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Two-dimensional collective pinning and vortex-lattice melting in a-Nbt „Ge„ films
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Current-voltage (I-V) and ac-resistivity measurements in the mixed state of amorphous Nb& Ge„
(x =0.3) films in perpendicular magnetic fields are extensively analyzed for evidence of different vortex-

lattice (VL) phases. In the low-temperature-field (T-8) regime flux flow is suppressed due to the pres-

ence of weak pinning centers giving rise to collective pinning of straight vortices. Various criteria for
the depinning current are discussed and the impact on the collective pinning analysis is investigated. In
the high T-8 regime, just below the mean-field transition line 8,2{T), linear I-V behavior shows evidence

of uniform flux flow. The flux-flow resistivity follows the theoretical predictions providing a means to
determine the upper critical field. It turns out to be distinctly larger than the field 80 at which the pin-

ning disappears or the field 8~ where the pinning force starts to decrease sharply. In the narrow regime

between B~ and Bo the ac resistivity p„rises steeply towards the dc flux-flow resistivity. Either Bp ol Bo
coincides with the VL melting field 8 (T) as was predicted by the theory for two-dimensional melting.
Two scenarios are further investigated: one in which 8~ is taken to be 8, so that the steep rise in p„ is

caused by inhomogeneous flow of the viscous vortex liquid in presence of disorder. In the other Bp is

identified with 8 and the behavior of p„ is supposed to be evidence of thermally activated hopping of
VL defects. The latter scenario is in better agreement with the experiments.

I. INTRODUCTION

It has been assumed that in conventional, low-T, type-
II superconductors the pinning energy U is much larger
than the thermal energy kT and that therefore, thermally
activated creep of flux bundles under influence of a driv-
ing force' only occurs close to the critical current density
J, . Recent experiments on thin films and state of the art
superconducting wires suggest that far more significant
thermal effects can occur, namely that thermal fluctua-
tions can cause melting of the vortex lattice (VL). An ex-
perimental indication for VL melting was found by He-
bard and Fioly in very thin Al films at very low external
fields. An indication of VL melting at higher fields, i.e.,
closer to the mean-field transition line H, z( T) has recent-
ly been reported by Gammel, Hebard, and Bishop for
thin films of the amorphous composite In/InO . Evi-
dence for a universal resistive behavior of thermally ac-
tivated origin in two-dimensional (2D) superconducting
amorphous Mo& „Ge„ films has been given by Graybeal
and Beasley. For multifilamentary Nb3Sn and Nb-Ti
wires a large temperature-field regime in which the mag-
netization is reversible, has been observed by Suenaga
et al. The line between reversible and irreversible (pin-
ning) behavior follows quite nicely the predictions for a
three-dimensional (3D) melting line. In a brief account
of this paper, we showed that in thick amorphous films a
2D vortex lattice, i.e., a VL in which the vortices can be
considered to be straight, shows a melting transition
below H, 2(T). Finally, many accounts for a VL phase
transition have been given for the high-temperature su-
perconducting cuprates.

In our investigations of thermal effects in low-T, super-

conductors we studied the I-V response and ac resistivity
of amorphous Nbi „Ge films (x=0.3) with thicknesses
ranging from d=92. 5 nm to d =2.35 pm in magnetic
fields perpendicular to the film surface. The advantages
of this system are threefold:

(1) For thin enough films (typically d (5 pm) it has
been shown '' '" that L, )d/2, where L, is the longitu-
dinal ( ~~H) correlation length of the VL. In such films the
behavior of the critical current density J, versus flux den-
sity 8 is well described by the theory of two-dimensional
collective pinning (2DCP), ' which provides essential in-
formation about the pinning strength and the VL disor-
der. Dealing essentially with a lattice of straight vortices,
one might expect that 2D melting of the VL could be ob-
served upon approach of B,z( =@OH,z).

(2) Critical current values in these films are roughly
three orders of magnitude smaller than in the high-
temperature superconductors (in a-Nb, Ge„J, is of or-
der 10 A/m ), while the thermal energy kT is typically
only one order of magnitude smaller. Hence, assuming
U ~ J, the ratio U/kT might be small enough to observe
creep effects.

(3) The a-NbGe films are weak-coupling superconduc-
tors in the extreme dirty limit. ' Therefore the dirty-
limit expressions as derived by Gor'kov' can be
supposed to hold reasonably well. Various characteristic
superconducting parameters can then be derived
from the experimentally obtained quantities T„
S = dB,2/dT~ T„and po,—the normal-state resistivity at
T =0.

Our experiments show that at relatively low fields and
temperatures, flux pinning dominates at small currents.
Far above the critical current, uniform flux flow occurs.

47 262 1993 The American Physical Society



47 TWO-DIMENSIONAL COLLECTIVE PINNING AND VORTEX-. . . 263

A comparison with flux-flow theory in Sec. III provides
an independent criterion for the mean-field transition line
H, 2(T). Around this line the conductivity is governed by
fluctuation effects, which can be well described by an in-
terpolation formula for thick films. In Sec. IV, we con-
centrate the discussion on the definition of the critical
current and the consequences of this criterion and the
values of B,2 for the flux-pinning analysis in terms of
2DCP theory. In Sec. V the interesting behavior at high
temperatures and fields is investigated. The combined
critical current and I-V data demonstrate irrevocably
that the VL undergoes a phase transition in accord with
the Berezinskii-Kosterlitz-Thouless theory for 2D melt-
ing. ' ' The behavior in the narrow field interval at the
crossover from a pinned VL to a uniformly moving vor-
tex liquid is compared to predictions of dislocation medi-
ated vortex creep (plastic creep' ) and visco-elastic fiow
of the 2D flux liquid just above the melting transition. ' '

