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Anomalous temperature dependence of vortex elastic properties in
the flux-flow regime of Mo77Ge23/Ge multilayer superconductors
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We report nonlinear electrical response in superconducting/insulating Mo77Ge»/Ge multilayers. In
low-anisotropy multilayers, we observe an abrupt change in the current-voltage characteristic as a func-

tion of temperature. This change corresponds to a sharp drop in the pinning drag force acting on mov-

ing vortices in the flux-flow regime at low temperatures. The decrease in pinning drag force may be re-

lated to an abrupt increase in the rigidity of the system of moving vortices.

For many years, it has been known that the mean-field
phase diagram of an isotropic, homogeneous type-II su-
perconductor includes an Abrikosov lattice of vortices
between the upper and lower critical fields. Subsequent-
ly, it was recognized' that thermal fluctuations and stat-
ic disorder could both modify the lattice phase, particu-
larly in two dimensions. When both effects are present,
the interplay between them is complicated and still not
completely understood. In cuprate superconductors and
artificially layered superconductors, the anisotropic na-
ture of the material enhances the tendency of pinning
and thermal fluctuations to modify, or even destroy, the
Abrikosov lattice.

In limiting cases, substantial progress has been made in
understanding aspects of this problem. One such case is
the destruction of long-range vortex translational order
by pinning in an isolated two-dimensional superconduc-
tor. Here, the collective pinning theory of Larkin and
Ovchinnikov provides a relationship between the transla-
tional correlation length Rc and a readily measurable
quantity, the critical current density J&, at which the pin-
ning force on a correlation volume is balanced by the
Lorentz force arising from the transport current. This
theory has been quite successful in understanding the
measured critical current densities of relatively thick su-
perconducting films with weak pinning.

In layered superconductors, no simple picture exists
for quantitatively relating the translational correlation to
the measured critical current densities. Still, the critical
current density measures the average pinning force densi-
ty acting on vortices. If the pinning forces are random,
this measurement might reasonably be expected to yield
qualitative information about the field and temperature
dependence of the correlation volume of collectively
pinned vortices.

In this paper, we are concerned with the nature of
these correlations in the dynamic, flux-flow state. To this
end, we report measurements of the nonlinear electrical
response of amorphous Mo»oe23/Ge (superconducting/
insulating) multilayer model systems in a perpendicular
magnetic field. In the samples discussed here, the super-
conducting layer thickness remains constant at d, =60 A,
and the Ge layer thickness varies from d;=25 A to
d; =65 A. For purposes of comparison, we have also fa-

0
bricated a d, =60 A single layer sample that is equivalent
to the constituent superconducting layers of each multi-
layer. In the lower anisotropy multilayers, measurements
of the pinning drag force acting on vortices in the flux-
flow regime (i.e., the linear portion of the I-V curve well
above the usual critical current Ic at which flux motion
exceeds some threshold level set by a voltage criterion),
show a sharp decrease in the pinning drag force at low
temperatures. This sudden decrease may be related to an
abrupt increase in the rigidity of the system of vortices.

The procedures for making Mo7~Gez3/Ge samples and
the physical properties and material parameters of this
system have been discussed elsewhere. Table I de-
scribes the samples and their derived paraineters.

In all of these samples, there is a low bias region where
the response is linear. The inset of Fig. 1 shows a typical
example of this low bias resistance as a function of tem-
perature for different samples measured in a perpendicu-
lar magnetic field of 5.0 kG. Figure 1 displays the instan-
taneous slopes r)(lnR )/r)(1/t) of these Arrhenius curves.
These curves are qualitatively related to the temperature
dependence of the activation barriers, even though simple
thermal activation (i.e., with a temperature-independent
activation energy) is not universally observed. Reference
7 discusses these data and their implications in detail.
The primary conclusion drawn in this reference was that
the samples with Mz/Mi ~ 160 show qualitatively
difl'erent behavior than those with Mz/Mt «50. In the
high-anisotropy (Mz/Mi ~160) multilayers, the activa-
tion barriers are never significantly different from those
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TABLE I. Table of material parameters.
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Sample of SC
number layers ds (A) d; (A) Too (K) gz(0) (A) Mz/M~
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FIG. 1. Instantaneous slopes of Arrhenius curves shown in

inset. Inset: Resistive transitions measured in 5.0-kG applied
field for a single layer and multilayers with d; = [35, 45, 55, and

