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Thermally assisted flux flow and melting transition for Mo/Si multilayers
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Two-dimensional and three-dimensional vortex-lattice melting is observed for superconducting Mo/Si mul-
tilayers. The position of the melting transition on theH-T phase diagram is in reasonable quantitative accor-
dance with the existing theories. Above the melting line another phase transition is found connected with the
decoupling in the liquid phase or with transition from hexatic to ordinary liquid. The thermally assisted
flux-flow ~TAFF! regime of the vortex motion is observed in the fluid phase governed by the plastic barrier
characteristic for viscous liquid. The TAFF regime with different activation energy takes place also in a vortex
solid phase above the depinning line.@S0163-1829~97!02433-2#
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New concepts that have appeared in the context of stu
of high-Tc superconductivity can be applied for many co
ventional superconductors, especially for the artificial sup
lattices ~SL’s! having the layered structure like their high
Tc counterparts.

1–4 In particular, thermally activated vortex
creep processes, which resemble closely those in highTc
oxides, were observed on MoGe/Ge,1 W/Si,4 and PbTe/PbS
~Ref. 3! SL’s. On the MoGe/Ge system a decoupling thre
dimensional–two-dimensional~3D–2D! phase transition was
found,5 while the vortex lattice melting transition was ob
served on NbGe/Ge multilayers.6

Due to the layered structure and to the essential role of
thermal fluctuations, theH-T phase diagram characterizin
various states of the vortex ensemble in high-Tc oxides and
SL’s appeared to be very complicated. This diagram m
contain many phases: the regular vortex lattice, vortex gl
vortex liquid, etc. In all of these phases~with the exception
of vortex glass! a three-dimensional and a two-dimension
behavior is possible depending on the interlayer coup
strength and on the external magnetic field. The most rea
tic way to investigate a large variety of the interesting ph
nomena mentioned is to use artificial superconducting S
where the layer thicknesses and interlayer coupling may
changed in an arbitrary way.

Here, for Mo/Si multilayers, we investigate the differe
regimes of thermally activated dissipation at the vortex m
tion in the magnetic fields orthogonal to the layers. Obser
tion of the specific features of the Arrhenius plots allows
to determine the vortex-lattice melting transition line. Thre
dimensional melting occurs in the weak-field range, while
the higher magnetic fields the crossover to quasi-tw
dimensional melting takes place. The positions of both
and quasi-2D melting lines agree quantitatively with t
theoretical predictions. The thermally assisted flux-flo
~TAFF! regime is observed above the melting line as well
below it. The TAFF activation energy dependence onH and
T is obtained. In the vortex liquid phase this depende
corresponds to the plastic vortex line motion, charasteri
for viscous or entangled liquid. Above the melting transiti
another transition occurs which may be identified as the tr
550163-1829/97/55~1!/85~4!/$10.00
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sition between hexatic and ordinary vortex liquid or as d
coupling transition in the liquid phase. The correlations b
tween phase transition line positions and activation ener
for vortex motion are established.

The measurements have been carried out on Mo/Si S
with 30–50 bilayers prepared by magnetron sputtering. T
thickness of Mo layers have been varied in the range 22
Å, and Si layers have been varied in the range 34–66 Å.
sample preparation and characterization were describe
Ref. 7. Both Mo and Si layers were amorphous. A stand
low-frequency ac technique was used for measurement
resistance on the samples with four-probe geometry. The
curacy of temperature measurements was;1 mK, the stabi-
lization of magnetic field was about 0.1% from the val
chosen.

The resistive transitions in magnetic fields are broade
in the same manner as on high-Tc compounds. The Arrhen
ius plots demonstrating thermally activated resistivity beh
ior in perpendicular fields are shown in Fig. 1. For a
samples investigated two clearly defined temperature ran

FIG. 1. Arrhenius plots of the resistance of two Mo/Si SL’
Arrows in the main panel show the way ofT* andTb determina-
tion.
85 © 1997 The American Physical Society
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86 55BRIEF REPORTS
may be singled out on these plots where lnR is linear with
T21, but with different slope. These two regions (A andB,
respectively! for one of the curves are shown in Fig. 1 wi
two solid lines. There are two types of Arrhenius plot beha
ior: for some SL’s at lower temperatures~larger T21, part
B) the activation energyUB is higher than at temperature
close toTc ~Fig. 1!, for other samples the opposite situatio
is observed~inset in Fig. 1!. Typical dependences of th
activation energy on magnetic field are shown in Fig. 2.
these curves that are related to the partsA of Arrhenius plots
behave in the similar way. In the weak-field ran
U;H21/2, and in strong fieldsU;H21. The inset in Fig. 2
demonstrates one of Arrhenius plots obtained with differ
transport currents ranging from 1 to 100mA. The same be-
havior is observed at allH values. From these data one m
conclude that in the two orders ofj variation the activation
energy is independent of current and, respectively, therm
activated flux flow~TAFF! takes place. This statement
valid for bothA andB ranges of the resistive transitions.

