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The mixed state of the weakly disordered superconductor B is found to be similar to that of
high-T. materials due to its large fluctuations. The very sharp resistive transition with a kink and the
S-shaped-V curve appear below = 1 T indicating a lattice melting transition. The scaling behavior
of the vortex glass transition iR-T andI-V curves forH = 2 T is observed with critical exponents
v = 1.23 = 0.02 andz = 5.46 = 0.32, which are field independent. The vortex solid state changes
from the vortex lattice at low fields to the vortex glass at high fields due to a field-enhanced pinning
effect. The type of multicriticality is not yet conclusive.

PACS numbers: 74.60.Ec, 74.25.Fy, 74.60.Ge, 74.70.Ad

It has been shown that the mixed state is no longer thgquantum fluctuation effect is relatively minor compared

simple Abrikosov flux lattice phase in high- cuprate su- to thermal fluctuations. Fa# = 2 T, the scaling behav-
perconductors [1-8]; this is because of the large fluctuaior in both R-T and I-V curves fulfills the vortex glass
tions originating from the high transition temperature andransition theory with the field-independent critical expo-
the short coherence length. This fluctuation effect is ennents ofy = 1.23 £ 0.02 andz = 5.46 = 0.32. These
hanced by the low dimensionality resulting from the lay-exponents are consistent with theory [17,18] as well as
ered structure and the high anisotropy. The mixed statexperimental results in highi: materials [1-3]. The sec-
separates into two different states, i.e., a real supercomnd order vortex glass transition line is well described by
ducting vortex solid and a resistive vortex liquid. The the theoretical prediction [17] dl, ~ (T. — T)*3.
vortex solid state can be vortex lattice or vortex glass de- The single crystal YNIB,C was grown by the high
pending on the disorder of a system. The newly discoviemperature flux method using )8 as a solvent. The
ered intermetallic type-Il superconductor ,BiyC [9], on  details are described in Ref.[19]. The crystal is plate-
the other hand, has a low transition temperature and ke and its physical dimension is about2 X 0.7 X
relatively large coherence length; it is a nearly isotropic0.025 mm?®. The external magnetic field was applied par-
three-dimensional superconductor [10-12] in spite of itsallel to thec axis and perpendicular to the current direc-
layered structure with stacking sequen@®-Ni,-B-YC),,  tion. The zero-field resistivity ip ~ 1.05 w{) cm just
[13,14]. Nevertheless, we found that thermal fluctua-above the transition temperature, the zero-field transition
tions of this system are larger than those of conventemperaturel.(0) is 15.7 K, and the transition width is
tional low-T, superconductors. The Ginzburg numberless than 100 mK.
G: = (1/2)[T./H2(0)y£&} 2, which represents the order The magnetic field dependent resistance of the
of thermal fluctuations, is~10~7 for YNi,B,C, while it  YNi,B,C single crystal seemed to show typical behavior
is ~107? for conventional superconductors ardl0~>  as a conventional superconductor [19,20]. The details
for high-T. materials. Therefore, the vortex states ofof the transition, however, depend on the field strength
YNi,B,C can be quite unusual compared to conventiona(Fig. 1), and this is related to the nature of the vortex
superconductors. Moreover, the low value of the uppestates.

critical field makes it possible to study the overaltT For H = 1 T in Fig. 1, the resistance decreases very
phase diagram down to low temperature regimes not posharply withA7,,/T. ~ 103 and shows a kink feature
sible in highT,. copper oxides. at R/R, ~ 0.1, which is claimed to be one of the

In this study, we found that YNB,C shows a sudden indications for vortex lattice melting transition [7,8]. The
drop with a kink feature in the superconducting transition/-V characteristics off = 1 T show the pronounced
region and an S-shapddV curve for fields below 1 T. feature supporting the lattice melting [6,7]. A =
This is a sign of the first order lattice melting transition 0.5 T (Fig. 2), the linearity of the-V curve starts to
as found in clean higlfz. materials [7,8]. We also found be shown af,, = 13.60 K, the melting temperature. A
that the vortex melting obeys the prediction of the elasticslightly S-shaped nonlinear behavior is also observed at
ity theory based on the Lindemann criterion [15,16]. TheT = 13.50 K in the region off, ;1o < T < T,,, Which
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{ ' ] The quantum parameter is defined asy = 2.4v,/Kré
x I with v, the cutoff frequency due to an energy gap,
I QTOAQOE;KN) (T_ for 0.5T) | Kr the Fermi wave vector, and the coherence length.
s The physical quantities of YNB,C are G; = 3.22 X
( :,Ep' 1077, ¢, =002, H, =8T,T, = 157K, y = 0.8, and
ool ol . the Ginzburg-Landau parameter is= 18 [23]. The
—-1.0 -0.8 -0.6 -0.4 0.2 0.0 0.2 experimental melting line follows Eq. (1) with a single
AT=T-T_(H) fitting parameterg = 0.25 (inset of Fig. 2), and so the

quantum contribution to the lattice melting is minor
compared to the thermal effects. The melting field is
described with a simple power law &f,, ~ (T, — T)¢
with @ = 1.61, which is compatible with the theoretical
calculation. Considering the limiting behavior of Eq. (1),

H.(0)0%, 6 =0

)
corresponds to the kink regime of thR-T curve as 0T/STe, 6 >1/S,
represented by arrows in Fig. 1. The lattice melting linewe can see that as the field increases or the temperature
B,,(T) is calculated using nonlocal elasticity theory baseddecreases the effective power for the melting line becomes
on the Lindemann criterion, including thermal fluctuationssmaller than 2 which is the power negr. The value of

FIG. 1. At fields below 1 T, the curves show an abrupt
drop with the kink feature in the transition region. For fields
above 2 T, the resistive transitions are continuous. The field
dependent transition temperaturE§H) are 13.92 K (0.5 T),
12.78 K (1.0 T), 10.84 K (2.0 T) and 9.22 K (3.0 T).
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FIG. 21-V curves atH = 0.5 T at corresponding temperatures
indicated in Fig 1. An Ohmic behavior in thé-V curve
starts to appear af’ = 13.60 K, the melting temperature.

