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Dimensionality of collective pinning in 2H-NbSe, single crystals
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ac susceptibility measurements have been used to determine the dimensionality of the collective pinning in
2H-NbSe crystals. We have analyzed the thickness dependence of the critical current vers{i3.(idid
curves for thicknesses between 6 and 166. Down to 15um J.(H) is independent of the thickness showing
that the pinning is three dimensional. This is in agreement with estimates from collective pinning theory.
Deviations occur for the @um thick sample near the peak-effect regime, possibly indicating a crossover to
two-dimensional behavior. In the thicker samples the peak effect clearly cannot be assigned to a dimensional
crossover. The frequency dependence reflects a crossover from a Campbell regime to a nonlinear regime
related to small flux creep effecfsS0163-18297)02830-0

. INTRODUCTION hy=0.971.d (1)

ac susceptibility has widely been used for the determinais satisfied. It can be easily shown that this relation also
tion of the critical current density,. in superconducting ma- applies fory”(Hgy) at a fixedhy (hg<<Hg4o allowing us to
terials. It is complementary to the traditional four-probeinfer J.(Hq4o) within a constant of order unit{.® In practice,
transport measurements and is based on the assumption thiag critical state model should be corrected in order to in-
the flux line arranges itself according to the conditions of theclude the influence of flux cre€pFlux creep phenomena are
critical state*? The most common experimental configura- recognized by the frequency dependence of the ac
tion is that of an ac field of amplitude, superimposed to a susceptibility'® These effects can be very predominant in
dc field Hy, which is much largehg<H .. In this case itis high-temperature superconductors.
typical to assume that, in the ac loop, the critical current is This thickness dependence of the ac susceptibility can be
constant, and only determined by,., J.=J.(Hq). With  conveniently used to probe the thickness dependence of
this assumption and in absence of demagnetization effects,Ja(Hqo) in layered superconductors in the perpendicular-field
maximum in the out-of-phase component of the first har-geometry, e.g., for the layered compound-ANbSe. In this
monic of the ac susceptibility” is expected when the ac material, the critical current, in the low-field regime, can be
profile reaches the center of the sample. This fact allows ugdescribed™*? by the collective pinning theory of
to determineJ.(Hqo) from h, and the dimensions of the Larkin-Ovchinnikov*® In the high-field regime, however, a
sample perpendicular to the direction of the field. peak effect(PE) occurs inJ.(Hgy) or J.(T) close to the

However, in many cases, the experiments are performegritical field line H,(T).*'* Different scenarios have
on thin films or single crystals with the field perpendicular tobeen suggested for the PE) a sudden softening of the
their surface. This arrangement requires an adapted analys@astic moduli on going from local to nonlocal elasticify,
If the sample is a disk of radiusand thicknessl (d<r), the (i) a dimensional crossover from two-dimensiofi2D) to
critical state occurs through the thickness instead of th&D collective pinning}! (iii) a melting transition of the vor-
radius® These demagnetization effects are related with thdex lattice at the onset of the petkor (iv) at the maximum
self-field generated by the induced currents. If the flux haof the PE*"*8In this paper we are not considering the origin
fully penetrated the sample, e.g., after field cooliff), of the PE, but we concentrate on the dimensionality of the
these effects are not important in dc magnetization measur&ollective pinning in the field regime below the PE, which is
ments, but they do play a role in ac experiments. The agonetheless relevant fdi) and (ii). The thickness depen-
susceptibility for a thin circular disk in a perpendicular field dence ofJ;(Hy) determines the dimensionality; for 3D col-
has been calculated in recent wofk&.Clem and SacheZ lective pinning,J. should be thickness independent, while
showed that the maximum iy”(h,) for Hy=0 appears for 2D collective pinning &~ ! dependence is expected.
when the relation In this work, we have measureq,{Hg4.,hg) on a
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2 0e