II. SAMPLE PREPARATION AND CHARACTERISTICS

Four amorphous Nb, „Ge films (x =0.3) of different
thicknesses (see Table I), were prepared by either rf
sputtering (I and III) or rf magnetron sputtering (II and
IV). The samples were deposited on water-cooled sap-
phire windows (the sample with d =92.5 nm was cooled
with liquid N2). The amorphousness was confirmed by
x-ray diffraction and the average stoichiometry was
determined by electron microprobe analysis (samples I,
III, and IV) and Rutherford backscattering (sample II).
On a microscopic scale the differences in the preparation
method can affect the stoichiometry and the defect struc-
ture of the films, which then influence the pinning and su-
perconducting properties.

Using photolithography, a four-probe geometry was
made, in order to perform the resistivity and I-V mea-
surements. Typically, the width was 1 mm and the
voltage-probe separation 5 mm. Table I gives the thick-
ness, Ge concentration and various superconducting pa-
rameters of the films. As has been mentioned above,
these parameters can be determined from po, T„and S.
The values for B,2(0) follow from the analysis of the
resistivity and I-V data as given in Sec. III B. The
normal-state resistivity p„, was measured down from
room temperature. It almost depends linearly on T with
a small temperature coefficient p„'dp„ /d T= —10
K '. The critical temperature T, was determined from
the midpoint of the resistive transition in zero applied
field. The transition widths are less than 20 mK, indicat-
ing the good homogeneity of the samples.

The I-V measurements were performed at a constant T

in various perpendicular fields. In addition, ac resistivity
p„was measured using a lock-in technique at a frequency
of 721.2 Hz with a noise level of less than 1 nV. Small ac
currents were applied in order to maintain a linear I-V
response, typically I 5 10 pA, which corresponds to
J & 10 A/m for d =0. 1 pm.

III. I- V RESPONSE IN THE MIXED STATE

A. Typical behavior

From the characteristics of the I- V curves three
different B-T regimes can be distinguished, see Fig. 1 of
Ref. 7: (1) A low-field pinning regime (1) with a non-
detectable voltage below a finite critical current I, ( 2 10
pA), and a linear I Vresp-onse for currents far above I, .
The dynamic resistance Rd =dV/dI reveals uniform fiux
fiow. (2) A narrow, intermediate field regime (2) in which
the I-V behavior is linear both at small and large
currents. The ac technique only probes the linear low-
current response. Rd(I =0) quickly rises with increasing
field, while Rd(I))I, ) essentially follows the fiux-fiow
prediction. (3) A high-field fiux-fiow regime (3) with zero
critical current and ohmic I-V characteristics in the en-
tire current-voltage range. It is our purpose to discuss
the physics behind the various current-voltage behaviors.

B. Determination of H, 2

At sufficiently large currents the differential resistivity
saturates to a constant value pd I . The field dependence
of pd L was determined at the same average flux-line ve-
locity U =E/B, namely 0.2 m/s. In the pinning regime
(1) the currents at this velocity are roughly an order of
magnitude larger than I, . Typically, pd I increases
monotonously in regime (1), shows a small drop in regime
(2), and increases almost linearly with field in the purely
ohmic regime (3) until the normal-state resistivity is
reached, see Fig. 2 of Ref. 7 and also Fig. 5(b).

We first compare the pd L(B) data in regime (3) with
the predictions for the flux-flow resistivity pf in dirty su-
perconductors just bel~~ B,2: '

where b =B/B,2. Identifying pd L with pf we obtain a
and B,2 from a linear fit to the data. The results a(t) for
all four samples are given in the inset of Fig. 1. It is seen
that the results do not depend on thickness. Theoretical-
ly, a(t) depends on the inelastic-scattering time r; (Ref.
21) expressed in terms of a parameter I:A/(2kT, r; ). —

TABLE I. Parameters of the a-Nb& „Ge films

Sample

I
II
III
IV

d
[nm]

92.5
205
565

2350

Conc.

0.28
0.26
0.35
0.30

3.00
3.37
2.93
3.00

po
[10 ' Qm]

193
197
222
212

76.7
75.9
77.0
73.1

A,(0)
[nm]

842
802
913
884

g(0)
[nm]

6.70
6.45
7.23
7.38

8,2(0)

5.03
5.46
4.32
4.18

B,(0)
[mT]

38.8
42.4
33.2
33.6
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C. Low-Seld Aux-How resistivity

1.0:

The low-field behavior of p&L is compared to the
theory for p& at low fields. ' The Aux-Aow resistivity for
large ~ materials at b &&1 in the Ginzburg-Landau re-
gime (t = T/T, & 1) can be written as

[p//p„] '=(1 t) —' V(b)+ 1 (2)

b = B/Bc2

FIG. 1. The function 9'(b) of Eq. (2) for samples I (6, A), II
( O, O}, III (0,4 ), and IV ( ) at T=0.7 (open symbols) and
t =0.9 (solid symbols). The solid line displays the expected be-
havior for T close to T, in the circular-cell approximation (Ref.
27). The dashed line represents the Bardeen-Stephen limit at
T=O (Ref. 22). The inset shows a comparison of a(t) with
theory (Ref. 21) for sample I (6), II (o ), III (0), and IV ( ).
The solid and dashed lines show the theoretical a(t) for two
values of the material parameter I .

