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Abstract

We have measured the resistivity and magnetic AC susceptibility of 2 H-NbSe single crystals containing alternating2

stripes of irradiated and non-irradiated regions of columnar defects created by heavy-ion bombardment. Without applied
magnetic field, the sample undergoes a double-step transition into the superconducting state, each step corresponding to the
transitions in the irradiated and non-irradiated regions, respectively. For fields smaller than half of the matching field and
upon increasing the temperature, the onset of flux motion in the non-irradiated channels occurs, when the applied stress due
to the electrical current equals the shear stress at the channel edges, while depinning in the irradiated stripes occurs at higher
temperature. The weak amplitude dependence of the shear process suggests that it takes place at the melting transition. We
observed only a single-step transition at DC magnetic fields larger than half the matching field, because pinning by the
columnar defects in the irradiated stripes is much less effective, and consequently the shear stress at the channel edges is
strongly reduced. The comparison between the shear stress deduced from I–V curves and the theoretical value t sACmax 66

yields a value for the constant A, which is in good agreement with theoretical predictions. q 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Since the discovery of high-T superconductors,c

there has been great interest in the thermodynamic
phase diagram of the ‘‘vortex matter’’. Several new
vortex phases and transitions between them have
been suggested theoretically with the support of ex-

Ž w xperimental results see for example Refs. 1–9 , and
.references therein . Three aspects are responsible of

the richness of the vortex phase diagram: quenched
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disorder, anisotropy in the electronic properties, and
thermal fluctuations. The 2 H-NbSe represents a2

good candidate to study the influence of each of this
aspects in the phase diagram: thermal fluctuations
are reduced, due to the low T of this material, thec

anisotropy is close to that of the less anisotropic
High-T superconductors, and finally it is one of thec

cleanest superconducting systems as revealed by the
very low ratio between the critical current density
Ž . Ž .j and the depairing current density j . In fact, inc 0

the 2 H-NbSe this ratio j rj s10y5 –10y6 , while2 c 0

in high-T superconductors j rj s10y3 –10y2 ; inc c 0

particular this very low ratio makes the 2 H-NbSe2

an ideal system for the study of phase transitions.
The dependence of the critical current density on
temperature and DC magnetic field exhibits a peak
w x10,11 , which can be explained using the Larkin–

w xOvchinnikov collective pinning theory 12 . Some
authors have ascribed the peak to a melting transition
w x11,13 , while others have attributed it to a crossover

w xin the flow regime of the vortices 14 .
In this paper, we present transport measurements

which directly probe the shear strength of the vortex
ensemble in 2 H-NbSe. The sample consists of a
periodic structure of stripes with columnar defects
introduced by high-energy ion bombardment, sepa-
rated by non-irradiated channels. The columnar de-
fects are cylindrical tracks of amorphous material
with lateral size of the order of the coherence length.
Although the effect is not as dramatic as in high-Tc

superconductors, the columnar defects enhance the
w xpinning properties of 2 H-NbSe 15 , for fields2

w xsmaller than half of the dose-equivalent field 16–19
Žthe dose-equivalent or matching field is the field at
which the vortex density equals the density of

.columnar defects .
With the field parallel and the current perpendicu-

lar to the walls of the channels, a Lorentz force
directed parallel to the channels is exerted on the
vortices. The onset of vortex flow in the channels

occurs when the Lorentz force equals the shear force
at the channel walls, which is exerted by the ensem-
ble of pinned vortices in the stripes containing
columnar defects. The current necessary to counter-

Ž .balance the shear force shear current is given by
w xthe relationship 20 :

j s2t rWB , 1Ž .s max

where B is the magnetic field, t sAC is themax 66

flow stress, C is the shear modulus of the lattice66

which, at low fields, is given by

F B 1yTrTŽ .0 c
C s . 2Ž .66 216pm l 0Ž .0 ab

A is a constant related to the anharmonicity in the
lattice potential and to the dispersion of C and has66

Ž . w xvalues between 1r 2p and 1r30 21,22 , and W is
Ž .the effective width of the channels approx. 3 mm .