2H-NbSe single crystal withd=166um, which is ex- 0.2 m 0.250e¢
pected to be in the 3D regime. These measurements were © 050e (a)
repeated after cleaving the same crystal several times to ex-— 0.0 S 10e

L 4

plore the influence of the thickness without modifying the <
transverse dimensions. An additional advantage of inductive . g-0.2
methods over transport techniques is that the problems re-
lated with contacts and self-heating are avoife@n the
other hand, the analysis gf{H 4.,h) is complicated by the
frequency dependence, which is equivalent to the choice of -
the voltage criterion fod, in transport experiments. To ana-
lyze the effects related to flux creep, the frequency depen- -0.8
dence was studied on two other crystals with different thick-

nesses, but with approximately the same transverse — -1.0 se——t—olo ot
dimensions. 0.0 0.5 1.0 1.5 2.0 2.5
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Il. EXPERIMENTAL

0.2
All measurements have been performed on disk-shaped
samples. The thickness of the samples was determined b)\ 0.0
measuring their surface area and weighing the samples in e
microbalance. The higher errors arise from the surface area ', .(.2
and have been estimated to introduce uncertainty in them

g e

LN R A et e

thickness of 2um. To determine the density, the lattice pa- <~ .(.4 |4 m 0.250¢
rameters and the crystal structure presented in Ref. 20 have§ i 0 0.50¢
been used, giving a value of 6.44.0° kg/nv. 0.6 [ A 10e
Three different samples have been used to perform this 2 Lo 0 20e
study. The influence of the thickness has been analyzedone _g g [ ¢ 40e
sample with a diameter of 1.68 mfsample A. Its initial "
thickness wasd=166um and it was repeatedly cleaved 10 B
sandwiching it between tape strifsac measurements, at a 1.6 1.7 1.8 1.9 2.0 2.1

frequency of 1300 Hz, with differert, and fixed tempera- L H (T.)
tures (4.24 and 5.73 K were performed for six different 0
thicknesses ranging between 166 anddb: 166, 122, 83,
66, 32, and 15um. The samples were cooled down in zero _,
field and both the dc field and ac field were applied perpenHz) The meaning of the rectangle depicted in the figure is pre-
dicular to the sample surface. "? Some CQQ%%T) M3~ sented in the texi(b) Detail of the region close to the peak effect.
surements have been done cooling down in field@4)  The two lines indicate the position 6fonser@Nd H pee
has been recorded from high field to low field. The results
were the same, showing that these experiments do not shaygmponenty’=—1 at zero dc field. The following features
any history dependence. The sample of & was cleaved can be observed in the behavior gf
again obtaining a sample with a thickness of aroundg as (i) After a kink in x'=—(0.85-0.9 the behavior follows
determined by scanning electron microscopy. the predictions of the critical state models. The curves are
The frequency dependence has been studied in two diffeistrongly h, dependent, which suggests that the most impor-
ent Crystals with similar dimensions. Sample B had athiCk-tant contribution to losses is hystere“c As proposed by
ness of 11Qum. It was measured in a superconducting quancivale et al,?* this assumption can be confirmed performing
tum interference device systef@uantum Desingat 4.45 K measurements for several ac field amplitudes varying in the
and at frequencies of 1, 119, and 987 Hz. The last oneatio 1:2:4:8:-- and inscribing rectangles as shown in Fig.
(sample @ had a thickness of 2@m and the measurements 1(a). This interpretation is based on the idea that the value of
were performed at 4.24 K in an ac susceptometer using the’ (horizontal lines in the rectanglés a measure of how far
frequencies of 130 Hz, 1.3 kHz, and 13 kHz. Sample A aftetthe ac profile has penetrated inside the sample. This is not
each cleavage and samples B and C were initially charactethe only contribution because as we are going to show later,
ized measuringy(T,Hq=0) in order to determine their there is also a small frequency dependence.
critical temperature. In all cases, g~7.1 K is obtained (i) There is a fieldH 5see@t Which|y’| shows a minimum.
without showing any thickness dependence, as was expecteg, Fig. 1(b), a blow-up of the region near this field is pre-
sented. From these curves we observe that, at least within the
IIl. RESULTS AND DISCUSSION range ofhy we have used ,.siiS independent oy, while
the corresponding value of, x .sex do€s depend on it.
(iii) Before reachingd.,, defined as the field at whichl
The typical y(Hqyo) curves for different ac fields at=1  starts to deviate from zero with the lowest ac field, a mini-
Hz andT=4.45 K for sample B are presented in Figs. 1 andmum in x" occurs at a fieldH peq. In @ similar way to the
2. The data have been scaled in order to yield an in-phaggrevious point, the value df, modifies the value of’ at the

