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Abstract 

A superconducting transition temperature T¢ of 3.8 K with an onset as high as 5.2-5.5 K was reported for quaternary 
borocarbide DyNi2B2C with a high antiferromagnetic N6el temperature T N around 10.1-10.8 K. No reentrant behavior was 
observed down to 0.3 K demonstrating a perfect coexistence between superconductivity and antiferromagnetic order. A 
superconducting upper critical field He2(0) of 3.0 kG, lower critical field H¢1(0) of 200 G and a Ginzburg-Landau 
parameter r of 3.7 were derived. A broad Tc transition points to a possible small T c varying homogeneity range of 
DyNi2_,~B2_aCI_ ~ in the phase diagram. The magnetic entropy S m of 10.3 J/tool K or 90% Rln 4 indicates antiferro- 
magnetic ordering of Dy 3 + with a quadruplet ground state in the tetragonal crystal field. Two field-induced weak-ferromag- 
netic-like transitions with a field of around 1 T were observed at 2 K. 

1. Introduction 

Antiferromagnetic ordering which coexists with 
superconductivity but with a N6el temperature Tr~ 
higher than superconducting transition temperature 
T c was first observed in the metastable ternary boride 
Holr4B 4 and the related pseudoternary boride sys- 
tems R(Rhl_xlrx)4B 4 (R = Ho, Dy) with composi- 
tion x > 0.6 [1-3]. For example, for the partially Rh 
substituted Ho(Rh0.3Ir0.7)aB 4 compound, the T~ of 
1.6 K observed was below the antiferromagnetic 
N6el temperature T s of 2.7 K [2]. For the 

* Corresponding author. 

Dy(Rh0.3Ir0.7)aB 4 compound, T~ of 1.8 K was below 
the antiferromagnetic N6el temperature T s of 4.8 K 
[3]. 

Recently, a new magnetic superconductor system 
was reported in the quaternary borocarbide RNi2B2C 
compounds (R = So, Y, Th, U or a rare earth) [4-  
11]. Among many nonmagnetic compounds in the Ni 
system, LuNi2B2C exhibits the highest T c of 16.6 K 
[5], followed by 15-16 K for YNi2B2C [4,5] and 
metastable ScNi2B2C [7], 8 K for ThNi2B2C [9-11] 
and no superconducting transition was found down 
to 2 K for LaNi2B2C [11]. For compounds contain- 
ing magnetic rare-earth elements such as R = Dy, 
Ho, Er, and Tm, lower T c values were observed due 
to the magnetic pair-breaking effect [5,8]. A near- 
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ly reentrant superconductivity was observed for 
HoNi2B2C with T c = 8 K higher than the commen- 
surate T n of 5.2 K and incommensurate magnetic 
transition T m of 6 K [5,8,12-16]. In the magnetic 
DyNiEBEC compound, a superconducting transition 
temperature T c onset around 2 K [8] was reported 
below the antiferromagnetic-like transition tempera- 
ture T N of 10 K, which provides another interesting 
example with T c < T N. However, T c < 2 K is too low 
judging from the variation of Tc in the magnetic 
RNiEBEC compounds [16]. 

In this work, we have characterized a well-pre- 
pared DyNiEB2C polycrystalline sample through 
various experimental techniques including magnetic- 
susceptibility, magnetic-hysteresis, specific-heat and 
transport measurements in order to study the interac- 
tion and coexistence between superconductivity and 
magnetic order. 

2. Experiments 

DyNi 2 B2C samples were prepared from high-pur- 
ity elements Dy (99.9%, ingot), Ni (99.9% foil), B 
(99.9995% chips) and C (99.995% chips) with the 
stoichiometric ratio of (1 : 2 : 2 : 1) under an argon 
atmosphere in a Zr gettered arc furnace. The Dy, B 
and C ingredients were wrapped in the Ni foil and 
arc-melted carefully several times to ensure negligi- 
ble weight loss and sample homogeneity. The as- 
melted samples were then wrapped in Ta foils and 
annealed under argon atmosphere in a sealed quartz 
tube at 1100°C for 3 days and then quenched in 
liquid nitrogen. Crystallographic data were obtained 
with a Rigaku Rotaflex 18 kW rotating anode pow- 
der X-ray diffractometer using Cu Kct radiation with 
a scanning rate of 1 ° in 20 per minute. A lazy 
pulverix-PC program was employed for phase identi- 
fication and lattice-parameter calculation. 

