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Critical current and topology of the supercooled vortex state in NbSe2
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~Received 22 August 2001; published 16 January 2002!

We study the behavior of the critical current,I c(H,T), of pure and Fe-doped NbSe2 crystals in the denomi-
nated disordered vortex region, limited by the critical fieldHc2(T) and the fieldHp(T) at which the peak effect
in I c(H,T) is detected. The critical current follows an individual pinning response as demonstrated by its
field-independent universal function of the superfluid density. Transport measurements combined with Bitter
decorations show no evidence of the existence of an amorphous phase in the high-temperature region.
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I. INTRODUCTION

Although the peak effect in the critical current,I c(H,T),
at a fieldHp(T) close to the upper critical field,Hc2(T), has
been observed years ago its origin is still subject of deb
The traditional interpretation of this effect is based on
explanation suggested by Pippard1 and on the formal treat
ment made by Larkin and Ovchinnikov~LO!.2 In this sce-
nario the peak effect appears as a response of the vo
lattice to the presence of quenched disorder. The peak oc
due to the softening of the elastic constants in a crosso
from local to nonlocal elasticity when approachingHc2(T).
Using this formalism the behavior ofI c(H,T) at the peak in
NbSe2 has been explained.3

The elastic description of the peak effect has been c
cized by other authors4 emphasizing the necessary dynam
aspects of the phenomenon. An extensive analysis thro
transport measurements in NbSe2 showed4 the plastic finger-
print predicted in two-dimensional~2D! simulations5,6 in the
H-T region where the peak effect appears. In Ref. 4 a phase
diagram with a liquid vortex phase forH.Hp(T) is pro-
posed.

Recent electrical transport measurements using Corb
contact configuration have suggested7 other interpretation of
the peak-effect phenomenon. An abrupt decrease ofI c(H,T)
at Hp(T) is considered to be the manifestation of a genu
first-order thermodynamic phase transition from a disorde
@H.Hp(T)# to an ordered vortex state@H,Hp(T)#. In this
scenario the width of the transition detected using the c
ventional four contact configuration is due8 to the injection
of a disordered vortex phase through the surface. It is wid
accepted9,10 that the critical current is history dependent f
H,Hp(T) while for Hp(T),H,Hc2(T) it is reversible. A
dramatic example of history dependence ofI -V curves has
been recently reported10 using a fast transport-measureme
technique. This technique allows to define a large criti
current when the sample is cooled, in the presence of a
~FC!, down to temperatures well below that of the peak
I c(H,T). On the other hand, when using a slow transp
technique a low critical current is detected. When the field
applied after zero-field cooling~ZFC! the sample to tempera
tures below that of the peak in the critical current, the sa
low value of I c(H,T) is obtained independently of the tec
nique, fast or slow, used to measure it.

Within the frame of this work the most relevant propos
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properties of the mixed state associated with the presenc
the peak effect can be summarized as follows:~a! The vortex
phase nucleates atHc2(T) as a topologically disordered
structure with a large critical current that remains in therm
dynamic equilibrium, down to the temperature where t
peak in I c(H,T) takes place;~b! when the sample is FC to
lower temperatures the disordered vortex structure is su
cooled as a metastable state with a largeI c(H,T); ~c! the
thermodynamic equilibrium state obtained by ZFC expe
ments at low temperatures corresponds to a topologic
ordered phase with low critical current.

Independently of the different interpretations of the pe
effect there is consensus on the existence of an equilibr
disordered vortex state at temperatures above that of
peak, where transport measurements show no history de
dence. It has been claimed7,9 that the disordered equilibrium
phase shows a reentrance at fields low enough. In partic
in Fe-doped samples the reentrant region has been found
field of 1000 Oe.7

The history independence of the transport properties w
H.Hp(T) suggests that the vortex structure is displaced
mogenously through the sample when the measuring cur
exceeds the critical one. However, the analysis of the fi
and temperature dependence ofI c(H,T) in the so-called dis-
ordered phase is still lacking. On the other hand, the cla
that in FC experiments the disordered phase remains
metastable state at low temperatures provides us the p
bility of using the Bitter decoration to visualize its topolog
This is particularly important because despite the claim
the presence of a disordered phase based on the analys
I c(H,T) measurements, there is no trivial relation11–15 be-
tween critical current and topological order. The critical cu
rent is determined by vortex displacements in the sm
length scale associated with the range of forces of the
ning potential @superconducting coherence lengthj(T)#,
while the vortex topology responds to a larger length sc
~lattice parameter!, see Ref. 14.

