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Vortex Glass and Lattice Melting Transitions in a YNi 2B2C Single Crystal
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The mixed state of the weakly disordered superconductor YNi2B2C is found to be similar to that of
high-Tc materials due to its large fluctuations. The very sharp resistive transition with a kink and
S-shapedI-V curve appear belowH  1 T indicating a lattice melting transition. The scaling behavi
of the vortex glass transition inR-T and I-V curves forH $ 2 T is observed with critical exponents
n  1.23 6 0.02 and z  5.46 6 0.32, which are field independent. The vortex solid state chang
from the vortex lattice at low fields to the vortex glass at high fields due to a field-enhanced pin
effect. The type of multicriticality is not yet conclusive.

PACS numbers: 74.60.Ec, 74.25.Fy, 74.60.Ge, 74.70.Ad
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It has been shown that the mixed state is no longer
simple Abrikosov flux lattice phase in high-Tc cuprate su-
perconductors [1–8]; this is because of the large fluc
tions originating from the high transition temperature a
the short coherence length. This fluctuation effect is
hanced by the low dimensionality resulting from the la
ered structure and the high anisotropy. The mixed s
separates into two different states, i.e., a real super
ducting vortex solid and a resistive vortex liquid. T
vortex solid state can be vortex lattice or vortex glass
pending on the disorder of a system. The newly disc
ered intermetallic type-II superconductor YNi2B2C [9], on
the other hand, has a low transition temperature an
relatively large coherence length; it is a nearly isotro
three-dimensional superconductor [10–12] in spite of
layered structure with stacking sequence (sB-Ni2-B-YCdn

[13,14]. Nevertheless, we found that thermal fluctu
tions of this system are larger than those of conv
tional low-Tc superconductors. The Ginzburg numb
Gi  s1y2d fTcyH2

c s0dgj
3
0 g2, which represents the orde

of thermal fluctuations, is,1027 for YNi 2B2C, while it
is ,1029 for conventional superconductors and,1025

for high-Tc materials. Therefore, the vortex states
YNi 2B2C can be quite unusual compared to conventio
superconductors. Moreover, the low value of the up
critical field makes it possible to study the overallH-T
phase diagram down to low temperature regimes not
sible in high-Tc copper oxides.

In this study, we found that YNi2B2C shows a sudde
drop with a kink feature in the superconducting transit
region and an S-shapedI-V curve for fields below 1 T.
This is a sign of the first order lattice melting transitio
as found in clean high-Tc materials [7,8]. We also foun
that the vortex melting obeys the prediction of the elas
ity theory based on the Lindemann criterion [15,16]. T
0031-9007y96y76(15)y2790(4)$10.00
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quantum fluctuation effect is relatively minor compar
to thermal fluctuations. ForH $ 2 T, the scaling behav
ior in both R-T and I-V curves fulfills the vortex glass
transition theory with the field-independent critical exp
nents ofn  1.23 6 0.02 and z  5.46 6 0.32. These
exponents are consistent with theory [17,18] as well
experimental results in high-Tc materials [1–3]. The sec
ond order vortex glass transition line is well described
the theoretical prediction [17] ofHg , sTc 2 T d4y3.

The single crystal YNi2B2C was grown by the high
temperature flux method using Ni2B as a solvent. The
details are described in Ref. [19]. The crystal is pla
like and its physical dimension is about1.2 3 0.7 3

0.025 mm3. The external magnetic field was applied pa
allel to thec axis and perpendicular to the current dire
tion. The zero-field resistivity isr , 1.05 mV cm just
above the transition temperature, the zero-field transi
temperatureTc(0) is 15.7 K, and the transition width i
less than 100 mK.

The magnetic field dependent resistance of
YNi 2B2C single crystal seemed to show typical behav
as a conventional superconductor [19,20]. The det
of the transition, however, depend on the field stren
(Fig. 1), and this is related to the nature of the vort
states.

For H # 1 T in Fig. 1, the resistance decreases v
sharply withDTmyTc , 1023 and shows a kink feature
at RyRn , 0.1, which is claimed to be one of th
indications for vortex lattice melting transition [7,8]. Th
I-V characteristics ofH # 1 T show the pronounced
feature supporting the lattice melting [6,7]. AtH 
0.5 T (Fig. 2), the linearity of theI-V curve starts to
be shown atTm  13.60 K, the melting temperature.
slightly S-shaped nonlinear behavior is also observed
T  13.50 K in the region ofTc,zero , T , Tm, which
© 1996 The American Physical Society
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FIG. 1. At fields below 1 T, the curves show an abru
drop with the kink feature in the transition region. For field
above 2 T, the resistive transitions are continuous. The fie
dependent transition temperaturesTcsHd 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).

corresponds to the kink regime of theR-T curve as
represented by arrows in Fig. 1. The lattice melting lin
BmsTd is calculated using nonlocal elasticity theory bas
on the Lindemann criterion, including thermal fluctuation
[15] and quantum fluctuations [21,22] as

BmsTd ø Hc2s0d
4u2

s1 1
p

1 1 4SuTcyT d2
, (1)

FIG. 2.I-V curves atH  0.5 T at corresponding temperature
indicated in Fig 1. An Ohmic behavior in theI-V curve
starts to appear atT  13.60 K, the melting temperature.
There appears a slightly S-shaped curve in the kink region
the R 2 T curve. Inset: The vortex lattice melting line o
YNi 2B2C below 1 T. The solid line is the fitting result by
Eq. (1).
-

f

with

u  c2
L

q
bmyGi

√
Tc

T
2 1

!
,

S  q 1 c2
L

√
bm

Gi

!1y2

,

with cL the Lindemann criterion and a constantbm ø 5.6.
The quantum parameterq is defined asq ø 2.4nqyKFj

with nq the cutoff frequency due to an energy ga
KF the Fermi wave vector, andj the coherence length
The physical quantities of YNi2B2C are Gi  3.22 3

