K. Cho, P. C. Canfield, and D. C. Johnston, Phys. Rev. Lett.
77, 163 �1996�.

23 Z. Drzazga, A. Winiarska, and D. Kaczorowski, J. Magn. Magn.
Mater. 242-245, 829 �2002�.

24 L. Li and K. Nishimura, Appl. Phys. Lett. 95, 132505 �2009�.
25 L. Li, R. Yamagata, K. Nishimura, and H. Yamaoka, Phys. Rev.

B 80, 134429 �2009�.
26 M. S. Lin, J. H. Shieh, Y. B. You, Y. Y. Hsu, J. W. Chen, S. H.

Lin, Y. D. Yao, Y. Y. Chen, J. C. Ho, and H. C. Ku, Physica C
249, 403 �1995�.

27 A. I. Morozov, Sov. Phys. Solid State 22, 1974 �1980�.
28 A. I. Morozov, JETP Lett. 63, 734 �1996�.
29 M. J. Nass, K. Levin, and G. S. Grest, Phys. Rev. B 25, 4541

�1982�.
30 H. Doh, M. Sigrist, B. K. Cho, and S.-I. Lee, Phys. Rev. Lett.

83, 5350 �1999�.
31 D. R. Sánchez, H. Micklitz, M. B. Fontes, S. L. Bud’ko, and E.

Baggio-Saitovitch, Phys. Rev. Lett. 76, 507 �1996�.
32 L. J. Chang, C. V. Tomy, D. McK. Paul, and C. Ritter, Phys. Rev.

B 54, 9031 �1996�.
33 C. A. Kim and B. K. Cho, Phys. Rev. B 66, 214501 �2002�.

LI et al. PHYSICAL REVIEW B 81, 214517 �2010�

214517-6

http://dx.doi.org/10.1038/367252a0
http://dx.doi.org/10.1038/367252a0
http://dx.doi.org/10.1038/367146a0
http://dx.doi.org/10.1103/PhysRevLett.72.274
http://dx.doi.org/10.1103/PhysRevLett.72.3702
http://dx.doi.org/10.1016/0038-1098(94)90551-7
http://dx.doi.org/10.1016/0038-1098(94)90551-7
http://dx.doi.org/10.1103/PhysRevB.68.100507
http://dx.doi.org/10.1103/PhysRevB.51.681
http://dx.doi.org/10.1103/PhysRevB.55.6584
http://dx.doi.org/10.1103/PhysRevB.55.6584
http://dx.doi.org/10.1103/PhysRevB.50.647
http://dx.doi.org/10.1103/PhysRevB.50.647
http://dx.doi.org/10.1103/PhysRevB.52.3684
http://dx.doi.org/10.1016/0921-4526(96)00038-5
http://dx.doi.org/10.1016/S0921-4534(99)00094-5
http://dx.doi.org/10.1016/S0921-4534(99)00094-5
http://dx.doi.org/10.1016/j.physc.2007.08.002
http://dx.doi.org/10.1088/0034-4885/64/8/202
http://dx.doi.org/10.1088/0034-4885/64/8/202
http://dx.doi.org/10.1063/1.882396
http://dx.doi.org/10.1063/1.882396
http://dx.doi.org/10.1143/JJAP.46.6604
http://dx.doi.org/10.1143/JJAP.46.6604
http://dx.doi.org/10.1103/PhysRevB.65.024520
http://dx.doi.org/10.1103/PhysRevB.72.054516
http://dx.doi.org/10.1016/0921-4526(95)00002-Q
http://dx.doi.org/10.1016/S0921-4526(98)00800-X
http://dx.doi.org/10.1016/S0921-4526(98)00800-X
http://dx.doi.org/10.1103/PhysRevLett.77.163
http://dx.doi.org/10.1103/PhysRevLett.77.163
http://dx.doi.org/10.1016/S0304-8853(01)01096-4
http://dx.doi.org/10.1016/S0304-8853(01)01096-4
http://dx.doi.org/10.1063/1.3240399
http://dx.doi.org/10.1103/PhysRevB.80.134429
http://dx.doi.org/10.1103/PhysRevB.80.134429
http://dx.doi.org/10.1016/0921-4534(95)00319-3
http://dx.doi.org/10.1016/0921-4534(95)00319-3
http://dx.doi.org/10.1134/1.566974
http://dx.doi.org/10.1103/PhysRevB.25.4541
http://dx.doi.org/10.1103/PhysRevB.25.4541
http://dx.doi.org/10.1103/PhysRevLett.83.5350
http://dx.doi.org/10.1103/PhysRevLett.83.5350
http://dx.doi.org/10.1103/PhysRevLett.76.507
http://dx.doi.org/10.1103/PhysRevB.54.9031
http://dx.doi.org/10.1103/PhysRevB.54.9031
http://dx.doi.org/10.1103/PhysRevB.66.214501