The lines in the inset of Fig. 1 represent the predictions
for I =0.05 and I =0.005. To get a rough estimate for
~;, we used ~, '=5.2X10 T s, obtained by Poon, Wong,
and Drehman for amorphous Lu compounds, thus
yielding I =0.03 at T=2 K. The expected temperature
dependence of a is satisfactorily reproduced by our data,
although the absolute values are smaller by about 20 per-
cent. This may be due to a larger I value for a-Nb3Ge.
Our a(t) results are reminiscent to data for PbIn alloys
obtained from Aux-Aow resistivity and microwave sur-
face resistance.

An important consequence of the identification of the
p&L(B) with p& is that B,2 can be determined from the
criterion pz L(B,z)=p„. The B,2 values we obtained this
way, see Fig. 3 of Ref. 7, agree within 2%o with the theory
of Werthamer, HelAand, and Hohenberg. The theoreti-
cal result can be written as B,z(T)=B,z(0)f (t), where

B,z(0)=0.69XST,. 5 has been determined by a least-
squares fit of f (t) to the B,z(t) data. The corresponding
B,2(0) values are given in Table I.

In a more conventional approach B,2 is determined as
the midpoint of a low-current resistivity transition or by
the extrapolation of p to 0. If we use our ac resistivity
measurements to determine B,2(t) according to these cri-
teria, we get considerable deviations from the prediction
of Ref. 26: up to +6%%uo for the midpoints and up to
+17% for the p=0 results.

We conclude that the good agreement of a( T) and
B,z(T) with theory justifies the identification of p&L at
high fields with p&. This yields a determination of B,2 in-
dependent of the condition E or I,~0. The value of B,2
is an important parameter in the analysis of collective
Aux pinning, to be shown in Sec. IV B. It is also an im-
portant parameter for both the analysis of p&L at low
fields and the excess conductivity above B,2, which is
given in the following sections.

D. Paraconductivity above H, 2

The excess conductivity o„(B) (Ref. 29) due to super-
conducting Auctuations in a magnetic field above H, z has
been studied by various authors, both theoretically and
experimentally. ' It has been shown that for dirty super-
conductors the direct contribution to the paraconductivi-
ty [Aslamov-Larkin (AL) term] dominates the indirect
contribution (Maki-Thomson term). Since our films are
dirty-limit superconductors, we compare our data with
the AL term for weak-coupling superconductors in large
perpendicular fields (the high-field limit). Two cases can
be distinguished:

(i) For thin films (d & g(T)) the excess conductivity can
be written as

4~km e' Ra
3D p2 d

(3)

where D is the dift'usion constant of the conduction elec-
trons, which for the dirty limit is given by D =8k/2meS.
For our films S=2.25 T/K, which yields D =4.9X 10
m /s. The length R~ is defined as

1/2

R~ = ln
h

2~eB
T

T,~(B)
(4)

The function V(b) was calculated by Danilov, Kupri-
yanov, and Likharev using a circular approximation for
the hexagonal vortex cell. An interpolation formula,

P(b)=[4 04 .b'i—(3.96+2.38b)] /b

valid up to b =0.3, is given in Ref. 21. Only at very low
fields, b «0. 1, V(b) reaches its limiting value
V(b)=4 04/b, . which yields the Bardeen-Stephen limit
p&=bp„. The nonlinearity of pzr (B) is clearly seen in
experiment on a-Nb3Ge films. Since all parameters are
known, we ean directly compare our experimental
p&L(B) data with Eq. (2) by computing V(b) In .Fig. 1

the result is given on a semilogarithmic scale for all sam-
ples at t=0.7 and 0.9. The interpolation formula is
represented by the solid line. The low-temperature pre-
diction p&/p„= 1.1B/B, z(0) expressed in terms of
9'(B) is given by the dashed line. The latter deviates
quantitatively from our high-temperature results, which
are well described by the circular-cell approximation. As
to be expected, the data at t =0.9 follow the theory more
accurately than the t =0.7 data. At fields b ~0.2 a clear
deviation from theory appears, because the vortices start
to overlap and the circular-cell approximation is not val-
id anymore.
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2

+4mkT e~ R~ R
3D h' d u'2 (6)

It should be noted that the relevant length scale that
discriminates between thin and thick-film behavior in a
field is Rii rather than g.

In Fig. 2 we compare our p„(B) data above B,2 with
the above expressions for the paraconductivity. The dot-
ted lines display B,2 and p„, the dashed-dotted line p&(B)
below B,2. The interpolation formula Eq. (6) is given by
the solid line, the thin-film and bulk predictions Eqs. (3)
and (5) by the short- and long-dashed lines, respectively.
The curves were computed by substituting
D =3.3X10 m /s, which is close to the value deter-
mined from S. It is seen that the bulk prediction does not
have the correct shape. For the thin-film curve a good
qualitative fit could have been obtained by adapting the
value of D. However, it woold then become far too small
and, even worse, it would depend on temperature and
film thickness. The interpolation formula also agreed
well for the other temperatures and samples with a single
value of D (3.3 X 10 m /s). Only at t =0.9 systematic
deviations were seen. In this case the theoretical high-
field limit may not be appropriate. Better agreement is
now obtained with the low-field expression for thin films
with the same D value as before. At present an interpola-
tion formula in the low-field limit is not available.