1027, cL  0.02, Hc2  8 T, Tc  15.7 K, g  0.8, and
the Ginzburg-Landau parameter isk  18 [23]. The
experimental melting line follows Eq. (1) with a singl
fitting parameterq  0.25 (inset of Fig. 2), and so the
quantum contribution to the lattice melting is mino
compared to the thermal effects. The melting field
described with a simple power law ofHm , sTc 2 T da

with a  1.61, which is compatible with the theoretica
calculation. Considering the limiting behavior of Eq. (1

Bm ø
Ω

Hc2s0du2, u ! 0
uTySTc, u . 1yS ,

(2)

we can see that as the field increases or the tempera
decreases the effective power for the melting line becom
smaller than 2 which is the power nearTc. The value of
the Lindemann criterioncL  0.02 is much smaller than
cL  0.1 0.4 for highly anisotropic high-Tc supercon-
ductors [15]. Brandt [16] proved that the smaller valu
of cL sø 1y20d is more realistic by calculating the fluctu
ating shear strain from the nonlocal elasticity of the vo
tex lattice. A recent Monte Carlo simulation [24] als
showed thatcL decreases when the vortex lattice chang
from a 2D structure to a fragile 3D lattice. This was als
confirmed experimentally for Nb films withk  10.8, in
which cL was 0.04 [25].

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

From the assumed Arrhenius form of resistance,RsT d 
Ro exps2U0ykBT d, the temperature dependence of an a
tivation energyU0 (inset of Fig. 3) is calculated as is th
single crystal Bi2Sr2CaCu2O81d [3]. U0 starts to diverge
at temperatureTp, below which the vortices are not in th
thermally activated region but in the critical regime ass
ciated with the phase transition. Assuming a second or
vortex glass phase transition [17], the linear resistance
the regime ofTg , T , T p is analyzed with the scaling
form of RL , sT 2 Tgdnsz21d. For H  3 T (Fig. 3), the
scaling analysis gives 6.06 fornsz 2 1d usingTg  8.37 K
2791
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FIG. 3. The linear resistance for a field of 3 T scal
with Tg  8.37 K determined inI-V curves and the critical
exponent nsz 2 1d is 6.06. Inset: The activation energ
U0  2dslnRdydsT21d as a function of temperature.T p is
the temperature at which the activation energy starts to dive

determined from theI-V curves. As shown in Fig. 4, the
I-V curves ofH  3 T are also scaled with

EsJd ø Jjd222zĒ6sJjd21foykBTd (3)

near the glass transition temperatureTg. The resulting
values ofn  1.25 and z  5.85 are consistent with the
R-T scaling when d  3. From analysis for fields
above 2 T, the critical exponentsn  1.23 6 0.02 and
z  5.46 6 0.32 are found to be field independent (inset
Fig. 4) within the theoretically expected values ofz . 4
and 1 , n , 2 [17,18]. The vortex glass transition lin
HgsT d is consistent with the theoretical prediction [17
HgsT d , sTc 2 Td4y3 (dashed line in Fig. 5), which is dif-
ferent from the lattice melting lineHmsT d , sTc 2 Td1.61.

The H-T phase diagram of YNi2B2C (Fig. 5) shows
the first order lattice melting transition at low fields an
the second order vortex glass phase transition at h
fields. Both the vortex lattice and the vortex glass pha
appear for one sample due to the field-dependent eff
of disorder. In a weakly disordered system, vortic
sustain the lattice structure at low fields [5]. As th
field increases, however, the effective pinning stren
of the disorder increases [17] and the vortex latti
becomes no longer stable and forms a vortex gla
For the untwinned YBa2Cu3Oy single crystal [5], similar
multicritical behavior was observed and it was shown th
the critical end point of the second order phase transit
occurs in the middle of the first order transition lin
However, the type of multicriticality in the YNi2B2C
single crystal is not yet conclusive in the crossover reg
of 1 T # H # 2 T and10 K # T # 12 K.

In conclusion, our measurements are consistent w
the vortex lattice melting transition at low fields an
2792
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FIG. 4. The scaling of voltage-current curves ofH  3 T
at temperatures from 7.4 K to 9.4 K by 0.05 K. The critic
exponents aren  1.25 and z  5.86, which are consisten
with the result of theR-T curve scaling. Inset: The critica
exponentnsz 2 1d for various fields above 2 T.

the vortex glass transition at high fields in the YNi2B2C
single crystal. This phase change, depending on magn
field, is possible in weakly disordered systems beca
the field-enhanced disorder transforms the system f
the vortex lattice phase into the vortex glass pha
Because the vortex lattice is robust with respect to
weak pinning, the resistance decreases suddenly wi

FIG. 5. TheH-T phase diagram of YNi2B2C single crystal
obtained from the transport measurement. There are both
vortex lattice melting transition and the vortex glass transit
due to the field-enhanced effect of the disorder in the wea
disordered system. (Solid line, field-dependent superconduc
onset temperature; filled circle,Hm; hollow triangle, Hg; and
dotted line, the theoretically expected line for glass transitio
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kink feature in theR-T curve and an S-shaped nonline
I-V curve appears belowTm indicating the first order
transition forH # 1 T. When the field increases abo
2 T, the continuous vortex glass transition is obser
with self-consistent scaling behaviors in theR-T and the
I-V curves. Although the vortex liquid regime is ve
narrow compared to high-Tc superconductors due to th
low transition temperature and the 3D superconductiv
the mixed state properties of the YNi2B2C superconducto
are found to be similar to those of high-Tc cuprates.
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