FIG. 1. (a) Isothermal in-phase ac susceptibility component
x'(Hgo for sample B using different ac field§=4.45 K, »=1

A. Determination of J.(H 4. from ac susceptibility
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0.30 fulfilled, as it is the case of the broad maximum below
- HonsetOF if the peak is only an evidence of the fact that the
= 0.25 2 J.(H4o dependence shows a maximum. In this second case,
? 0.20 5 Eqg. (1) cannot be applied and, consequently, these peaks
'; U cannot be used to determidg. The different cases that are
Z 0.15 o reported in this kind of experiment can be explained by con-
- - sidering a monotonously decreasihgH ) dependence fol-
T 010 F lowed by a peak effect dfl 5 5o S€€ INSEL Fig. D).
= . (i) With very low ac fields(curves of 0.25 and 0.5 Oe in
2 0.05 o Fig. 2), the current we are inducing with the ac field is lower
0.00 wt than the minimum inJ.(Hy.se). Therefore, the peak effect
) region is reached before the relatibg=0.971.d is ful-
005 B L filled. In this casex”(Hyo increases until the onset of the
0.0 0.5 1.0 1.5 2.0 2.5 peak effect, then decreases and shows a minimum very close
i H(T) t0 Hpear Above this field, it shows a large maximum at the
0 field where the steeply descendidg(Hyo) curve is crossed
0.35 [see inset Fig. @)].
J (i) With high ac fields the critical current is higher than
0.30 the maximum of the peak effect. It is seen thdt(Hyo)
= shows two maximdcurves of 2 and 4 Qe The broad peak
ﬁ 0.25 at low dc fields corresponds to the peak which is expected in
- oL H critical state models and allows to determihe At high dc
= 0.20 e fields there is an additional peak which is not a peak in the
R 0.15 sense of the critical state, i.e., at which E). is fulfilled, it
= merely reflects the PE observed in th€dH,.) dependence.
= 0.10 F The position of this second peak is closely related with the
= c position of the minimum iny’ (Hyo) and hence it is indepen-
0.05 c dent ofhg.
0.00 o (i) There is an intermediate range of fields in which

x"(Hqo shows three peaks, and for all of them EL. holds
1.6 1.7 1.8 1.9 2.0 2.1 (curve of 1 Oe in Fig. 2
0 de When the thickness of the sample is reduced the impor-
tant trends previously mentioned appear at very lgwal-

FIG. 2. (a) Isothermal (_)ut-of-phase ac s_usceptibility componentes |n these situations, the noise in tfecurves at high
x"(Hqd for sample B using different ac field¥=4.45 K, v=1  fie|gs pecomes predominant and it is difficult to classify a
Hz). (b) Detail of the region close to the peak effect. The lines are iven curve. For this reason, it is important to obtain addi-
guides to the eye. The inset shows the level of the currents that a nal information from the values of at the fields where

'rgiléﬁi(;;grizcg %fbt;z z\éeinpllr:eiv;oij s curves when the maxima A®haracteristic features occur. They allow us to more precisely
y 9): define the values ad at Hg,ser@and Heqeand to classify a