In conclusion, the theory for thermodynamic Auctua-

2.0
/'

/

/o(
/

(/

2

FIG. 2. Comparison of p„(8) data (circles) of sample II at
T=2.35 K to various models for the paraconductivity above
8,&. The curved lines represent pz(8) according to Eq. (3) (short
dashes), Eq. (5) (long dashes), and Eq. (6) (solid). The p„and 8,2

values are indicated by the dotted lines. The extrapolation of
the p~(B) curve to 8,2 is represented by the straight dashed-
dotted line.

where T,i(B) is the mean-field transition temperature in a
field B. Close to T,z(B) Rii can be written as

R~ = [p(pT, 2(B)/mB(B B,—2) ]'~

(ii) For bulk samples the paraconductivity is given by

4~kT e2 R

3D h' v'Z

In order to evaluate the behavior of films with d ~ g, we
introduce an interpolation formula between the thin-film
and bulk expressions:

tions provides a systematic and reasonable description for
the excess conductivity observed above B,2 in p„(B).
The role of inhomogeneities cannot be entirely ruled out,
but is expected to produce a more unsystematic deviation
from the normal-state conductivity. In the interpolation
formula between the thin-film and bulk limit the cross-
over length scale Rz is both field and temperature depen-
dent. The only adjustable parameter is found to be close
to the value D =4.9 X 10 m s ' determined from the
slope of H, 2 at T, . The Auctuation analysis depends sen-

sitively on the T,i(B) curve as determined from the cri-
terion p&(B)—+p„ for B~B,2. The satisfactory descrip-
tion of p„above B,2, therefore, also supports this pro-
cedure for determining B,2( T).

IV. COLLECTIVE PINNING

A. Determination of the critical current

The action of a driving force on the vortices (Fd =JB
in a JlB geometry), is counteracted by pinning forces
arising from sample inhornogeneities. The macroscopic
pinning-force density is determined from F =J,B.
Different criteria are used throughout the literature to
determine J, . We distinguish the following: (a) An arbi-
trary 1 pV/cm criterion is most widely adopted to deter-
mine I, from current-voltage measurements. For our re-
sults we shall refer to these values as I, , (b) I, can also
be determined from the linear extrapolation of the I-V
data at high currents back to V =0. This critical current
we define as I, z, the slope of the I-V data in the linear re-
gime is Rd L. (c) The theory of charge-density-wave
(CDW) pinning suggests an additional possibility to
determine I, . From the analogy between CDW and VL
pinning a power-law I-V dependence is expected just
above I„i.e., V ~ (I I, )" with tu, &—1. For CDW pinning
@=3/2, but for 2DCP the exponent is not yet known.
I, can now be determined from the logarithmic derivative
of the I-Vdata, i.e.,

g= [d ln( V)ldI] '=(I I,)/p—
for /MAO. Note that for case (b) p = 1 and thus
g=(I I, ). —

The nature of the I-V response was investigated by
plotting g versus I in regime (1). Typical results are
shown in Fig. 3(a) for sample III at t =0.85. The curves
are shifted horizontally for clarity. They display similar
linear behavior indicative for a power-law response with
the same exponent, namely p=1.03+0.03. Only very
close to I, L a different behavior sets in, see Fig. 3(b). In
the low-voltage (pV) range the slope of the g(I) curve de-
creases indicating a crossover to a different power-law
with a larger exponent p, just above I, . We estimate
/u, =2 for /=0 in agreement with the value reported for
a-Zr7Cu3 and a-Zr3Rh. Other plausible explanations
for the crossover are thermally activated motion or par-
tial Aux How due to the distribution of pinning centers.

We now evaluate definitions (a) and (b) for J, . In Fig.
3(b), I, i is indicated by the arrow. It clearly lies in the
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0.2

0. 1

(0)

2 3 4 5

I (rnA)

which the upper critical field was defined by the extrapo-
lation of the F,(B) curves to zero. We define three
specific fields: (i) The fields b„ i (dotted arrow) and b„r
where the onset of a peak in F, and Fz L is observed. At
higher temperatures this peak disappears. The peak
effect in F

&
has been previously observed for various

weak-pinning amorphous alloys. It is a rather common
feature of systems with weak pinning. ' (ii) The field

b~ (=b„L ) indicated by the dashed arrow where the
sharp downturn in F

&
occurs. This field corresponds to

the crossover to regime (2) and the onset of the peak in
F z . (iii) The field bo where both F, and Fz L go to 0.
It is indicated by the solid arrow and corresponds to the
field at the crossover from regime (2) to (3).

In Ref. 8 it was demonstrated that pinning in various
amorphous superconducting films could be well described

0.0
0.0 0. 1

I (mA)

0.2

FICr. 3. The logarithmic derivative g(I) of the I-V data in re-

gime (1) for sample III at T=2.49 K. The curves in (a) as
marked by the numbers 0—5 were obtained at fields of 0.05,
0.10, 0.15, 0.20, 0.30, and 0.50 T. Each curve {n) is shifted by a
horizontal offset of n X0.5 mA. In (b) the 0.5 T data (circles)
are shown on an expanded scale. The line represents a linear fit,
p=1, to the high current data, the arrow indicates the I, &

value.

10

0
0.0 0.5

b = B/BC2

1.0

nonlinear part of the I-V curves. As will be discussed in
the next section, this nonlinearity affects the field depen-
dence of I, &. Another way to reveal the characteristics
of the I Vcurves is to plo-t the derivative Rz(I)=dV/dI
versus I. These plots show a broad transition from a
pinned VL with R& =0 to a depinned VL with a constant
level R&L at large currents. It turns out that the I, L

values can be well identified by a single criterion, namely,
Rz =(0.75+0.05)R& L. The I, , values, on the other
hand, correspond to R& =0.35R& L at low fields, whereas
R&=0. 15R&L fits better for fields near regime (2). Al-
though there is no fundamental reason for either of the
above criteria, the more systematic behavior of the I, L
data is preferable from a phenomenological point of view.