65 A}.

in a single layer. This result implies that the vortex discs
in each layer of the high anisotropy multilayers are
decoupled from those in neighboring layers. In the low
anisotropy (Mz/Mi & 50) multilayers, the activation bar-
riers depart strongly from the single layer result at low
temperature, implying that the thermally activated hop-
ping of vortices in different layers at low bias current be-
comes coupled. In these samples, the activation barriers
increase continuously from their single layer values, so
only an approximate crossover may be defined between
coupled and uncoupled vortex motion. Below, we exam-
ine anomalous behavior in the high bias flux-Sow regime
of these samples. The phenomenon of interest here
occurs at temperatures well below the onset of decou-

pling at low bias, and appears to be distinct from the in-

terlayer coupling seen at low bias.
By measuring dynamic resistance BV/BI as a function

of bias current I, we may observe the nonlinear response
of the system. The top panel of Fig. 2 shows BV/BI vs I
for a single-layer sample measured at various tempera-
tures in a 5.0-kG applied field. As expected, this sample
shows a smooth crossover from thermally activated flux

creep at low bias currents to flux flow at high bias
currents. In the flux-flow regime, viscosity limits the vor-
tex velocities; the dynamic resistance is proportional to
the perpendicular field and only weakly temperature
dependent. The behavior of the Mz/M~ =50 multilayer,
{bottom panel of Fig. 2), is distinctly different. Here, a
large peak in the dynamic resistance appears abruptly
with decreasing temperature. However, the flux-flow
resistivity at high bias currents is very close to that of a
single layer. Some tendency for d V/dI to continue to in-

crease at high bias can be seen in the data, however.
In the flux flow regime, the average vortex velocity U is

given by U = (FL Fp )/g. Here, g —is the viscosity,

FL =Jyo/c is the Lorentz force per unit length, and F~ is

the pinning drag force per unit length, averaged over a
correlation volume of the moving vortices. Thus if we

numerically integrate BV/r)I to obtain V(I), we may ex-

trapolate the linear V(I) in the flux-flow regime back to
the current axis to infer a pinning drag critical current
density Jc (see Fig. 2 inset). This extrapolated Jc is pro-
portional to the average pinning drag force acting on vor-

tices in the flux-Sow regime: Fp=Jcqro/c. Since the

effects at pinning are collective, the pinning drag force
acting in the flux-flow state may be very different from
the pinning forces acting on static vortices, because the
intervortex correlations in the flux-flow regime may be
different from the static correlations. In the inset of Fig.
2, we show two V(I) curves from the Mz/M~ =50 sam-

ple. In the higher-temperature curve, where no peak ap-
pears in BV/M, the extrapolated critical current density
is actually substantially higher than in the low-

temperature curve, which has a pronounced peak in dy-

namic resistance. The temperature dependence of the ex-

trapolated Jz in various samples is shown in Fig. 3.
Here, the sharp drop of Jc with decreasing temperature
in the Mz/M~=50 data corresponds to the abrupt ap-

pearance of the dynamic resistance peak.
In the Mz/Mj -160 sample, Jc(T) is essentially equal

to that of a single layer, and neither shows an abrupt
drop with decreasing temperature. Presumably, a similar
result obtains for the Mz/M~-500 sample. It is in-
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FIG. 2. Dynamic resonance 8 V/BI versus bias current densi-

ty at various temperatures in 5.0-kG applied field for a single

layer (top panel) and a Mz/M& =50 multilayer (bottom panel).