BothUA andUB change linearly with (Tc-T), and a com-
mon formula for the both regimes looks like

UA,B5U0A,B~12T/Tc!/H
n ~1!

with an exponentn51/2 or 1. For high-Tc oxides both types
of U vs H dependence were observed also~see Ref. 3 and
references therein!. There are two characteristic temperatur
on all Arrhenius plots,T* andTb . One of them,T* , sepa-
rates two regimes of thermally activated resistance behav
Another one,Tb , corresponds to the transition from TAFF
slowerR change withT, characteristic for a viscous flux
flow regime. These temperatures as a function ofH are
shown for two SL’s in Fig. 3. Both lines,T* (H) and
Tb(H) terminate at the strong-field range by about verti
portions. Such behavior implies that these lines may be
sociated with a melting transition, their vertical parts defi
ing the temperature of quasi-2D melting.

It is known8 that the temperature of quasi-2D melting
layered superconductors is close to the temperature of
thentic 2D vortex lattice melting in the case of the we
interlayer coupling or, equivalently, in the case of suf

FIG. 2. Dependences of the activation energyUA on magnetic
field for three samples. Inset: Arrhenius plot for different curre
for one of the SL’s.
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ciently high magnetic fieldH@H0. A characteristic magnetic
field H0, where crossover from 3D to 2D vortex fluctuation
takes place, is defined as9

H05aF0 /g
2s2. ~2!

Here s is an interlayer distance,g5(M /m)1/2 is an anisot-
ropy parameter,a is a numerical factor. A genuine 2D mel
ing temperature is8,10

kTm
2D5

AF0
2d

256p3l2~Tm
2D!

5
AF0

2

128p3l'~Tm
2D!

. ~3!

Here F0 is the magnetic flux quantum,l is the London
penetration depth,l'52l2/d is an effective penetration
depth, d is the film thickness,A is the numerical factor
whose value has to be 0.4–0.7.10 A weak dependence o
quasi-2D melting temperature onH in strong-field range8,11

enables one to compare vertical parts of lines 1 and 2 in
3 with formula ~3!. The single parameter defining temper
tureTm

2D is l' . Its value for all samples may be determine
through the sheet resistanceRh , using the known relation12

l'(0)50.8331024Rh /Tc . (l is in cm,R in V, Tc in K.!
Since parameterA in Eq. ~3! is not known precisely, the
most convenient way to compare the experimental value
Tm
2D with formula ~3! is to find A values and to determine

whether theA’s for different samples are close one to a
other and to the cited above valueA50.4–0.7. In such a
procedure one does not need any fitting parameters. In
mula ~3! the temperature dependence ofl';(Tc2T)21

nearTc is used. TheA values obtained for different multi
layers from comparison of the experimental data for line
on the phase diagrams with formula~3! are listed in Table I.
For three samplesA;0.3 is obtained in a rather good agre

s

FIG. 3. H-T phase diagrams for two Mo/Si SL’s. Lines 1 co
respond to the temperatureT* (H), lines 2 correspond to tempera
tureTb(H). Filled symbols are the experimental data. Solid curv
are the fits to Eq.~4!. The procedure of fitting is described in th
text. Dashed lines represent equationsUA(H,T)5kT and
UB(H,T)5kT. Dotted-dashed line on the upper panel is a fit to E
~5!. Crosses represent dependenceTp(H).
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55 87BRIEF REPORTS
ment with the theoretical prediction. For sample Mo35/Si43
the valueA50.29 is obtained for line 2.

In weak magnetic fields the theory8,11predicts 3D melting
with a melting temperatureTm

3D depending onH:

kTm
3D5

cL
2F0

5/2

4p2~M /m!1/2H1/2l2~Tm
3D!

. ~4!

Here cL is a Lindemann number which is assumed to
0.1–0.2.8 The fitting of lines 1 and 2 onH-T phase diagrams
with this formula is shown as a solid line. The coefficie
cL
2/g is used as a fitting parameter. The functional form
Eq. ~4! is in a good agreement with the experimental da
The quantitative comparison may be carried out if theg ’s are
known. Having now no data aboutg, one can proceed in
such a way. For all samples there is a characteristic magn
field where the activation energy for TAFF changes its
pendence onH ~Fig. 2!. Assuming this change takes place
the fieldH0, one may defineg ’s for all SL’s ~Ref. 13! from
formula ~2!, puttinga51, with a precision up to some nu
merical factor and determine the values ofcL ~Table I!. As in
the case ofTm

2D , for three samplescL values defined from
lines 1 are close to one another and close to the expe
valuecL50.2.

Summarizing this part of the discussion one may concl
that line 1 on theH-T diagram reflects 3D and quasi-2
melting. From measurements ofI -V curves in magnetic
fields it follows that depinning temperatureTp where the
critical current disappears~Fig. 3! is close to line 1. This
means that pinning becomes ineffective at melting transi
as may be expected due to the absence of the long-r
order in the vortex liquid.14 This gives additional evidenc
that line 1 is reasonably considered as the melting transit

As for line 2 onH-T diagrams, different possibilities to
explain their origin may be considered. It may be a bound
between hexatic and ordinary isotropic liquid.10 Another ex-
planation of line 2 may be associated with the predicted tr
sition between a liquid of vortex lines and the independ
liquid systems of 2D vortices in different layers.11 The form
of this transition line is11

H̃m~T!5
amF0

3

16p3kTl2~T!~M /m!1/2
. ~5!