. , given curve. We have previously mentioned th@fe.:and
MINIMUM peqy UL NOtH eq. For all our measurements, we are functions ohg. In addition, the critical state model
find that Hyeqx is related toHgy, i.€., hpea™ Hpea Hez Xpeak 0 ’

—0.86 predicts a specific combinatiqgdepending on the actual ge-

If the measurements are performed at different tempera(?rnetry of the sampleof x" and " for the field Hq{(ho) at

tures, this relation also holds. For the temperature range ov%/h'Ch Eq.(1) is fulfilled. In our geometry the value for' is

our experiments, thél ,.,(T) dependence is linear and can ~—0.46 at the k_)roac;j, Ipr\:v'f'elﬁ pr:eaI; W', with afsrr?all
be fitted with the expressiof! Unit correction associated with, and the frequency of the ac

field. ThereforeJ.(Hynse) Can be deduced from the ac field
poH peai=4.81-0.676 T. (2 at Which X;nse;_—o.46. With lowerhg values the broad,
o ) low-field peak iny” does not appear and the curves corre-
This linear ollgpendence has been previously reported bypond to caséi). On the contrary, the high-field peak i
D’Anna et aI: If we combuje this behawor with the fact appears aj’'~—0.40, thusJ.(H,ea) can be obtained from
that h,eo(T) is constant, a linear relation betweeh, and  he ac field at whichypeqe=—0.40. At this hy value the

the temperature should be expected and the slope of this ”rlf'oundary between casé#) and (i) is reached.
should be— uo(dH.,/dT)=0.786 T/K. This value is very

close to the values reported from magnetization measure-
ments in the initial studies performed o2NbSe using a
similar geometnf? Once we learned how to extract information from these
Looking at they”(Hyo curves displayed in Fig. 2, we measurements, we studied the influence of the sample thick-
discriminate, depending dm,, between different multipeak ness. Figure 3 shows the thickness dependencg &dr a
structure$324|t is necessary to determine if these peaks repgiven hg, in this case 2.08 OeT(=4.2 K). Only sample A
resent the fact that the condition associated with @yis  was used and only the thickness was modified while the

B. Thickness dependence
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FIG. 3. Thickness dependence f(Hy4) (hg=2.08 Oe, T

=424 K, v=1300 H2 in sample A. FIG. 5. Scaling ofypeax (Open symbolsand x gnee (SOlid sym-
transverse dimensions were not altered. The thinner th c.’ls) for the samples with th'Cknesse.S between 166 and.2
. circles, 15 um (squarey and 6 um (triangles. The values used
sample, the faster the field penetrates and the lower the vaj- . g .

or Jonset@Nd Jpeax t0 get the scaling behavior, are presented in the

! li H H
ues 0f|)(0r1sel and |Xpeall' The effect of reducing the thick- inset. The meaning of the lines has been explained in the text.

ness is equivalent to increasitgy. In fact, the parameter
that controls the shape of the curves is the ratio betwegen
and the thickness. For instance, if the curve of 2.08 Oe fo
the sample which is 16@am thick and the curve of 1.04 Oe
for the sample of 83um are compared, they coincide be-
cause the ratidy/d is the same.

Using Eq.(1), J.(H4) has been determined and the data
are presented in Fig. 4. In the inset, the region near the pegl
is presented in more detail. The results resemble those ol?é
tained in transport measurements on thick sanflésboth
cases the ascending branch of the peak is very sharp and tgg.

value at the peak is almost 3.5 times t_he _value_at the ONS€liatermined by the thickness instead of by the radius. In a
The _ValueSJC(HO”SG) and ‘]_C(Hpe,a'g coincide W',th those  gimjjar way, the value of’, which is related with the pen-
obtained from the analysis Ofonse(ho) and Xpealho),  etration of the ac profile, in this geometry should depend on

in this case Jg(Honse9“0-68X106 A/m? and Je(Hpead  the productid. This expectation can be checked by studying
~2.34x10° A/m?. The results of the samples with thick- the scaling ofy’ as a function oh,/(dJ) for some typical

nesses of 15 and Gm are not shown in the PE region be- gjyations. This is done fOF peak @Nd Xnserin Fig. 5. Circles
cause the noise in this region of th€ curves is too large. e peen used for the measurements performed on the
Instead, some information will be extracted from ppiedata. samples with thicknesses between 166 angu82 whereas