B. Collective-pinning analysis

100

I

2

~ 50
C7&

o

0
0.0

80
I

60 '

40 .

20

0.5

b = B/BC2

M 0000 0~0

1.0

In this section we discuss the consequences of the
difFerent critical current criteria (a) and (b) and the new
definition of B,2 for the collective-pinning analysis. In
Fig. 4(a) the macroscopic pinning force F computed for
both criteria is plotted versus b =B/B,2 for sample III at
T=1.99 K (t =0.68). The F & values (open triangles)
are about a factor of 2 larger than F~, (open circles). The
solid triangles represent F~ L data determined in the re-
gimes (2) and (3) characterized by R&%0 at I =0. It is
seen that both F

&
and F L vanish before B,2 is reached

in contrast to the results of our previous analysis in

0
0.0 0.5

b = B/BC2

FICr. 4. Plots of (a) F~, (b) W/[b(1 —b) ], and (c) R, /a vso
reduced field B/B,2 for sample III at t =0.68. The circles
represent data obtained from the 1 pV criterion, the triangles
data from the linear extrapolation to V=0. The solid triangles
in (a) and (c) denote data in regime (2) where dV/dIWO for
I =0. The solid circles in (c) show results in the peak regime be-
tween b„& and b~.
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c66=b(1 —0.29b)(1 b) B—, (t)/4po . (9)

From these relations and the experimental F (B) data
R, (B) and W(B) can be determined.

As previously discussed, the pinning in amorphous
films is most likely caused by quasidislocation loops yield-
ing a field-temperature dependence of 8 according to

W = C~, (t)b (1 b)—
The prefactor is given by

dB,
C~, (t) ~ n~, D B,B,2

dp

(10)

with n~& the concentration of dislocation loops of diame-
ter D. The pressure dependence of B, in the factor
(dB, /dp) has a relatively weak temperature dependence.
In Fig. 4(b) we show the results for W/b(1 b) comput-—
ed from the F i and F t data of Fig. 4(a). The plot re-
veals that 8', can be represented by

W', =(C~, +C,2b)b(1 b)—
with C„&=6.3X10 N m and C,2= —2.7X10
N m . On the other hand, Wt nicely follows Eq. (10)
with Cz&=9.2X10 N m . Combining these results
with Eqs. (7) and (8) yields the dashed and solid lines in
Fig. 4(a). It seems that the deviating behavior of W, is
an artifact of the rather arbitrary 1 pV/cm criterion rath-
er than the indication of additional pinning centers,
but more systematic investigations are needed to clarify
this point. For the temperatures of our experiments,
ranging from t =0.5 to t =0.9, it turns out that most of
the temperature dependence of Cz& is absorbed by the fac-
tor B,B,2 of Eq. (11). A typical value of Cz~/(B, B,2) as
determined from the F z data is 2X10 N m T

In Fig. 4(c) the computed values of R, , /ao and
R, z /ao are shown as a function of b. The solid symbols
again represent results for the peak regimes. Below b„&,
the two critical current criteria essentially lead to the
same results. It should be noted that the pinning in our
materials is so weak that R, /ao can attain values as large
as 50. If one would be able to observe such a VL, the dis-
order would be very difficult to detect. The inAuence of

by the collective-pinning theory for a VL with only 2D
disorder. This theory relates the pinning-force density to
the pinning strength W = n (f ) = —,

' n f and the trans-
verse correlation length R, according to

W=(2r c66dF )X' (w/R, )

and

R, =(2r, c„/F )'"X"4(w/R )

Here n is the concentration of point pinning centers
with an elementary pinning force f with maximum f .
For overlapping vortices (b R 0.2) the range of the pins is
r =ao/2. The function X(w/R, ) =2m. /In(w/R, ) is usu-
ally of order 1, and m is the sample width. An expression
for the shear modulus of the VL c66 was derived by
Brandt

the correct B,2 value becomes evident in a higher value of
R, , /ao at b„ i than observed before. It was shown that
the onset of the peak effect is related to the creation of
VL defects (edge dislocations), when the elastic limit in
the VL is locally exceeded. In terms of R, /ao this hap-
pened at values of order 15 to 20. The new B,2 deter-
mination changes this observation in the case one uses a 1

pV criterion to a value about twice as large.
As is seen in Fig. 4(a) the 1 p,V-peak is not reflected in

the F t (B) data. Apparently, the VL defects disappear
(anneal out) when the VL moves with sufficient velocity.
This phenomenon is in accord with previous observa-
tions, ' but has not yet been studied in detail. It is in-
teresting that the onset of the peak in F ~ now coincides
with the value R, t /ao ——15 in agreement with the onset
criterion we derived previously. That the F

&
data sharp-

ly decrease simultaneously with a steep increase in F ~
manifests the ambiguity of the 1 pV/cm criterion for the
critical current. Being in regime (2), vortex flow sets in as
soon as a current is applied. Nevertheless, we see a peak
in Fp Q which means that the disorder of the VL is larger
and of different nature than the disorder considered in
the collective-pinning theory. This strongly suggests the
involvement of edge dislocations. Their role wi11 be fur-
ther discussed in Sec. V.