Measurements in similar configurations have yielded
relevant information on the vortex flow regimes of

w xtwo-dimensional low-T superconductors, 23 andc

have also confirmed the melting scenario in
Ž . w xBi Sr CaCu O Bi-2212 24 . The results pre-2 2 2 8qx

sented in this paper reveal a double-step transition
probed by resistivity and magnetic AC susceptibility
at low-DC magnetic fields, i.e. lower than approxi-
mately half of the dose-equivalent field. The
double-step transition observed in zero-field mea-
surements can be attributed to the existence of two
phases in the compound: the non-irradiated channels
showing the same critical temperature as pristine
samples, and the irradiated fraction of the sample
with a slightly higher T , which may result from thec

destruction of the charge–density wave. At low DC
magnetic fields, the double-step transition is due to
the onset of vortex flow in the channels, when the
applied current equals the shear current, followed by

Ž . 4 2 Ž . Ž . Ž . Ž . Ž .Fig. 1. a Temperature dependence of the voltage for js7.7P10 Arm , at DC field of 0 ^ , 0.02 ' , 0.04 ` , 0.06 v , 0.08 e ,
Ž . Ž . Ž .0.1 B T. An arrow indicates a zero-field measurement on a fully irradiated sample l . A second arrow indicates the kink in the V T

Ž . Ž .curve measured on the sample with the channel structure. The inset shows the same measurements but at the fields 0.5 l , 0.7 ` , and 1
Ž . Ž . Ž . 4
I T here the voltage scale is not necessary and, for simplicity, it is not reported . b Field dependence of the voltage for js7.7P10

2 Ž . Ž . Ž . Ž .Arm at different temperatures: 6.3 K B , 6.5 K ` , 6.8 K v , and 6.9 K I .



( )M.-O. Andre et al.rPhysica C 338 2000 179–188´ 181



( )M.-O. Andre et al.rPhysica C 338 2000 179–188´182

depinning from the columnar defects at higher tem-
perature. At DC magnetic fields larger than half the
matching field, the efficiency of pinning by the
columnar defects is strongly reduced, because of the
excess vortices with respect to the available pinning
tracks. The transition occurs only in a single-step,
which indicates that the vortex motion is relatively
homogeneous throughout the sample.

2. Experimental

We irradiated single crystals of 2 H-NbSe with2
208 Ž .5.9 GeV Pb ions at GANIL Caen, France , ac-

w xcording to the procedure described in Ref. 24 . The
channel structure was obtained by covering the sam-

Ž w xples with a mask see Ref. 24 for the details of the
.design and fabrication of the mask . The ion bom-

bardment fluence was 5=1010 ionsrcm2 corre-
sponding to a dose-equivalent field of 1 T. In order
to verify the presence of the desired channel struc-
ture in the samples, the mica strips used as sample
holders during the irradiation were cleaved, etched in
a 40% solution of hydrofluoric acid and then investi-

w xgated by polarised-light microscopy 24 . The mor-
phology of the channel structure is similar to that of

w xRef. 24 , i.e. the average width of the channels is
approx. 3 mm, and the average distance between
them is approx. 12 mm. The sample dimensions are
3=0.5=0.026 mm3. We measured the resistivity in
the standard four-point configuration with a spacing
between the voltage contacts of approximately 1
mm. In the resistivity measurements the current has
been applied perpendicular to the channels walls,
while the magnetic field direction is perpendicular to

Ž .the sample i.e. parallel to the channels walls ; in this
way the Lorentz force on the flux lines is exerted
along the direction of the channels. The AC mag-
netic susceptibility measurements have been per-

formed by using a non-commercial three-coil suscep-
tometer in the bridge configuration, in which a lock-in
amplifier measured the voltage induced in the two
pick-up coils connected in series and wrapped in the
opposite direction.

3. Results

In Fig. 1a, we present measurements of the DC
resistivity as a function of temperature at various DC
magnetic fields and using a current density js7.7
=104 Arm2. Measurements as a function of the DC
magnetic field at several temperatures are displayed
in Fig. 1b. In both sets of measurements, the resistiv-
ity displays a characteristic kink indicated by arrows
in the figures. Below the kink, the resistivity de-
creases linearly as a function of DC magnetic field
and temperature, whereas between the kink and the
normal-state resistivity, it is non-linear. The kink

Ždisappears at higher magnetic fields in Fig. 1a see
.measurements in the inset , or lower temperatures in

Fig. 1b. A fully irradiated sample from the same
batch shows no kink, but a smooth transition, as
shown in Fig. 1a.