__The most important result of our expe_riments is that thesquares denote the results for 4B and triangles for gum.
critical current turns out to be thickness independent ShOWThe uniform behavior is nicely seen and displays a change

from almost perfect screenirig’'/ x' (0)=1] to almost total

ing that in our NbSgsamples the pinning has a 3D charac-
fer, down to a thickness of pm. TheJ, values we obtained

are five times higher than the typical values given in Ref. 15,
but similar to results of transport measurements on samples
of the same batct. These high values af,, and therefore

f the pinning force, have reduced the thickness at which the
nsition between 3D and 2D collective pinning is expected
occur.

The data presented above demonstrate that in the geom-
y of our experiment the behavior of the ac susceptibility is

25 L 3 = 166 um penetration. Such scaling behavior has been predicted in
C® ° 0 122um Refs. 7 and 5. The dashed line represents the fornjHas.
20 2Em - (31) and (32)] given by Clem and S&hez! The limiting
- r 3 4 83pum : T h—302
- C E o @ behavior for largehg is x'«<hgy <. It seems that the depen-
£ L A 1E " = O 66 um , 6 .
= 15, 20 © o 1 dencey’xhg, as suggested by Zhet al” and given by the
:‘ 0E il drawn line, fits the data better. However, one should keep in
S bk S 0 15 20 & 1Sum mind that the effect of flux creefsee below will always
-, - - ¢ Oum give rise to largery’ values than those predicted for the
= B . critical state model. Therefore, we conclude that our data
S mﬂ’. . support Clem’s analysis and is at variance with the claim of
n D g o Ref. 6.
0 Lt nd -'AO-& e In the inset of Fig. 5 the experimental valuesigfse;and
0.0 0.5 1.0 1.5 2.0 2.5 Jpeakthat were used in the scaling plot, are shown as a func-
", H(T) tion of thickness. Down to 32um they do not depend on

d, but at 15um deviations start to appeal,,sStill has the
FIG. 4. Field dependence of the critical current obtained fromsame value, but a lowek,.,.is needed showing that the PE
the position of the peaks ig"(HgJ). In the inset, the region close to is reduced in this sample. This is even more evident in the 6
the PE is presented. pm sample. In this case the deviation appears both at the
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onset and at the peak as a signal that the pedk(id) starts

to reduce. Similar behavior is observed in transport R .~ =
measurements. We think it indicates the transition to the
2D regime. In 2DJ, increases if the thickness is reduced and
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that is just what is seen fdlynsewhich for the 6um sample  \yhich yieldsR.~0.45%(1—b) m. L. in the nondispersive
is larger than for the thicker samples. Also the peak effect isegime follows from

less pronounced in 2D. Combining these observations with

those of Fig. 4, we conclude that at low fields the sample of
6 wm is in a 3D pinning regime, while it changes to 2D
behavior at high fields, especially near the PE where a thick-

ness dependence starts to be observed.

)\Rcbllz

] (C44)1/2R _2\/5
¢ legg © TV E1-Db)’

which givesL .~24b m. For relevant values df the above

(6)

The same studies have been performed at 5.73 K. Thegsults imply that the vortex lattice would be perfect through-

curves ofd./(1—T/T,;) vsH/H., obtained at these two tem-

out the entire sample if the dispersionmf, is neglected, and

peratures coincide showing that in this range of temperature%. would be many orders of magnitude smaller than our

the temperature and field dependencd ofan be expressed
as J(T,H)=f(h)(1—t) where h=H/H (T) and t
=T/T,.