There appears a slightly S-shaped curve in the kink region o

the R — T curve. Inset: The vortex lattice melting line of
YNi,B,C below 1 T. The solid line is the fitting result by

Eq. (2).

the Lindemann criteriorr; = 0.02 is much smaller than
¢ = 0.1-0.4 for highly anisotropic highf,. supercon-
ductors [15]. Brandt [16] proved that the smaller value
of ¢, (= 1/20) is more realistic by calculating the fluctu-
ating shear strain from the nonlocal elasticity of the vor-
tex lattice. A recent Monte Carlo simulation [24] also
showed that; decreases when the vortex lattice changes
from a 2D structure to a fragile 3D lattice. This was also
confirmed experimentally for Nb films witk = 10.8, in
which ¢, was 0.04 [25].

When H =2 T (Fig. 1), the R-T curves show a
continuous transition. The melting temperature at which
the I-V curve becomes linear is above the kink regime as
indicated by the arrow in Fig. 1 fdd = 0.5 T andT,, =
13.60 K. However, for thel-V curves ofH = 2 T, the
curvature changes at the glass transition temperdiure
which is located at temperature below the appearance of
the resistive tail as represented by the arrow.

From the assumed Arrhenius form of resistalitid;) =
R, exp(—Uy/kpT), the temperature dependence of an ac-
tivation energyU, (inset of Fig. 3) is calculated as is the
single crystal BiShCaCu,04+5 [3]. Uj starts to diverge
at temperaturd™, below which the vortices are not in the
thermally activated region but in the critical regime asso-
ciated with the phase transition. Assuming a second order

ortex glass phase transition [17], the linear resistance in
he regime of7, <T <T* is analyzed with the scaling
form of R, ~ (T — T,)*“"Y. For H=3T (Fig. 3), the
scaling analysis gives 6.06 fefz — 1) using7, = 8.37 K
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FIG. 3. The linear resistance for a field of 3 T scales

with T, = 8.37 K determined in/-V curves and the critical FIG. 4. The scaling of voltage-current curves Bf= 3 T

exponent»(z — 1) is 6.06. Inset: The activation energy at temperatures from 7.4 K to 9.4 K by 0.05 K. The critical

Uy = —d(InR)/d(T") as a function of temperatureT* is  exponents arer = 1.25 and z = 5.86, which are consistent

the temperature at which the activation energy starts to divergeavith the result of theR-T curve scaling. Inset: The critical
exponentr(z — 1) for various fields above 2 T.

determined from thé-V curves. As shown in Fig. 4, the

I-V curves off =3 T are also scaled with the vortex glass transition at high fields in the ¥BiC

E(J) = JE 2 EL(JEY b, ksT) (3)  single crystal. This phase change, depending on magnetic
field, is possible in weakly disordered systems because
the field-enhanced disorder transforms the system from
the vortex lattice phase into the vortex glass phase.
Because the vortex lattice is robust with respect to the
weak pinning, the resistance decreases suddenly with a

near the glass transition temperatuig. The resulting
values ofr =1.25 and z =5.85 are consistent with the
R-T scaling whend=3. From analysis for fields
above 2 T, the critical exponents=1.23 +0.02 and

7z =15.46 = 0.32 are found to be field independent (inset of
Fig. 4) within the theoretically expected values 0f 4

and 1 <v <2 [17,18]. The vortex glass transition line 60 ‘ ‘

H,(T) is consist4e/g1t with the theoretical prediction [17] | ® H_(H<1.0T)

H,(T)~ (T, —T)*° (dashed line in Fig. 5), which is dif-

ferent from the lattice melting linél,,,(T) ~ (T. — T)"°L. 50 1 S v HG(HZZ'OT)4/3 |
The H-T phase diagram of YNB,C (Fig. 5) shows | .\~ He~(T—T) " fit

the first order lattice melting transition at low fields and 40 " |

the second order vortex glass phase transition at high © o

fields. Both the vortex lattice and the vortex glass phases < 30 | vortex—glass vortex—liquid )

appear for one sample due to the field-dependent effects T

of disorder. In a weakly disordered system, vortices 20 |- normal

sustain the lattice structure at low fields [5]. As the —

field increases, however, the effective pinning strength 10 |-

of the disorder increases [17] and the vortex lattice I vortex—lattice

becomes no longer stable and forms a vortex glass. 0 ‘ ‘

For the untwinned YB#CwO, single crystal [5], similar 5 10 15

multicritical behavior was observed and it was shown that T (K)
the critical end point of the second order phase transition

occurs in the middle of the first order transition line. FIG. 5. TheH-T phase diagram of YNB,C single crystal
However, the type of multicriticality in the YNB,C obtained from the transport measurement. There are both the

; ; Ve i~fyortex lattice melting transition and the vortex glass transition
2Ifnlg|1(_e c<ry:1ta<llz ?rogr):gago;(iu?Vi |r112tt:<e crossover reglo%ue to the field-enhanced effect of the disorder in the weakly

. . . disordered system. (Solid line, field-dependent superconducting
In conclusion, our measurements are consistent Witlinset temperature; filled circlé/,,; hollow triangle, H,; and

the vortex lattice melting transition at low fields and dotted line, the theoretically expected line for glass transition).
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