V. VORTEX-LATTICE MELTING

The relevant features of the experimental data in the
regimes (2) and (3) can be summarized in two figures. In
Fig. 5 we show the field dependence of F „Fz, p& ~,
and p„above b =0.4 for sample III at T=2.49 K. In
Fig. 6 the inhuence of the film thickness on the resistive
behavior in field at one temperature ( t =0.68 ) is
displayed.

Figure 5 shows that at b several features simultane-
ously appear: F

&
starts to decrease abruptly, while F z

increases, p„can be first detected and grows exponential-
ly, and p& ~ starts to deviate down from the p& curve that
was smoothly drawn through the other p&~ data. It
should be noted as well, see Fig. 1 of Ref. 7, that above b
the I-V curves display a behavior reminiscent of thermal-
ly assisted flux flow (TAFF). ' The essential feature of
TAFF is that R&(I =0)WO, although it may be exponen-
tially small. True superconductivity with R&(I =0)=0 is
predicted for the 3D vortex glass and the 2D vortex glass
at T=O. At bo both F z and F

&
become zero, and

the p&z and p„data merge. It is also seen that the linear
extrapolation of the exponentially increasing p„data in-
tercepts the p& curve at a field B*/B,z that differs slight-
ly from bo. In most of the regions between bo and b =1
the p& z and p„data fall on top of the p& curve indicating
purely ohmic behavior and uniform Aux How without any
remanent effect of pinning.

Figure 6 shows that the above characteristics for the
resistivity are observed for all samples ranging in thick-
ness from d =92.5 nm to 2.35 pm. It is clear that the
widths of the ohmic regimes increase with decreasing
thickness. At higher temperatures the width is even
larger, e.g. , in the 92.5 nm film at t =0.9 the coincidence
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FIG. 7. Rz(I) curves in the crossover regime between pin-
ning and purely ohmic behavior for sample III at t =0.85. The
lines represent the results for B =0.673 (solid), 0.680, 0.687
(long dashes), 0.694, 0.702, 0.712 (short dashes), and 0.729 T
(dots). The inset shows the definition of the areas A; for i = 1,2.
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FIG. 5. Comparison between the p and F~ data for sample
III at T=2.49 K. In (a) F~L (A and A in case dV/dIWO at
I =0) and F~ &

data (0 ) are given together with the expectations
of the 2DCP theory (solid and dashed lines). In (b) and (c) pz I
(A) and p„data (o ) are given together with the estimated
pf(b) .curve (solid line) and the pz(b) curve computed according
to Eq. (6) with D =3.3 X 10 ' m /s. At bo, F~ goes to 0, at b~,
F~ I starts to decrease abruptly.

of p& I and p„occurs at b =0.6 and p„~0 at 6 =0.35.
The broadening of the Aux-Bow regime is in agreement
with the inverse proportionality of the vortex liquid re-
gime with film thickness, i.e., (B,2 B)~d —', with
8 ( T) the 2D-melting field.

Before discussing the evidence for VL melting, we like
to point out that a useful way of presenting the downturn
of p&L between b» and bo is a plot of dV/dI (=Rz)
versus I for various fields, as given in Fig. 7 for the same
sample. The dotted curve, measured at Bo=0.729 T,
represents the regime where R& is constant in the entire
current range. The solid curve is measured at 8 and
displays the behavior when pinning occurs. The dashed
Rz(I) curves show both a nonzero Rz at I =0 and a dis-
tinct broadening of the transition to saturation. It fol-
lows that the downturn is in part an artifact of the cri-
terion we used to determine pal, namely U =0.2 m/s,
corresponding to a current of about 0.2 mA. At much
higher currents, where R& has saturated, no minimum in

p&I would have been observed. Similar minima in the
resistivity have been measured in various materials, e.g. ,
in weak-pinning Nb alloys ' and recently, in thin amor-
phous MoGe films by Iye et al. In these resistance
measurements V is recorded at constant I during a
field or temperature sweep. In the inset of Fig. 7 it is il-
lustrated how such a resistance minimum is related to the
shape of the Rz (I) curves. V will decrease when

A. Evidence for a melting transition

0.0
0.4 0.8 l.2

b = B/BC2

FIG. 6. Resistivity vs b for the four a-Nb& Ge samples at
about the same reduced temperature t=0.68. The open sym-
bols represent the p„(b) data for sample I at T =2. 1 K (E ), II
at 2.35 K (o), III at 1.99 K (0},and IV at 1.98 K ( ). The
solid symbols represent the pq I (b) data at the same tempera-
tures and the solid line displays the estimated pf(b) curve. The
arrows indicate the respective b* values.

The system under investigation here consists of a disor-
dered lattice of straight vortices. The implications of the
Kosterlitz-Thouless (KT) theory for 2D melting' ' in
such a system with weak disorder have been discussed in
Refs. 17 and 45, and more recently by Tesanovic and
Fisher, Fisher, and Huse. At the transition the VL be-
comes unstable to the unbinding of thermally created
dislocation pairs. The bulk shear modulus c66 drops
sharply to zero when the vortex-lattice melting criterion
is fulfilled:
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c«a od
2

kT
U

=4m' . (12)

The renormalization of c«due to nonlinear lattice vibra-
tions and VL defects are absorbed in the parameter A,
which ranges between 0.4 and 0.7.' Both Hebard and
Fiory and Gammel, Hebard, and Bishop found A -0.5.
Substituting Eq. (9) for c66 one finds that the melting line
B ( T) follows from

16mp, 2( T)kT
B (T)=B,2(T) 1—

(1—0.29b ) AB, ( T)Nod)

(13)

An important question is whether the VL is depinned
by thermal fluctuations before the melting line is reached
from below. The criterion for thermal depinning turns
out to be very similar to Eq. (12). Extending the work of
Vinokur, Kes, and Koshelev' to the large field situation
of overlapping vortices one readily finds that thermal de-
pinning would occur when (u ) r =r~ =ao/4. The
mean-square displacement of the vortices is given by

as well as the broad transition seen for the dashed lines in
Fig. 7, give evidence for partial motion of the VL deter-
mined by a high density of edge dislocations, as has been
recently described by Koshelev and Shi and Berlinski.
The two emerging interpretations we now discuss in more
detail are based on this assumption and the choice of B
or B* for the melting field.