C. Collective pinning analysis

experimental values, namely,~ (2.4x 10~ %/b%?) A/m?,

This example clearly shows that the Larkin lengths should
be determined by taking into account the dispersion gf c
For anisotropic superconductoes (K, ,k,) = Cas/(1+\2k2
+v°\2k?), wherek, andk, are wave vectors describing the
deformation fields normal and parallel to the field direction,

Having established that the pinning in our crystals is of arespectively?’ The most relevant wave vectdigake on the
3D nature, it is interesting to make some estimates of thgajyesk, ~ /R, andk,~/L,. As we will see belowl,

transverse and longitudinal pinning correlation lengibes-

kin lengths R, andL.'® We carry out this analysis for the
results atT=4.24 K only and start by first determining the

pinning strengthw from the low-field limit of the critical
current, J.(0). From separate transport measurenténits
was found thatl,(0)~5x% 10" A/m? at 5 mT which com-
pares very well with the value reported by Duagteal 12 At

>R., and therefor@&(k, ) =c4R%/ (7y\y)?. We thus ob-
tain

12 R2
c

Ta

LCN(CM(kL))”ZR :(@ @

( b
my J\(1-Db)

wherex (=\/¢) is the Ginzburg-Landau parameter. The Lar-

Ces

low fields the vortices are assumed to be independentlkin lengths are now easily determined from the Larkin-
pinned by the collective interaction with the pinning centers,Ovchinnikov expressioch:(W/RgLC)”Z. The results ob-

ie., Ri(0)~ay and Lc(0)~&[Jo(T)/3(0))"y.*" Here
Jo(T) is the depairing current density andthe anisotropy

tained by using thé. values of Fig. 4 are shown in Fig. 6 for
fields up toH eq-

parameter. In the following, numerical estimates are made by It follows from these estimates that the vortex lattice is

taking £0)=7.8 nm,\(0)=205 nm (determined from the
reversible magnetization of Nbgerystals of the same
batct®), woH.=92 mT, J,=2.1x 10" A/m?, and y=3.0

highly disordered. The sharp decreasd gfandR; between
Honset and H ,eq indicates that the correlated volume col-
lapses very fast, much faster the,, which causes the in-

[determined from the angular dependence of the torque nearease ofF, and J.. Both at low fields and aHpeq, Rc
T. (Ref. 28]. To obtain the values of these parameters a@pproaches its lowest limR.~a,. The value ofL. is seen
T=4.24 K we used the Ginzburg-Landau temperature deto be much smaller than the sample thickness, everdfor

pendences £(T)=£(0)/(1—-t)Y2  N(T)=A_(0)/[2(1
—1)]1¥2 and Jo(T)=Jo(1—1)%2 After substitution we find

=6 um, see Fig. (). A transition to 2D behavior is pre-
dicted wherL .= d/2.%° Since the maximum value &f, is of

L.(0)~=0.14 um. Assuming that the field dependence ofthe order of 1um, a dimensional crossover is not to be

W is given byW=Wyb(1—b)? with b=B/uH.,, we can
determine the paramet&Y, from the expression for single
vortex pinning, namely,

Wo=~L(0)32(0) dopoHeo, 3)
and obtainWy,~1.3X 10" ¢ N¥m?3,

Next we assume tha®.>\,[=\/(1—b)*?] so that the
dispersion of the tilt modulus,,(=B?/u,) can be ignored
andR; is given by?

w | ta .
e @ @
Here cg is the shear modulus given bycgg

~(¢oB/16muoh?)(1—b)? and a, is the vortex lattice pa-
rameter. After substitution we obtain

expected for our samples. However, it should be noted that
numerical factors of order unity have been omitted from the
expressions in the review of Blattet al?>’ Keeping these
factors would increase the estimate fqr by about a factor

of 2. It may therefore be that the deviating behavior of our 6
pm thick sample at high fields is an indication for 2D col-
lective pinning. In addition, the field dependence_gfcould
explain why this sample seems to be in 3D at low fields and
in 2D near the PE. Another interesting point to note is that
the critical current in the NbSeerystals used in the work of
Battacharya and Higgindfis two to three orders of magni-
tude smaller than th&_'s in our crystals. It is therefore quite
likely that the pinning for the perpendicular field configura-
tion in Ref. 18 is of 2D nature, in which cage. follows
from