In this work we focus the attention on the study of t
field and temperature dependence of the critical current
its relation with the corresponding vortex structure of t
proposed disordered phase. This is accomplished by com
menting the transport measurements with Bitter decora
of the pristine FC vortex structure before any external fo
is applied. Thus, the Bitter image depicts the vortex struct
tested by fast transport measurements.
©2002 The American Physical Society10-1



th

en
x
ti
s

s

rs
e
r
-

s-

-

v
a

s

b
x-

pe

n
ra
e
rt
ns

ped
ed

lita-
ed
e to

the
ig.
act
nce
n
is

d to
ted
le
by

e in
eld
.
ge
re
ne
er.
at

ed
ple
n.
ing

he

an
For

he
ed
etic

M. MENGHINI, YANINA FASANO, AND F. de la CRUZ PHYSICAL REVIEW B65 064510
II. LARKIN-OVCHINNIKOV THEORETICAL
BACKGROUND

Since the LO theory has been shown3 to be appropriate to
provide a quantitative understanding ofI c(H,T) in the peak
effect, we take the theoretical prediction of the model as
basic ingredient for the analysis ofI c(H,T).

This model predicts an enhancement of the critical curr
when approachingHc2(T) due to the softening of the vorte
lattice associated with the dispersive character of the
modulus. The increase ofJc is associated with a monotonou
reduction of the LO correlation volumeVc5Rc

2Lc , whereRc

is the elastic correlation length perpendicular toH andLc is
the parallel one. AtHp(T), Rc takes the minimum value
compatible with the existence of a finite density of vortice
Rc5a0 , wherea051.075(F0 /B)1/2 is the vortex lattice con-
stant. In this picture it is assumed3 Rc5a0 in the whole
region of fieldsHp(T),H,Hc2(T) or equivalentlyTp(H)
,T,Tc2(H).

In the LO theory the critical force is given byBJcVc
5 f N1/2, whereN is the effective number of pinning cente
in Vc and the pinning force,f, is usually assumed to b
proportional toC2, whereC is the Ginzburg-Landau orde
parameter. Close toHc2(T) the condensation energy de
creases asC2}(12b)(12t) where t5T/Tc and b
5B/Hc2(T). It is easily seen that (12b)(12t)5QTc
whereQ5T2Tc2(H). Within these considerations and u
ing the nonlocal elastic constantC44* 5C44(12b)(1
2t)/k2, whereC44'H2 is the local tilting elastic constant,16

it is found2 that for H.Hp(T)

Vc5Lca0
25a0

2~4C44* a0
2/ f n1/2!2/3}H21/3, ~1!

where it has been assumed that close toHc2(T) all pinning
centers inVc are effective,N5nVc . Thus, the field and tem
perature dependence of the critical current is

Jc~H,T!}H25/6Q. ~2!

Most of the experiments reported in the literature ha
been made at constant temperature varying field. In this c
the theory predicts that the critical current decreases a
2b) and the rapid change ofJc(H,T) as a function ofb has
been associated to this field dependence. However, this
havior is difficult to check due to the narrow available e
perimental field range betweenHp(T) andHc2(T).

In order to verify the behavior predicted by Eq.~2! we
investigated both the field as well as the temperature de
dence ofJc(H,T). It should be noticed that Eq.~2! has an
explicit dependence in magnetic field whenJc(H,T) is plot-
ted as a function ofQ. This dependence should be evide
when measuring the critical current as a function of tempe
ture for different fields. In this way it can be proved wheth
the vortex structure corresponds to an homogeneous vo
phase described by a correlation volume limited in its tra
verse direction,Rc5a0 .
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III. EXPERIMENT

The experiments were performed in pure and Fe-do
NbSe2 single crystals. Material parameters for the Fe-dop
sample areTc55.8 K, dTc(10– 90 %)50.2 K, j(0)578 Å
and for the pure sampleTc57.02 K, dTc(10– 90 %)
50.1 K, j(0)589 Å.