The AC electrical resistivity (16 Hz) measure- 
ments were carried out by the standard four-probe 
method in a dilution refrigerator down to 0.3 K. 
Magnetic-susceptibility and magnetic-hysteresis 
measurements were made with a Quantum Design 
MPMS or a /.L-metal shielded MPMS 2 superconduct- 
ing quantum interference device (SQUID) magne- 
tometer down to 2 K in an applied field from 1 G to 
5 T. Low-temperature specific-heat measurements 

were made using an adiabatic calorimeter [16] or a 
relaxation calorimeter [17] from 1.5 K to 20 K. 

3. Results and discussion 

For three DyNi2B2C annealed samples (A, B and 
C), sample A and C show a minute amount of Ni2B 
impurity (<  5%) [18]. For sample B, the powder 
X-ray diffraction pattern as shown in Fig. 1 reflects 
practically a single phase. The diffraction lines can 
be well indexed with the LuNieB2C type structure 
[3] having tetragonallattice parameters a -- 3.532(3) 
A, c =  10.488(5) A and unit-cell volume V= 
130.8(1) ,~3. A slightly c-axis preferred orientation 
in the powder pattern was observed judging from the 
relative intensity of the (004) line as compared with 
(101) line. The excellent sample quality is attributed 
to the use of Ni foil as the wrap of the high-purity 
starting materials, followed by a liquid-nitrogen 
quench after annealing. Slightly different lattice pa- 
rameters were observed for other samples (a = 3.535 
.&, c = 10.494 ,~ and V = 131.1(1) ,~a for sample A; 
a -- 3.532 ,~, c = 10.483 .& and V = 130.8(1) ,~3 for 
sample C) which points to the possibility of a small 
homogeneity, range in the phase diagram with com- 
position DyNi2_, B2_/3 C 1 - 8. 

The low-field (2-3 G), zero-field-cooled (ZFC) 
DC mass magnetic susceptibilities xg(T) for the 
annealed bulk samples A, B and C are shown collec- 
tively in Fig. 2. An antiferromagnetic-like N6el tem- 
perature T s was observed around 10.2 K. At lower 
temperature, a sharp superconducting transition tem- 
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Fig. 1. Powder X-ray diffraction pattern of annealed DyNI2B2C 
sample B. 
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Fig. 2. Temperature dependence of zero-field-cooled (ZFC), low 
field (2-3 G) mass magnetic susceptibility x&T) of annealed bulk 

Fig. 3. Low-temperature mass magnetic susceptibility x&T) of 
bulk and powder sample A, measured in 3 G field-cooled (FC) 

samples A, B and C. and zero-field-cooled (ZFC) modes. 

perature T, of 3.8 K was observed for purer samples 
B and C. However, a T, Onset as high as 5.2 K 1191 
was observed for sample A with an anomalous kink 
around 16 K not observed for purer samples. All 
samples show large ZFC signal of - 1.39 N - 1.72 
X lo-* emu/g G at 2 K. Using the X-ray density of 
3.982 g/cm3 for sample B and C, a volume suscep- 
tibility percentage 41rx of 70-86% is obtained at 2 
K, indicating good bulk superconductivity quality. 
The antiferromagnetic transition apparently coexists 
with superconductivity below T, due to a simple 
magnetic structure which creates no or a very small 
internal effective field. 

In order to check the T, broadness and to avoid 
unwanted superconducting shielding and flux trap- 
ping, sample A was powdered to fine particle sizes 
around 1 km and measured in both zero-field-cooled 
(ZFC) and field-cooled (FC) mode as shown in Fig. 

3. The T, onset of 5.2 K is barely visible in the ZFC 
powder sample which shows a broad transition with 
diamagnetic onset at 3.8 K. The T, broadness indi- 
cates a possible small homogeneity range with T, 
varying composition DyNi,_ u B,_ B C, _ s. In the 
ZFC mode, Meissner volume susceptibility percent- 
age 41rx at 2 K increases from 71% for bulk sample 
to 84% for powder sample. For the FC mode, 47~~ 
percentage is reduced to 20% due to flux trapping by 
defects and impurities during the cooling process. It 
is noteworthy that the ZFC and FC curves no longer 
merged at T, but at the higher TN. 