We also measured the AC magnetic susceptibility
of the sample showing the kink in resistivity. The
AC susceptibility as a function of the DC magnetic

Ž .field strongly depends on the temperature Fig. 2a .
Ž Y .At temperatures close to T , the imaginary part xc

exhibits a double-peak structure associated to a dou-
Ž .ble-step transition in the real part inset to Fig. 2a .

As the temperature is decreased, the double-peak
Y Žstructure evolves into a single-peak in x see for

.instance the measurement at 6.3 K . Similarly, the
double-step transition in the real part becomes a
single-step transition as the temperature is decreased.
Measurements as a function of temperature show the
same behaviour: double-peak structure at low fields

Ž . Ž Y . Ž .Fig. 2. a Imaginary part x of the AC susceptibility as a function of the DC magnetic field at the same temperatures as in Fig. 1 b . The
Ž X .AC field amplitude and frequency are h s0.5 Oe and ns1300 Hz respectively. The inset shows the behaviour of the real part x ofAC

Ž .the AC susceptibility at Ts6.85 K. Notice the double step transition and the criterion used to determine the lines S sH 1st Trans.1 c2,chan
Ž . Ž . Ž .and S sH 2nd Trans. in Fig. 4. b Temperature dependence of the imaginary part of the AC susceptibility at the DC field 0 ^ ,2 c2, chan

Ž . Ž . Ž . Ž .0.1 B , 0.5 l , 0.7 ` , 1 I T, h s0.5 Oe and ns1300 Hz.AC
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evolving towards a single-peak structure as the DC
Ž .magnetic field is increased Fig. 2b . The position of

both peaks depends on the AC magnetic field ampli-
Ž .tude Fig. 3 , with a more pronounced dependence

for the peak at higher DC magnetic field. Both peaks
become indistinguishable as the amplitude of the AC
field is increased. The dependence of the AC suscep-
tibility on the amplitude of the AC field is a signa-
ture of irreversible mechanisms, which may be gov-
erned either by bulk pinning or by a surface or

w xgeometrical barrier against the entry of vortices 25 .
It is well established that above 50 G and in the

Ž .perpendicular geometry H Ic , the major mecha-DC

nism giving rise to magnetic irreversibility is bulk
w xpinning 10,13,26 , whereas below 50 G, the geomet-

w xrical barrier becomes the dominant mechanism 27 .
Therefore, we believe that the measurements pre-
sented in this paper bear the signature of bulk pin-
ning irreversibility.

Some of the characteristic features observed on
the different curves plotted in the previous figures
are shown in the H–T diagram of Fig. 4. Two
boundaries can be defined from the AC susceptibility

Ž .data at low DC fields and high temperatures Fig. 2
by the intercepts S and S of the line x

X s0 with1 2
X Žthe tangent to each step in measurements of x see

.inset to Fig. 2a . The two lines correspond to mea-
surements performed at the AC field amplitude hAC

s0.5 Oe. One more line is that of H measured inc2

non-irradiated 2 H-NbSe samples of the same batch2
Ž w x.such as those studied in Ref. 28 . The two addi-
tional lines are defined as the onset and the kink in

Ž .resistivity R and R , respectively , measured at0 kink

the current density js7.7P104 Arm2.
An inspection of the H–T diagram immediately

yields three observations. The line formed by the
data points S coincides with that of the upper1

critical field H of non-irradiated samples, whereasc2

Ž . Ž . Ž .Fig. 3. Field dependence of the imaginary part of the AC susceptibility at different AC field amplitudes h s0.5 I , 1 v , and 2 `AC

Oe at Ts6.85 K and ns1300 Hz.
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Fig. 4. H – T plot showing the points corresponding to the kink
Ž . Ž .I, R and the onset `, R in resistivity measurements,kink 0

Ž .H of the non irradiated 2 H-NbSe sample q, H , Hc2 2 c2,pure c2
Ž Žmeasured on the sample with channels =, S ' H 1st1 c2,chan