The results for the pure and impure samples are qua
tively similar. However, measurements of the Fe-dop
sample have a relative advantage over the pure one du
the wider field regionHp(T),H,Hc2(T).

The transport properties were measured using
Corbino-contact configuration as shown in the inset of F
6~b!. A dc current was injected between the central cont
and the four contacts indicated in the figure. The dista
betweenI 2 and V2 is approximately 0.3 mm and betwee
V1 andV2 is 0.3 mm, in both cases the sample thickness
around 40mm.

The sample was thermally anchored to a sapphire glue
a copper sample holder that was thermally weakly connec
to a liquid helium bath at 4.2 K. A heater on the samp
holder was used to control the temperature of the sample
means of a proportional, integrate, and derivative~PID! con-
troller.

Measurements were made by either cooling the sampl
a field, FC experiments, or cooling the sample in zero fi
and then sweeping the field at a given temperature, ZFC

The critical current was defined as that inducing a volta
of 10 nV in the Fe-doped sample and of 20 nV in the pu
sample. Moderate changes in voltage criteria to defi
I c(H,T) do not modify the conclusions reached in the pap

The Bitter decoration in pure samples was performed
4.2 K in FC experiments following the procedure describ
in Ref. 17. The magnetic decoration of the Fe-doped sam
was made at 3 K in order to achieve the necessary resolutio
The ZFC decorations of pure samples were made apply
the field after cooling the sample down to 4.2 K.

IV. RESULTS AND DISCUSSION

Figure 1 shows typicalI -V curves for different magnetic
fields obtained in the Corbino-contact configuration for t
Fe-doped sample in the temperature rangeT.Tp(H). The
critical current for each magnetic field is marked with
arrow. Similar results are obtained for the pure sample.

FIG. 1. Typical I -V curves for the Fe-doped sample using t
Corbino-contact configuration, where the critical current is mark
with an arrow. The measurements were made at different magn
fields andT55.52 K greater thanTp(H).
0-2
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CRITICAL CURRENT AND TOPOLOGY OF THE . . . PHYSICAL REVIEW B 65 064510
the same value ofI 2I c the voltage increases withH, as
expected.

Critical current curves as a function of temperature
different magnetic fields are shown in Fig. 2 for Fe-dop
and pure NbSe2 samples. A well-defined peak inI c(H,T) is
found for fields higher than 200 and 25 Oe for the Fe-dop
and pure samples, respectively@see Fig. 2~c! and~f!#. Below
these fields only a change in the slope ofI c(H,T) is detected
when approachingTc2(H). We have definedHc2(T) @or
Tc2(H)# as the magnetic field~or temperature! where the
critical current extrapolates to zero. The results are show
Figs. 6~a! and 6~b!.

The critical current of both materials obtained with t
described experimental setup is history independent and
sequentlyI c(H,T) is a single-valued function ofH andT. An
example is shown in Fig. 3 for the Fe-doped sample. Mos
the data reported in this work was taken at sweeping t
perature.

To verify whether the LO theory@Eq. ~2!# describes the
field and temperature dependence of the results show

FIG. 2. Critical current curves for different magnetic fields as
function of temperature for the Fe-doped sample:~a!, ~b!, ~c!, and
for the pure sample:~d!, ~e!, ~f!. The position of the peak in
I c(H,T) is indicated by an arrow.~c! and ~f! show theI c(H,T)
curves at the lowest field where the peak is detected for e
sample.
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Fig. 2, the critical current for different fields is plotted as
function of the variableQ, see Fig. 4. Contrary to what i
expected from Eq.~2!, the critical current in the variableQ
becomes field independent in a region of temperatures hig
than that where the peak inI c(H,T) takes place20.1<Q

ch

FIG. 3. Field dependence ofI c(H) at T55.3 K in the Fe-doped
sample. The filled square symbols depict the peak effect for
measurements while the open circles are for the ZFC case.