The low-temperature electrical resistivity p(T) for 
sample C is shown in Fig. 4. A distinct resistivity 

drop observed around 10 K is apparently related to 
the absence of disorder magnetic scattering below 
the antiferromagnetic transition temperature TN. A 
superconducting onset drop around 5.5 K was ob- 
served with a T, midpoint (50% resistivity drop) transi- 
tion at 3.8 K and zero resistivity at 3.0 K. No 
reentrant behavior was observed down to 0.3 K, 
indicating a perfect coexistence between supercon- 
ductivity and antiferromagnetic order. The resistivity 
ratio ~(5.5 K)/p(300 K) is 0.045 with a very low 
residual resistivity ~(0 K) of 2.8 p,n cm as extrapo- 
lated from above T,. The observed bulk T, of 3.8 K 
is indeed very close to the calculated T, of 3.1 K [16] 
which can be derived if the magnetic pair-breaking 
effect is in the framework of the Abrikosov-Gor’kov 
theory with AT,/T,, proportional to the de Gennes 
factor (gJ - l)*J(J + l), where g, is the Land6 g 
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Fig. 4. Low-temperature electrical resistivity p(T) of sample C 
down to 0.3 K. 
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factor, J is the total angular momentum. The T~(Dy) 
of 3.1 K is calculated using T~0(Dy) of 15.3 K as 
obtained from the variation of T~ with the Ni-Ni 
in-plane distance d = a / f 2  (a is the tetragonal 
lattice parameter) for the nonmagnetic compounds 
[11,16] at d =  2.498 ,& (for DyNi2B2C with a = 
3.532 ~,). 

The antiferromagnetic transition observed around 
10.2 K from magnetic measurements is apparently 
related to the long-range Dy 3÷ magnetic ordering 
through the RKKY indirect exchange interaction. 
The magnetic transition can be clearly corroborated 
by low-temperature specific-heat data, C(T), for 
sample C as shown in Fig. 5. A very distinct transi- 
tion peak was observed at 10.1 K. The expected 
specific-heat discontinuity at the superconducting 
transition temperature Tc at 3.8 K would be of the 
order of m J/ tool  K, and is too small to be observed 
in the presence of a large magnetic contribution. In 
addition to the small negligible superconducting con- 
tribution, there are three contributions to the total 
heat capacity C = T T +  [3T 3 + Cm, corresponding 
to the electronic, the lattice, and the magnetic transi- 
tion component, respectively. By employing the lit- 
erature data for nonmagnetic LuNi2B2C [20] as the 
base line representing the electronic and lattice terms, 
the magnetic entropy between 1.5 and 20 K can be 
derived as S m --- [[(C - 0 .019T-  0.00027T3)/ 
T] dT = 10.3 J /mol  K. Additional contributions to 
the magnetic entropy below 1.5 K and above 20 K 
are relatively small judging from the data in Fig. 5. 
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Fig. 5. Low-temperature specific heat C(T) of sample C. The 
dashed line is the T T + ~ T  3 base line from nonmagnetic 
LuNi2B2C above T c [201. 
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Fig. 6. Temperature dependence of molar magnetic susceptibilities 
Xm(T) and inverse magnetic susceptibility xm(T) -1 in a 5 kG 
field for sample C. 

This S m value of 10.3 J /mol  K is close to 90% of 
R In 4 and indicates the antiferromagnetic ordering 
of Dy3 + with a possible, quadruplet ground state in 
the tetragonal crystal field. 

The molar magnetic susceptibilities Xm(T) in the 
high applied field of 5 kG for sample C is shown in 
Fig. 6. Superconductivity is completely destroyed in 
5 kG, where only the magnetic transition remains 
with a slightly higher T N of 10.8 K. A Curie-Weiss 
behavior was observed above T N in Xml(T) as 
indicated in the inset of Fig. 6, with an effective 
magnetic moment /~eff of 10.6/z B which is very 
close to the free-ion Dy 3+ effective moment gj[J(J 
+ 1)] 1/2= 10.63/XB, and a negative paramagnetic 
Curie-Weiss intercept 0p of - 7  K which confirms 
the antiferromagnetic nature of the magnetic order. 