. Ž ..trans. ; v, S ' H 2nd trans. , and the points at which the2 c2,chan

I –V curves have been measured. The lines are a guide to the eye.

the line S tends to merge with the two latter ones at2

approximately 0.6 T.
In order to better characterise the different por-

tions of the H–T diagram delimited by these bound-
Ž .aries, we have measured several I–V curves Fig. 5

indicated by the vertical column of symbols at 6.5 K
and the horizontal row of symbols at 0.2 T in Fig. 4.
At fields and temperatures below the R line, the0

I–V curves are strongly non-linear, while the linear-
ity is recovered above the R line. In the interme-kink

diate region, the non-linearity follows a power-law
with an exponent gradually approaching unity for the
curves measured increasingly close to the R line.kink

4. Discussion

Before analysing the H–T diagram in more de-
tail, an important task is the choice of a suitable
criterion for the determination of H . A criterionc2

which is often used is the intercept of the line x
X s0

Fig. 5. I–V characteristics measured at 6.5 K and at different DC fields. The arrow indicates the onset of resistance corresponding to the
de-shearing of the flux line lattice in the channels.
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with the tangent to the linear section in the real part
of the AC susceptibility measured at low AC field
amplitude. The use of this criterion in the sample
containing a channel structure has to take into ac-
count the existence of a double-step transition. One
may thus define the two lines S and S as two1 2

different transitions to the normal state. A striking
fact is the coincidence between the S line and1

Ž .H T measured in non-irradiated samples. It pointsc2

out that the double-step transition corresponds to the
contribution of two different fractions of the irradi-
ated sample: the non-irradiated channels, where the
transition is the same as in pristine samples, and the
irradiated parts with a higher value of H . This canc2

be due to a possible strong perturbation of the
charge–density wave caused by the irradiation dam-
ages. The disappearance of the peak-effect in the
critical-current density observed in pristine samples,

w xalso results from the irradiation 15 .
A satisfactory interpretation of the double-step

transition is thus the following: the sample is com-
posed of two phases, each of them undergoing the

Ž .superconducting transition at different fields H T .c2

The phase characterised by the absence of columnar
defects has a T of 7.13 K, in good agreement withc

w xthe data obtained on non-irradiated samples 28 ,
whereas the irradiated fraction of the sample has a
higher critical temperature, T s7.27 K. It is worthc

mentioning that the intercept of the linear part in the
resistivity data and the normal-state line also falls on
the line S at low DC fields. The difference between1

the behaviours of both fractions of the sample de-
Žcreases as the DC field is increased or the tempera-

.ture lowered ; this difference disappears at DC fields
close to 0.6 T, where the influence of the irradiated
part of the sample becomes undetectable, and the
two peaks in x

Y merge. The same kind of behaviour
YŽ .is visible in the x H measurements performed at

Ž .different AC field amplitudes Fig. 3 : both peaks
move to lower DC field, the second peak showing a
more marked AC field dependence than the first one,
as it moves towards that at lower DC field upon
increasing the AC amplitude. This behaviour is op-

Ž .posite to that of granular polycrystalline samples,
Ž .in which an increase of the applied AC or DC

magnetic field produces an increasing splitting be-
tween the so-called intergranular and intragranular

w xpeaks 29 .

In fact one has to consider the morphology of the
sample: a succession of parallel non-irradiated chan-
nels separated by high-pinning stripes. The vortex
ensemble in the non-irradiated channels can only be
set into motion when the driving force is large
enough to overcome the shear stress at the channel
edges, or if a structural transition of the vortex
ensemble strongly modifies the shear modulus, like
e.g. the melting transition, where the shear modulus
C is supposed to rapidly fall to zero. The weak66

Žamplitude dependence of the first peak the peak at
.low DC field or low temperature, see Fig. 3 sug-

gests such a scenario. In the case of bulk pinning
irreversibility, a peak is observed when the AC field
amplitude matches a characteristic value, which is
directly proportional to the critical current density. A
weak amplitude dependence of the peak indicates
that this characteristic value varies very rapidly over
a small temperature range, and hence, we conclude
that the drop of the critical current density is sharp,

w xas expected at the melting transition 2 . Therefore,
the shear from the channel edges, associated with the
melting transition, occurs simultaneously as the drop
of j .c