FIG. 4. Critical current as a function of the temperatureQ ~see
text! for different magnetic fields.~a! Fe-doped sample: Dark sym
bols correspond to the results where no peak inI c(H,Q) is de-
tected. The inset shows the same curves as a function of the a
lute temperature.~b! Pure sample. The data shows no agreem
with the LO theory, see text.
0-3
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M. MENGHINI, YANINA FASANO, AND F. de la CRUZ PHYSICAL REVIEW B65 064510
<0 for the Fe-doped sample and20.03<Q<0 for the pure
case. This is clearly shown in Fig. 5 whereI c(H,Q) as a
function of magnetic field for different values ofQ is plotted.
This field-independent regime for the critical current
obeyed even for the range of fields where the peak effec
not observed, see Fig. 4~a!.

As a consequence of the result described in the prev
paragraph it is concluded that the LC theory@see Eq.~2!# is
not applicable in theQ region where the critical current i
field independent. Besides this, the field dependence
I c(H,Q) at the peak does not follow the behavior predict
by the theory in the limitRc5a0 . The predicted increase o
I c(H,Q) at the peak when decreasing the magnetic field
not observed in any of the samples. Thus, the behavior of
critical current in the peak-effect region is not qualitative
described by the LO collective theory under the assump
Rc5a0 .

The results in Figs. 4 and 5 make evident that the fi
and temperature dependence of the critical current are
determined by the change of superfluid density as descr
by lh

22(T,H)}C2}(12t)(12b)5QTc , when approach-
ing Tc2(H). The lack of explicit field dependence o
I c(H,Q) indicates the irrelevance of the vortex-vortex inte
action to determine the pinning energy, suggesting that
critical current is fully determined by the pinning of ind
vidual vortices, single vortex limit. This seems to be a cou
terintuitive and surprising result in a field region where t
distance between cores is smaller than the interaction c

FIG. 5. Plot ofI c(H,Q) as a function ofH for different Q. For
the Fe-doped sample~a! the single pinning regime is found fo
values ofQ>20.1 and for the pure sample~b! for Q>20.03.
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acteristic length,lh(T,H). We will come back to this point
in the conclusions.

Figure 6 summarizes the results described up to now
B-T phase diagram. In Fig. 6~a! the lineHp(T) indicates the
field where the peak inI c(H,T) takes place and the line
Hs(T) marks the crossover to the single vortex regime@lack
of field dependence ofI c(H,Q)# for the Fe-doped sample
The Fig. 6~b! shows the results for the pure sample, in th
caseHs(T) coincides withHp(T). The individual vortex re-
gime line Hs(T) is found to follow the conditionQs
5Ts(H)2Tc2(H)5const.

In order to detect a possible reentrance of the lineHp(T)
in the phase diagram of the Fe-doped sample as reporte
Ref. 7, we have made careful measurements of critical c
rent as a function of temperature or magnetic field keep
constant field or temperature respectively. No evidence o
reentrantHp(T) was found for the investigated sample@the
paths followed to detect the possible reentrance are indic
with dotted lines in Fig. 6~a!#. The presence of a peak effe
down to 200 Oe and the absence of reentrance in the
doped sample is a different behavior than that found for si
lar samples in Ref. 7@comparableTc and j~0!# where the
reentrance of the high-temperature phase takes placeH
51000 Oe. This clearly shows that the reentrant peak ef
depends strongly on unknown properties of the sample
consequently on the ubiquity of the supposed disorde
phase as has been verified by several authors.18