Constant-temperature magnetic-hysteresis M(H) 
measurements provide precise information on the 
temperature dependence of the superconducting up- 
per critical field Hc2(T) and the lower critical field 
HcI(T). As in Fig. 7, sample B with a sharp Tc at 3.8 
K shows a H¢2(T) value of 1.75 kG at 2 K as 
determined from the merging point of the hysteresis 
curve. Similarly, H~2's of 1.25 kG at 2.5 K, 750 G at 
3 K, 450 G at 3.3 K and 100 G at 3.7 K were 
obtained. The lower critical field Hot(T) is defined 
as the deviation from linearity in the initial magneti- 
zation in each M(H) curve. The values thus ob- 
tained are 100 G at 2 K, 50 G at 2.5 K, 30 G at 3 K 
and 10 G at 3.3 K. From the temperature dependence 
of the critical fields, the extrapolated He2(0) of 3 kG 
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Fig. 7. Intermediate field (up to + 2  kG) magnetic hysteresis 
curves M(H) at 2 K and 3 K for sample B. The superconducting 
upper critical field Hc2 and lower critical field Hcl are indicated 
by arrows. 

and the extrapolated H¢I(0) of 200 G are obtained. 
From Hcl(0) and He2(0)  , the Ginzburg-Landau pa- 
rameter r value of 3.7 is evaluated using the for- 
mula Hc2/Hcl = 2 r 2 / ( l n  x + 0.5) [21]. As a com- 
parison, the r value of 3.5 is reported for HoNi2B2C 
[16]. The relative low Hc2 in all quaternary borocar- 
bides [8.16] points to a long coherence length ~, and 
three-dimensional-like superconductivity. However, 
a slightly anisotropic Hc2(T) and H~I(T) is still 
possible due to the field- and orientation-dependent 
antiferromagnetic ordering which coexist with super- 
conductivity. 

Since each M(H) curve has a slightly nonlinear 
background due to the field dependence of the anti- 
ferromagnetic order. A high field M(H) up to 5 T is 
measured for sample B at 2 K. As shown in Fig. 7, 

above H~2(2 K) of 1.75 kG, a field-induced weak- 
ferromagnetic-like transition was observed at 1 T 
field and a second possible transition around 1.15 T. 
The ferromagnetic hysteresis curve can easily be 
detected for these transitions. Similar field-induced 
magnetic transitions were also observed for HoNi 2- 
B2C [12,22]. A saturated magnetic moment of 8.3/x B 
per Dy is achieved in 5 T field at 2 K, which is 
already very close to the calculated free-ion 
Dy 3 + gj  j = 10/~a magnetic moment. 

DyNi2B2C with an antiferromagnetic transition 
T N above T c is indeed very similar to the previous 
reported R(Rhl_xlrx)4B 4 systems (R = Ho, Dy) [1- 
3], where T N > Tc were observed for the higher Ir 
concentration of x > 0.6. For the lower Ir concentra- 
tion region of 0.2 < x < 0.6, T N < T~ was observed 
with a more complex magnetic structure variation. 
Both regions show coexistence between supercon- 
ductivity and antiferromagnetic order with no reen- 
trant behavior [1-3,23]. True reentrant behavior can 
be observed only with the very low Ir concentration 
of x < 0.2. For example, the superconductivity of 
5.2 K in Ho(Rh0.ssIr0.x5)4B 4 was completely de- 
stroyed by a ferromagnetic ordering at the Curie 
temperature T c of 2.77 K [2,23]. Since no reentrant 
behavior was observed for DyNi2B2C down to 0.3 
K, the anti:ferromagnetic structure is likely to be a 
simple commensurate magnetic structure similar to 
the reported antiferromagnetic structure for 
HoNi2B2C below T N of 5.2 K [13,14]. 

4. Conclusions 

9 . . . . . . . . .  , . . . . . . . . .  , . . . . . . . . .  , . . . . . . . . .  , . . . . . . . . .  

78 
"~ 5 
:~ 4 T.( 

2 H semple B, T=2K 
,J 

0 . . . . . . . . . .  ' . . . . . . . . . . . . . . . . . . .  ' . . . . . . .  , ,  

0 1 2 3 4 5 

H (T) 

Fig. 8. High-field (up to 5 T) magnetic-hysteresis curve M(H) at 
2 K for sample B. 

Well-prepared DyNi2B2C samples were charac- 
terized by various experimental techniques including 
magnetic-susceptibility, magnetic-hysteresis, spe- 
cific-heat and electrical-resistivity measurements. 
The results yield two distinct phase transitions: a 
superconducting transition temperature T¢ of 3.8 K 
(with an onset as high as 5.2-5.5 K) and an antifer- 
romagnetic N6el temperature T N of 10.1-10.8 K. No 
reentrant behavior was observed down to 0.3 K, 
indicating a perfect coexistence between supercon- 
ductivity and antiferromagnetic order. A broad T c 
transition points to a possible small T¢ varying ho- 
mogeneity range of DyNi 2_ a B2- ~ C1 - 8 in the phase 
diagram. 
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