ŽThe second peak observed at higher DC field or
.temperature can be ascribed to the depinning from

the columnar defects, corresponding to the kink in
the resistivity as well. This is consistent with the
more pronounced amplitude dependence which, in
the framework of the critical-state model, is due to a
less abrupt decrease of j , as depinning from thec

columnar defects in the Bose-glass state is not a
Žfirst-order transition in the thermodynamic sense see

w x.the case of Bi-2212 Ref. 19 . Note that the Bose-
glass description of the vortex state has been shown
to be valid only at fields lower than approximately
half the dose-equivalent field in Bi-2212. This is in
good agreement with the disappearance of both the
kink in resistivity and the second peak in AC suscep-

Žtibility at fields around 0.6 T half the matching field
.is 0.5 T in our case , as these features have been

ascribed to the high pinning by the columnar defects
in the stripes between the channels.

A consideration of the I–V curves supports this
interpretation, as linearity is only observed above the
R line, i.e. when the whole vortex ensemble iskink

depinned in the entire sample. The non-linear be-
haviour observed in the intermediate region between
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the R and the R line is due to pinning by thekink 0

columnar defects stripes separating the channels,
while the vortices already move freely in the chan-
nels. Below the R line, a current density j can be0 s

clearly defined from the I–V curves. Below this
current there is no detected motion of flux lines in

Žthe channels and in the irradiated regions I–V curve
.measured at Ts6.5 K and Hs302 mT in Fig. 5 .

A comparison can be done between the value of the
Žcritical current and the theoretical estimate within a

.continuum approximation of the flux line lattice of
w xthe shear current density 23 J . By taking thes

values of the in-plane Ginzburg–Landau penetration
˚Ž .depth l 0 s2000 A, Ts6.5 K, T s7.13 K forab c

the non-irradiated portion, and J s1.23P106 Arm2,
s

Ž . Ž .and using the Expressions 1 and 2 , one finds for
the constant A the value 0.0255, which is close to
the theoretical value 1r30, and to the value 0.047

w xfound in the Refs. 21–23,30 .
One of the main differences between the results

presented in this paper and the experiment carried
out on 2D flux lines in amorphous Nb Ge patterned3

with a channel structure of high pinning material
w xNbN 20 , is that the vortices can be depinned from

the columnar defects, whereas they rigorously re-
main pinned by the NbN layer up to a temperature
above T in Nb Ge. Therefore, it is not possible toc 3

extract the shear viscosity following the procedure
w xdescribed in Ref. 20 , because both the shear and the

depinning contributions are mixed. If this were not
the case, the I–V curves should consist of two linear
portions separated by a non-linear section in the area
comprised between the R and the R line. The0 kink

linear section at low currents would correspond to
the flow in the channels, while the other linear part
at high currents to the flux flow over the entire
sample. The non-linear section at intermediate cur-
rents could then be ascribed to depinning from the
columnar defects.

5. Conclusion

Transport measurements have been carried out on
2H-NbSe samples consisting of non-irradiated2

channels separated by stripes with columnar defects.
The experimental configuration is such that the vor-

tices are constrained to flow within the channels. The
presence of a double-step transition in AC suscepti-
bility measurements at low AC field amplitude shows
that the sample is characterised by two critical tem-
peratures each of them corresponding to the irradi-
ated and non-irradiated portions of the sample, re-
spectively. Below H , two lines can be constructedc2

in the H–T diagram from the resistivity measure-
ments. At low temperatures and low fields the vortex
ensemble is pinned by the columnar defects, and in
the channels the weak-pinning centres and the shear
force at the edges prevents the vortices from flowing.
As temperature is increased, the onset of flow in the
channels takes place when the lattice melts as a
result of the vanishing shear modulus. Upon further
increasing the temperature, a point is reached where
the vortices depin from the columnar defects, result-
ing in an uniform flux flow over the entire sample.
An important distinction between the results pre-
sented in this paper and similar experiments carried
out on low-T ’s patterned with a high pinning chan-c

nel structure, is the possibility for the vortices to
depin from the columnar defects. Nevertheless, the
value of the constant A has been found to be in good
agreement with previously reported theoretical and
experimental values.
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