The current scale for the top panel appears on the upper current

axis. In both panels, the temperatures of the isotherms are ap-

proximately evenly spaced, and arrows indicate the Bardeen-

Stephen value of the flux-flow resistance at low temperature.
The bold dot indicates the flux-flow resistance calculated from

Bardeen-Stephen theory. Inset: Numerical integ rations of
differential curves and extrapolation of critical current from

flux-flow regime.
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FIG. 3. Measured temperature dependence of critical current
densities in 5.0-kG applied field for a single layer and various
multilayers. The arrow labeled TD(50) points to the tempera-
ture at which low-bias decoupling occurred in the Mz/M1 =50
sample (see Fig. 4). Inset: Closeup of Mz/M~ =20 data in the
vicinity of mean field T&.

teresting to note that these high anisotropy multilayers
also showed no interlayer coupling in their linear
response, as discussed previously. In the low anisotropy
multilayers, where linear response measurements indicat-
ed that vortex discs in adjacent layers become correlated
into linelike objects, there also exists a sharp drop in
Jc(T). In the Mz/Mi =20 sample, this jump is shown
more clearly in the inset of Fig. 3. While it is diScult to
relate reliably to observations made in the linear response
to the flux-flow regime, these data are at least suggestive
that the drop in Jc(T) can occur only when the vortex
discs have become correlated into something like vortex
lines. Figure 4 ofFers further evidence for this idea. In
this figure, we plot in the H-T plane the interlayer decou-
pling onset line Tn(H) measured at low bias currents in
the Mz/Mi =50 sample. In the same figure, we show the
field-dependent temperature where the drop in Jc(T)
occurs. Here, TD(H) is defined by the criterion that
B(lnR)/B(1/t) in the multilayer exceeds that in the single
layer by 20%. As this graph shows, the drop in Jc(T)
occurs at temperatures well below those where the vor-
tices in diFerent layers begin to become coupled at low
bihs currents. Defining Tn(H) by much larger departures
from single layer behavior does not substantially change
this result.

In Fig. 4, the temperature where the drop in Jc occurs
is measured between fields of 1.5 and 7.0 kG. Since our
determination of Jz requires measurements over a large
current range in the flux-flow regime, heating prevents re-
liable quantitative measurements at higher fields. How-
ever, BV/BI curves measured in higher fields do show a
strong peak, implying that this phenomenon persists in
fields well above 7.0 kG. As shown in the inset of Fig. 4,
the side of the drop in Jc(T) becomes smaller with de-
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FIG. 4. Interlayer decoupling line T&(H) for the
Mz/M~=50 multilayer compared with the field-dependent
temperature where the drop in J&( T) occurs in the same sample.
Inset: J&( T) for the Mz/M& =. 50 sample in the applied fields of
1.0 and 5.0 kG.

creasing field and survives only as a flat spot in Jc(T)
when H =1.0 kG. Finally, we note that in the field range
shown in Fig. 4, the multilayer samples were heated by—100 mK as the bias current was increased to its max-
imum value. Since the drop in Jc(T) occurs over a com-
parable temperature range, we believe that the observed
abruptness of the drop is probably limited by heating.

How can we understand the anomalous temperature
dependence of the measured pinning drag critical current
densities, i.e., the ginning drag forces. One possibility is
that the drop in Jc(T) merely reflects the crossover in in-

terlayer coupling of vortex motion which is observed in
the low bias resistance. This seems unlikely, however,
since low bias interlayer coupling occurs continuously
and begins at much higher temperature. This point is
further emphasized by the fact that Jc(T) in the law an-

isotropy multilayers is less than Jc(T) in a single layer
over a substantial temperature range abave the drop but
below the low bias decoupling temperature Tn. Finally,
the bottom panel of Fig. 2 shows that while the peak in
dynamic resistance appears abruptly as the temperature
is decreased, the difFerential resistance at lower bias
currents does not change abruptly as a function of tem-
perature. Hence the usual critical density determined by
a voltage criterion is unchanged. Thus, we may rule out
the possibility that the drop in Jc(T) is a simple exten-
sion of the interlayer coupling observed in the low bias
response.

Shi and Berlinsky have argued that peaks in dynamic
resistance may arise from the presence of dislocations in
a pinned vortex lattice. In this picture, as the bias
current increases and the vortices begin to move, the
dislocation density drops sharply, resulting in a dynamic
resistance peak. At still higher bias currents, the disloca-
tion density approaches zero, and a linear flux flow I-V is
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recovered. Dynamic resistance and noise measure-
ments' by Bhattacharya and Higgins of NbSe2 have pro-
vided support of this point of view. The sharp drop in
multilayer critical current densities, however, cannot be
explained solely within this framework, because J& is ex-
trapolated from the linear regime at high bias, where the
dislocations are predicted not to exist. %hile the dynam-
ic resistance measurements reported in Ref. 10 are
superficially similar to ours, those data do not appear to
show the sharp drop in Jc( T) that exists in our data.