When B* is identified with the melting field the sudden
increase of p„may be seen as a precursor efFect of the
melting transition caused by thermally activated motion
of edge dislo-cation pairs with formation energy U, . ' The
smallest energy is obtained for the smallest pairs, i.e., va-
cancies or interstitials, for which

U, = A, c66a od = A, U, (t)(1 b)—
with A, a constant order unity and U, =n.g d(B, /2po).
For a-NbGe films U, is of order 1.5 X 10 (1—t)d K, if d
is expressed in pm. From the values of b it follows that
U, /kT=30 for p„~pf.

The other relevant energy scale for this problem is the
activation barrier caused by the random potential of the

(u ) r= ln(R, /ao) .
4mc«d

(14)

If Eqs. (14) and (12) are compared for the conditions at b

(where R, =15ao) it is immediately seen that B (T) lies
below the depinning line and the same holds for Bo(T).
Thus, in case of weak pinning, 2D melting takes place
prior to thermal depinning.

In Ref. 7 we found that the Bo( T) data for all our sam-
ples coincided well with the prediction of Eq. (13) with
A =0.5. A more sensitive way of comparing theory and
experiment is provided by Fig. 8, where

( c66a od /4vrk T) ' = ( U /4m k T)

is plotted versus T/T, . According to Eq. (12) the melt-
ing line should manifest itself as a horizontal line at
(U /4nkT) '=A. Although the scatter is appreciable,
it is seen from Fig. 8(b) that the data for Bo are indeed
best described by a constant A =0.5. In the same figure
we also show the results taking B and B as the
definition of the melting field. The scatter is too large for
one of the criteria to be indisputably preferable, so that
this question remains to be answered by more precise ex-
periments. However, the obvious scaling with d and
the close vicinity of all results with the prediction of Eq.
(12) with a reasonable value of the renormalization pa-
rameter A, is sufficient support for the conclusion that
the vortex lattice melts either a at b~, or at b' (the latter
is preferred above bo, since it is better defined experimen-
tally).
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Since it could not be decided whether B or B is the
field at which the VL melts, the interpretation of the How
behavior above B is twofold. In both cases, however, we
believe that the dip in pd L, the sudden appearance of p„,
the TAFF-like shape of the I Vcurves (Fig. 1 in Ref. 7), -

t = T/Tc
FIG. 8. Plot of ( U /4m. kT) ' vs t at three different fields: (a)

B*, (b) Bo, and (c) B~ as defined in the text. Data for various
samples denoted as in Fig. 6.
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pinning centers. The variance of the pinning energy over
a distance ao is estimated as o =( Waod)'~ r . This sup-
posedly provides a good estimate for the activation bar-
rier of a VL interstitial or vacancy. The energy 0. can be
of the same order of magnitude as the thermal energy kT.
If we assume pinning by quasidislocation loops and sub-
stitute approximate values for B,(0)=40 m T,

Cd&/B B p 2X 10 N m

8 =1T, and take r =ao/2, we obtain

o. =4 X 10 d'i (1—b)(1 —t ) K

with d in m. For d =0.2 pm, b =0.8, and t =0.7 this
gives o.=2.5 K comparable to the thermal energy. Thus,
upon approach of B the defects can move easily due to
thermal activation and the resistivity is mainly deter-
mined by the density nd of the defects. If U, »o- the
density of thermally created defects is given by'—U IkT
nd =ao e ', so that the resistivity can be written as

—U jkT
p=p e ' e (15)

It is expected that po= pf.
In Fig. 9 typical p„vs B data in the transition region

(B~ &8 &8') is shown for sample III at T=2.49 K
(t =0.85). The solid line represents a fit of Eq. (15) to the
data using 8'I in the expression for o-, A, =2/m, and
adapting po. The best fit is obtained for po=11 Qm. For
the other samples and temperatures similar results were
obtained, except for the thickest sample (IV) where
A, =0.31 gave the best fit.

All po were many orders of magnitude larger than pf,
in fact, po/pf ranges between 1.2X10 and 1.5X10
without much systematics. The reason for this large de-
viation should be found in the form of the exponential
factor, i.e., ( U, +cr )/kT We have th. e feeling that the
density of defects is much larger than given by only con-
sidering the formation energy U, and ignoring the in-
crease of entropy related to the creation of defects. Tak-
ing the entropy into account would lead to po=pfe+

-t 00

~0-'

1 0-2

103
0.66 0.68 0.70 0.72

FIG. 9. p„(B)data (circles) and pd L data (solid triangles) for
sample III at T =2.49 K together with the theoretical expecta-
tion according to Eqs. {15)(solid line) and (17) (dashed and dot-
ted line). In the first case the vortex motion is seen as a precur-
sor of melting at B*, in the second case B~ is considered to be
the melting Geld.

in Eq. (15). From the range of po lpf we estimate
S/k=19. We believe this entropy contribution cannot
be ignored close to the melting transition, because the
KT melting criterion itself essentially depends on it.
From the size of the sample ( —10 m ) and the size of
the defect ( —ao —3X 10 ' m ) one finds about 3 X 10
different sites for each defect. This would lead to
S/k=22, quite close to the value that follows from
po/pf. We conclude, therefore, that the explanation of
the increase of p„ in terms of hopping of thermally creat-
ed VL defects is not ruled out by our experimental re-
su1ts.