(W/d)1/2

RC:—JCB . (8)
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L ] FIG. 7. Frequency dependence(@f x’'(Hqo and(b) x"(Hgo
0,00 o 1t v 11 T g for sample B aff=4.45 K andh,=4 Oe.
0.0 0.5 1.0 1.5 2.0
uoH (T) ho=4 Oe, is depicted for different frequenciés 119, and

987 H2. It is possible to distinguish between two regions:
FIG. 6. (a) Computed values of the characteristic lengthsind ~ One at low dc fields where the curves are frequency indepen-

R. obtained using Eq(7) and the data of Fig. 4b) RatiosL/d, dent and a second region, after a change in the slope of the
with d=6 um, andR,/ay. curves, in which this frequency dependence is evident.

The pinning strength should again be determined from the 1. Nonlinear regime

low-field value ofJ;. Finally, it is clear that the peak effect - ,
in our samples thicker than 6m is not related to a dimen- Although the results presented in Fig. 1 pointed out that

sional crossover of the pinning. It is more likely to be relatedMOSt Of the losses are hysteretic, small corrections due to the
to the transition from a vortex glass to a vortex liquid. In frequency dependence, associated with flux creep, should be

view of the relatively large disorder this transition is not ncluded. These corrections have been evaluated for sample
expected to be a real phase transitiorelting. It rather is a  C In the range of frequencies between 130 Hz and 13 kHz.

crossover which is characterized by a steep decay of thE'OM the analysis of the curves gf(HqJ the dependence
shear modulus starting & e It causes the sudden in- of J. on the reduced dc fielth has been extracted and is

crease of], related to the lattice softening. Afl e Re shown in Fig. 8. From thig figure we can see that the critical
~a, which supports the view that &t the shear modulus currents have the same kind of dependencélgytfor all the

has gone to zero and the transition to the liquid has beeffequencies analyzed, and that the particular values do not
1,17 differ too much from one frequency to the other. The biggest
completed®

differences, around a 20%, appear in the region of interme-
diate fields; after the PE these differences are negligible.
From these results we conclude that the choice of a particular

The influence in the above conclusions of the choice of drequency does not essentially influence the results of our
particular frequency has been analyzed in samples B and @nalysis at different thicknesses. The order of magnitude of
Both samples exhibit similar characteristics. In Fig. 7 theJ, is correct and the above conclusions for the 3D behavior
behavior of y,{H4J) for sample B, afT=4.45 K and with  of the samples still remains valid.

D. Frequency dependence
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FIG. 8. Influence of the frequency on tdg(H4) curves mea- FIG. 9. Isothermal behavior of’(ho) and x"(ho) for sample

sured for Samp|e C af=4.24 K. B atT=4.45 K, =1 Hz and differentuoH des 0T (SqUareS 03T

(circles, 0.6 T (rhombug, 0.9 T (triangles, and 1.2 T(crossep

2. Linear behavior: Campbell regime The lines are guides to the eye.

The initial frequency independent region has been assoc'By taking theh, value wher

. . ey’ starts to deviate from zeyo
ated with the Campbell regime. The ac response of the Sysg the values aJ ., whereJ, is the critical current den-

tem at low ac amplitudes is determined by vortex oscillationssity at this temperature determined at the same frequency. It

near equilibrium. The vortices make small excursions ffoMya he ghserved that the agreement between both values is
their local potential minima, which allows us to assume that..,sonable.

the potential is harmonic and the restoring force elastic. A
small uniform displacementi causes a restoring force