FIG. 6. B-T phase diagrams.~a! Fe-doped sample (Tc

55.8 K). Hc2(T) is the field whereI c goes to zero. TheHp(T) line
is the position of the peak ofI c(T,H). The lineHs(T) corresponds
to a crossover to a single pinning regime. Dotted lines indicate
paths followed to study the reentrance of the disordered vo
phase.~b! Pure sample (Tc57.02 K). In this case theHs(T) line
coincides withHp(T). In the inset is shown the Corbino-conta
configuration.
0-4
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CRITICAL CURRENT AND TOPOLOGY OF THE . . . PHYSICAL REVIEW B 65 064510
The results of magnetic decorations performed in FC
periments at 60 Oe are shown in Fig. 7~a! for the pure
sample at 4.2 K and in~b! for Fe-doped sample at 3 K. It i
important to remark that in this case the FC decoration
the Fe-doped sample is made at a field below the lowest
where the peak is detected. In the pure case the FC at 6
crosses theHs(T) line. An identical polycrystalline nature o
the FC state is observed in both type of materials. Follow
Ref. 10, this structure corresponds to the so-called m
stable disordered phase. The polycrystalline structure is
tected independently of the presence of the peak effect a
field where decoration is made. This indicates that the
polycrystalline structure is originated in the region of te
peratures where the single vortex regime dominates. Th
an interesting result showing that some degree of orie
tional order is preserved when nucleating the vortex struc
at Hc2(T) in a single vortex limit.

The Bitter structure obtained in ZFC experiments at 4.2
shows gradients ofB as a result of the presence of transp
currents induced when applying the field.17 Despite this, a
polycrystalline structure is found in most of the sample. T
average size of the grains coincides with those shown in
7 obtained in FC experiments.

FIG. 7. FC vortex structure in NbSe2 observed by magnetic
decoration at 60 Oe. Delaunay triangulations where the nea
neighbors vortices are bonded and the nonsixfold coordinated
marked in gray.~a! Pure sample decorated at 4.2 K and~b! Fe-
doped sample decorated at 3 K.
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V. CONCLUSIONS

We have found a universal behavior of the temperat
and field-dependent critical current when approaching
mean-field superconducting transition,Tc2(H). The univer-
sal character is made evident when plottingI c(H,T) as a
function of the temperature differenceQ5T2Tc2(H), as
shown in Figs. 4 and 5. This shows that the superfluid d
sity univocally determines the pinning properties of the m
terial in this region of the phase diagram. The lack of expli
field dependence ofI c(H,Q) when plotted as a function ofQ
indicates that the vortex-vortex interaction plays no sign
cant role in the determination of vortex pinning. The resu
cannot be interpreted within the collective pinning theory
the single vortex limit2 since the distance between vorte
cores is much smaller than the effective penetration de
lh . This rather suggests that in this large-lh limit, the inter-
action of individual pinning centers with a vortex line ove
comes the weak interaction between vortices.19

It is important to remark that the single pinning regime
not necessarily associated with the presence of the pea
fect: despite the peak effect not being detected below 200
in the Fe-doped sample, the crossover to single pinning ta
place even at lower fields.

The transport and Bitter experiments make evident t
the single vortex pinning found at high temperatures is co
patible with a structure where directional order is preserv
within the grains. This reinforces the claim that the typic
length scale associated with critical current is different fro
that characterizing the topological order.14

We have not been able to detect a reentrance ofHp(T),
neither in the Fe-doped sample nor in the pure one. Whe
this indicates that the phenomenon fades away when dec
ing the field or transforms into a weak signal not detected
our samples deserves further research.

The combined transport and Bitter-decoration expe
ments together with the results in Ref. 10 open a ques
mark on the nature of the disordered phase. This is of p
ticular importance in view of recent data interpreted7,20,21 in
terms of an order-disorder thermodynamic transition t
takes place at the temperature where the peak inI c(H,T) is
observed. The results reported in this paper call for a be
definition of what is meant by order and disorder charac
ized by critical current measurements. The topology of
FC structure as observed by Bitter decoration shows no
dient ofB indicating the absence of transport currents act
on the bulk of the vortex system.22,23Although this supports
that by FC the high-temperature structure is supercooled,
results make evident that the high-temperature phase is
amorphous.

The observed ZFC vortex structure is not an ordered e
librium state; it is consistent with a topological unstable st
dominated by the presence of transport currents.17

In conclusion, through the analysis of the vortex structu
and the assumption of the existence of the proposed su
cooling of the high-temperature phase in the FC experime
no evidence of an order-disorder phase transition is foun
samples where the transport properties show anomalies a
ciated with a first-order thermodynamic transition.7

st-
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