A quite different situation arises if the drop of F at B
is taken as evidence for the melting transition. The in-
crease of p„would then reveal a property of the 2D vor-
tex liquid just above the melting point. As has been
pointed out, e.g., in Refs. 17, 19, and 20, the fluid for
B)B will be very solid like out to length scales of the
vortex-vortex positional correlation length, g+(8), which
diverges extremely rapidly as B—B . Considering such
a fluid as a solid with a dilute concentration of free dislo-
cations nf =g+, the shear viscosity is obtained as' '

(16)

with v=0. 3696. The flow of the very viscous flux liquid
will be affected by pinning if g+ &R, . The following
model might then describe the situation when a driving
force is applied. Some regions in the fluid may be pinned
stronger than other regions. The latter start to flow un-
der the influence of the driving force, while the former re-
gions remain fixed by the stronger pinning. The partial
Qow of the flux liquid would then be dictated by the shear
viscosity instead of the flux-flow viscosity. The resulting
vortex mobility would, therefore, be proportional to g
and the resistivity would be given by

—~/la —s i'
p poe (17)

Theoretical estimates for the quantities po and c are not
available at present.

The dashed line in Fig. 9 shows a typical result of a fit
of Eq. (17) with fixed values of 8 =8 and v=0. 37,
varying only po and c. Of course, po is very sensitive to
changes in c. As is seen, the dashed line starts to deviate
from the data points well below B*.

The dotted line depicts the result of a fit procedure in
which B was allowed to lie slightly below B~, and c was
taken to be close to the average value, which was 7. We
note that other ways of checking the validity of Eq. (17),
e.g. , by plotting (d lnpldB) '~"+"' versus 8, produced
too much scatter. The dotted line was obtained by taking
B =0.64 T, c =8.7, and po=2. 4X10 Am. The low
value of B is hard to accept, since there are no special
features observed at this field. Therefore, we prefer the
first procedure with B =B . In this case the field re-
gime in which data and theory can be compared is very
narrow, so that a reliable check requires much more data
with a higher degree of accuracy and, thus, a definitive
conclusion about the positioning of the melting field can-
not yet be made.
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VI. SUMMARY

Our experiments on thin-film superconductors with
weak pinning centers showed that the transition to a
resistive state in a magnetic field has a thermally activat-
ed nature. As a consequence, the fu11 transition to the
normal state broadens, which leads to an underestimation
of B,2 when conventional criteria like p=0. 5p„or p —+0
are used. Instead, we demonstrated that the differential
resistivity pd L in the linear regime of the I-V curves
could be well identified with the flux-flow resistivity pI,
so that B,2 may be determined from the linear behavior
of the p&(B) curves below IJ,2 by extrapolation to p& =p„.
The rounding of the pI(8) curves about 8,2 could be well
explained by superconducting fluctuation effects. The
correct value of B,2 agrees very well with the dirty-limit
theory, but is appreciably larger than before, the
difference being inversely proportional to the film thick-
ness.

The nature of the I-V curves suggested to differentiate
between three field regimes. In the low-field regime flux
pinning is important. The pinning properties were ana-
lyzed in terms of the 2DCP theory. It turns out that the
correct value of B,2, which plays an important role in this
analysis, does not change the characteristic features qual-
itatively, especially when the critical current is defined as
the current at which the linear I-V curves for I &I, ex-
trapolates to zero. In the high-field regime the resistance
is ohmic and it is essentially determined by the flux-flow
viscosity. In the narrow intermediate fie1d regime the
pinning force steeply drops to zero and the flux flow is
clearly nonuniform. The field at which this happens is
identified as the field at which the flux-line lattice melts
according to melting in 2D in presence of weak disorder
(pinning). However, it could not be definitely established
whether the melting field should be identified with the
field at which I' starts to decrease or that it is the field at

which I' becomes zero. In the first case the sharp in-
crease of p(I =0) with field might be explained by the
steep increase of the shear viscosity of the vortex fluid
when the melting field is approached from above. In the
second case this resistivity increase is seen as a precursor
for melting and is thought to be due to creep of thermally
created VL defects, i.e., interstitials and vacancies. In
view of the present experimental data we could, unfor-
tunately, not decide which of these models should be pre-
ferred.

An essential ingredient of the analysis was that the
dimensionality of the disorder is 2. This is a consequence
of the weakness of pinning in amorphous superconduct-
ing films. The weak-pinning condition is not fulfilled in
many cases. Strong pins give rise to a highly disordered
VL, ' because the vortices adapt to the underlying pin
distribution. In such materials, due to the broad distribu-
tion of elementary pinning forces, flux-flow through
channels of weaker pinning can occur. This nonuniform
flow is evidenced by highly nonlinear I-V curves in the
pinning regime.

Note added in proof. A crossover from 2D to 3D melt-
ing is expected for thicker films at d„. As pointed out to
us by K.oshelev an estimate of d„shows that our thickest
film (4 =2.35 pm) is well in the 3D regime with regards
to melting, although the collective pinning remains 2D.
This explains why the squares in Fig. 8 systematically lie
below the data of the thinner films. A paper is in
preparation to discuss further the details of the crossover.
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