F(u,r)=—a,u(r), wherea, is the Labusch constaft.In < 150 L (a)
this situation, the penetration depth of the ac field is real and > - o]
frequency independent and it is given*by “ i o =
B2 \12 ~ 10.0 |- o ]
= . 9 - I
Mo%) ® s | o .
- O n
The behavior is similar to a Meissner state but with a larger ef; 5.0 N " 5
penetration depth. The crossover from the Campbell regime | ® S -
to nonlinearity takes place whdmn, takes the value 22 : . 5 8
S i O
BJor | Y2 . (0.0 "
hchc)\c=( =, (10) <7 0.0 G S —
Mo 0.0 0.5 1.0 1.5
where we used that, =F/r;=J:B/r¢, r¢ being the range i, H, (T)
of the pinning potential. 2.5
A detailed study of the Campbell regime has been per- I (b)
formed for sample B by carrying oyt,{hy) measurements r
at fixed dc fields, see Fig. 9. The Campbell regime is ob- 2.0 " h
served at low amplitudes whejg is independent of, and ) C [ I A
X' is nearly zero. The Campbell penetration depth can be < 1.5 b © o ¢ ¢
obtained from the value of' in this region. Considering the L C a
geometry of a disk of radiuR and thicknessl in a trans- —° 1.0 L o
verse field \¢ follows from** ' g
- L 0
O - |
=1 ’6)\(2:I113Rd 11 '=0.5:— - 2 ¢ Q
WL =R M3z 4D :
0.0 Lo e
Figure 1Qa) shows the dependence’(Hy) obtained 0.0 0.5 1.0 1.5
from the constant values of and using Eq(11). In addi- K, Hdc (T)

tion, the values ofy, , obtained using Eq9) and assuming

that B=ugH, are _depicted. It can b(_a observeq that these FIG. 10. (a) Hq, dependence of2 and « . (b) Comparison of
values are of the right order of magnitude. In Fig(ldOve  the H,, dependence difi, determined fromy,{ho) measurements
compare the values df: (obtained from the measurements and the produc\c.
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With these results, an estimation of can be made as ior at high fields, near the peak effect. The Larkin lengths
well. We find thatr; changes from 29 nm atgH4=0.2 T  have been estimated by assuming an aspect ratio of the Lar-
(b~0.1) to 2 nm atugHy4=1 T (b=~0.5). r{ is of the right  kin domain which explicitly takes into account the dispersion
order of magnitude, namely about at low fields (in  of the tilt modulus. It follows that the vortex lattice is highly
2H-NbSe, £€=12.1 nm at 4.45 K but the field dependence disordered and that a crossover from a vortex glass to a vor-
of ry is not yet understood. It may indicate thatis deter-  tex liquid takes place betweety,se;and H peay.
mined by the transition from elastic to plastic behavior at It has been shown that the previous conclusions do not
higher fields. depend significantly on the frequency, because changing the

frequency from 130 Hz to 13 kHz leads to an up-shift of
V. CONCLUSIONS J. over at most 20%. In the study of the frequency depen-
) ) _ ) ) dence a regime has been identified in which the susceptibility

This work provides experimental evidence that in transs frequency and amplitude independent. This has been asso-

verse geometry the important sample dimension for the perjated with the Campbell regime. The analysis of this regime

etration of the field is the thickness of the Sample, in agreei's an alternative way to determirk as it has been obtained

been developed for this geometry. Applying these ideas, it
has been demonstrated that ac susceptibility is a useful tech-
nigue to determine the dimensionality of the collective pin-
ning in 2H-NbSe crystals. It has been shown that in the Financial support from the Human Capital and Mobility
range of thicknesses studied, thgH) curve does not de- Program on “Flux pinning in high temperature supercon-
pend on the thickness which allows us to affirm that theductors” and from FOM is acknowledged. L.A.A. is grateful
collective pinning in these samples is 3D. Only the sampldo CAIl and CICYT (HAT95-0921-C02-01 and QZor addi-
with a thickness of um shows a deviation from this behav- tional financial support.
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