As discussed earlier, the extrapolated J~ is proportion-
al to the pinning drag force acting on vortices in the mov-
ing state. Qualitatively, we expect that this pinning force
depends on the elastic properties of the moving vortices,
as we11 as the magnitude of the random disorder poten-
tial. Since the pinning potential must be a smooth func-
tion of temperature, we suggest that the sharp drop in
Jc( T) may represent an abrupt increase in the rigidity of
the system of vortices in the Aux-Bow state. Because the
low bias linear response is immeasurably small in the vi-
cinity of the drop, we cannot determine whether this
jump in stiffness occurs in the static state as well.

It is possible that such a jump in stiffness signals an or-
dering (freezing) transition in the system of vortex lines.
If such a transition does occur, we cannot use these data
to determine whether it is of a continuous or discontinu-
ous nature, since the measured abruptness of the Jc(T)
drop appears to be limited by heating. In the event of
first-order transition, one might expect hysteretic
behavior as a function of temperature, in contrast with
the measured BV/r)I characteristics, which are nonhys-
teretic as a function of both temperature and bias
current. Measurements of the low bias resistance of

high-temperature superconductors, however, have
shown" that such a hysteresis may be eliminated when
very small bias currents are applied. Since our experi-
ments probe the vortices in a grossly invasive fashion, we
probably would not observe hysteretic behavior even if a
first-order transition did occur. For this reason, and be-
cause the low bias resistance is not observable in the re-
gion of interest, experiments unrelated to electrical trans-
port would probably be necessary to establish the ex-
istence of a "phase" transition.

In conclusion, we have measured the nonlinear electri-
cal response of Josephson coupled Mo776ez3/Ge multi-
layers. In multilayers where the low-bias resistance indi-
cated that vortices moved independently in each layer,
the nonlinear response was also equivalent to that of sin-
gle layers in parallel. In lower anisotropy samples, where
interlayer coupled motion occurs at low-bias currents, we
observe a sharp change in the nonlinear response as a
function of temperature. Here, the nonlinear response at
low temperature includes a peak in differential resistance
as the flux-flow regime is approached. This phenomenon
appears to coincide with a sudden increase in the rigidity
of the system of moving vortices. Since this increase in
stiffness occurs abruptly at temperatures well below the
onset of interlayer correlated vortex motion, it seems pos-
sible that it results from an ordering transition of vortex
lines.

The authors thank S. N. Coppersmith and S. Doniach
for helpful discussions. This work was supported by the
U.S. Air Force Office of Scientific Research and NSF-
MRL.

'B. A. Huberman and S. Doniach, Phys. Rev. Lett. 43, 950
(1979).

2A. I. Larkin and Yu. N. Ovchinnikov, J. Low Temp. Phys. 34,
409 {1979).

3See papers, in Phenomenology and Applications of High
Temperature Superconductors, edited by K. S. Bedell, M. Inui,
D. Meltzer, J. R. Schrieffer, and S. Doniach (Addison-
Wesley, New York, 1991).

4P. H. Kes and C. C. Tsuei, Phys. Rev. Lett. 47, 1930 (1981);
Phys. Rev. B 28, 5126 (1983).

5S. Yoshizumi, W. L. Carter, and T. H. Geballe, J. Non-Cryst.
Solids 61/62, 589 (1984).

W. R. White, A. Kapitulnik, and M. R. Beasley, Phys. Rev.
Lett. 66, 2826 (1991).

7W. R. White, A. Kapitulnik, and M. R. Beasley, Phys. Rev. B
49, 7084 (1994).

~S. T. Ruggiero, Ph. D. thesis, Stanford University, 1981.
An-Chang Shi and A. John Berlinsky, Phys. Rev. Lett. 67,

1926 (1991).
' S. Bhattacharya and M. J. Higgins, Phys. Rev. Lett. 70, 2617

(1993).
"H. Safar, P. L. Gammel. D. A. Huse, D. J. Bishop, J. P. Rice,

and D. M. Ginsberg, Phys. Rev. Lett. 69, 824 (1992).