Here am is universal constant. Fitting of the experimen
data with formula~5! is presented in Fig. 3.

TABLE I. The samples and their derived parameters.

Sample
dMo /dSi Tc l'(0) TM

2D

~Å! ~Å! ~K! (1024 cm! ~K! A g cL

25/66 3.57 7.8 3.23 0.33 10.3 0.23
25/48 3.42 9.2 3.02 0.30 13.1 0.21
22/43 4.26 3.3 4.05 0.35 16.7
35/43 4.29 7.2 3.17 0.11 10.0 0.17

~0.29a!

aThe valueA50.29 for Mo35/Si43 is obtained for line 2 of theH-
T phase diagram.
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In the weak-field range the experimental depende
UA(T,H) is consistent with the expansion for the plastic b
rier in the viscous vortex liquid

Upl;
~m/M !1/2F0

2a0
8p2l2 5

F0
5/2

8p2l2~M /m!1/2H1/2;
~12t !

H1/2

~6!

proposed in Ref. 14. Herea0 is an intervortex distance. Thi
formula characterizes the TAFF regime of the viscous vor
liquid. In the case of the plastic motion of vortices in th
liquid phase there should not be dependence ofUpl on trans-
port current,14 and this corresponds to experiments~Fig. 2!.
Thus between lines 1 and 2 in the weak-field range the v
tex motion corresponds to the TAFF regime of the visco
vortex liquid. The change of the exponent in theUA vs H
dependence atH.H0 may be a consequence of another d
sipation mechanism in a quasi-2D situation.

The melting transition line 1 separates the vortex liqu
from the vortex lattice phase. Because strongU( j ) depen-
dence characteristic for vortex glass is absent in the a
below line 1, this line cannot be associated with glass tr
sition. The transition between vortex liquid and vortex-latti
phases was observed in experiments15 on Y-Ba-Cu-O crys-
tals.

At T,T* the dependenceUB(T,H) for the vortex lattice
is the same as in the vortex liquid. This type of depende
with energy barrierUc;C66a0

3;(12t)/H1/2 for vortex
bundle creep may be obtained on the basis of the results15–18

in the case of the collective pinning under definite assum
tions about the pinning volumeVc , which are discussed in
detail elsewhere. Formula~6! for Upl contains as a factor the
anisotropy parameter. Depending on its value,Uc may be
less or larger thanUpl . Thus resistivity behavior atT,T*
can be interpreted as a collective creep of the vortex bund
However, the reason for theUc insensitivity to j in the solid
phase is not clear.

It is important also to mention that some correlation b
tweenUA,B(T,H) and the position of the phase transitio
lines on theH-T diagram exists. Two dashed curves in F
3, TA8 (H) andTB8 (H), mark the values ofH corresponding to
the conditionUpl5UA(H,T)5kT at which the transition
from TAFF to vortex flow should occur14 and to condition
UB(H,T)5kT. The agreement between the curveTB8 (H)
and line 1 for Mo25/Si66 is rather good, especially if one
takes into account that no fitting parameters were used.
curveTA8 (H) is similar in its shape to line 2 in the weak-fiel
range, but lies somewhat below it. Excellent agreement
tween the boundaryUpl(H,T)5kT and line 2 is obtained in
the range of 3D behavior for Mo35/Si43. Thus in some case
line 2 may be associated with a transition to viscous fl
flow.

In summary, we have shown that the vortex-lattice me
ing transition is observed on the artificial Mo/Si multilayer
This transition is three-dimensional in the weak-field ran
and quasi-two-dimensional in high fields. For a number
Mo/Si samples rather good agreement with the theory
melting9–11 is obtained. In particular, the Lindemann numb
cL50.2 is obtained in agreement with standard melting c
terion. The temperature of quasi-2D melting is also cons
tent with the predictions.9–11 3D–2D crossover in melting is
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associated with the decoupling of vortices in the adjac
layers which takes place at fieldsH.H0. This type of de-
coupling does not exclude another decoupling transition
the weak-field range at higher temperatures. The data
3D–2D crossover differ from those obtained on NbGe/
SL’s ~Ref. 6! because in the latter case crossover is c
nected with the finite-size effect. Along with melting trans
tion another line on theH-T phase diagram is found which
can be interpreted as a transition between hexatic and o
nary vortex liquids or as a decoupling transition. In som
cases this line coincides with a crossover from the TA
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regime to the viscous flux flow. Two different TAFF regime
are observed. It is shown that the activation energy cont
ling the TAFF regime in viscous liquid is associated with th
plastic motion of the vortices with plastic barrie
Upl;(m/M )1/2F0

2a0 /(8p2l2) in accordance with theory.14
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