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Results are presented of an investigation of the temperature ( D 0 . 5  K )  dependence of the decay 
rate of the "frozen-in" magnetic field Hi ) Hc, (flux creep) and of the critical current density Jc 
for polycrystalline ternary molybdenum sulfides containing lead, tin, and copper. In all the 
specimens, for which Jc (at 10 kOe and 4.2 K )  was greater than lo4 A/cm2, Hi was found to 
decay logarithmically (except for initial times t < 20 s),  in agreement with the predictions of the 
Anderson theory, which assumes a thermal activation mechanism for vortex diffusion. However, 
it is found that therinal activation alone does not explain the observed weak dependence of the 
flux creep rate on the temperature, nor the abrupt change in the slope of Jc ( T) at temperatures 
2-3 degrees Kelvin below the critical point Tc . A satisfactory explanation of these results is 
obtained using a model that allows for possible quantum diffusion of vortices in addition to 
thermal activation. 

INTRODUCTION 

In addition to their very high second critical fields 
Hc2 (0) = 300-600 kOe (Refs. 1-3), ternary molybdenum 
sulfides containing tin and lead have high critical current 
densities Jc ( 140 kOe, 4.2 K )  > lo4 A/cm2 (Refs. 4-8). 
Highly reproducible results5 have been obtained using bulk 
specimens instead of thin-film coatings,9-" because the 
composition and preparation conditions can be controlled 
more precisely. Remote-sensing methods are used to mea- 
sure Jc in bulk specimens in order to eliminate contact ef- 
fects, which are especially pronounced for T >  4.2 K. 

According to present theory, vortex pinning by various 
types of structural inhomogeneities is responsible for the 
lack of appreciable energy dissipation during the flow of very 
high currents in type-I1 superconductors in magnetic fields 
Hcl < H < H,, . The current density in the superconductor is 
assumedI2 to reach the critical value Jc when the Lorentz 
forces acting on the vortices become comparable to the pin- 
ning forces. 

AndersonI2 predicted that J c ,  and hence the "frozen- 
in" magnetic field in a type-I1 superconductor, should decay 
logarithmically with time (this is called flux creep), because 
in some cases the thermal energy of a vortex may overcome 
the pinning forces confining it in a potential well near a pin- 
ning center. The latter are generally defects in the supercon- 
ductor, such as inclusion of secondary phases, pores, dislo- 
cations, strain, etc. Anderson's prediction was borne out in 
the experiments of Kim and co-workers,I3 who studied the 
time dependence of the magnetic flux frozen into hollow 
tubes of Nb-Zr alloy. Thermal activation of vortex diffusion 
also explains why Jc is so sensitive to Tat low temperatures. 

While subsequent ~ o r k ' ~ - ~ ~  appears to support the ba- 
sic assumptions of the Anderson theory,I2 direct experimen- 
tal confirmation of thermally activated flux creep is lacking. 
At the same time, convincing alternative explanations have 
not been developed. 

In this paper we report data from measurements of flux 
creep and critical current as functions of temperature. We 
show that quantum diffusion of vortices as well as thermal 
activation must be treated in order to explain the data. 

EXPERIMENT 

Ternary molybdenum sulfide crystals containing lead, 
tin, and copper were synthesized under the same conditions 
as in Refs. 5, 23. The resulting compounds were carefully 
ground in an agate mortar and pressed in cylindrical dies at a 
pressure of 10-15 kbar. After pressing, the specimens were 
rendered homogeneous by annealing them for 24 h. Speci- 
mens with differing microstructures were obtained, depend- 
ing on the annealing temperature 700 "C < T, < 1200 "C. A 
Geigerflex diffractometer (Cu K, radiation, A =  1.541 A)  
was used to analyze the phase composition of the annealed 
specimens. 

The specimens were shaped by mechanical treatment 
into tubes of outer diameter a = 5 mm, height h = 15-20 
mm, and wall thickness w = 1.2- 1.5 mm. The values Jc were 
found from the difference between the magnetic fields inside 
and outside the specimen (the same method was employed 
previously '3*'4.24 for alloy specimens). Calibrated bifilar 
copper resistance coils connected in a bridge circuit served 
as the magnetic field sensors. The axis of the specimens was 
aligned parallel to the external magnetic field which, de- 
pending on the requirements imposed on the field strength 
and stability, was generated by a superconducting or by a 
water-cooled Bitter magnet. Most of the measurements were 
carried out at the International Laboratory for High Mag- 
netic Fields and Low Temperatures at Wroclaw, Poland. 

Figure 1 shows traces of the internal field H, as a func- 
tion of the external field He for a Pb,., Mo,, S, specimen at 
two fixed temperatures 1.7 and 4.2 K. The time dependence 
Hi (t) for fixed T and He was found to within 0.05% by a 
digital voltmeter. For temperatures T = 1.6-16 K the speci- 
menswere cooled by liquid or gaseous helium-4. Lower tem- 
peratures were achieved by using a cryostat equipped with a 
pump for evacuating the helium-3 vapor. The flux creep was 
measured for several hours, during which time the tempera- 
ture was held constant to within 0.01 K. 

RESULTS 

The decay rate of the magnetic field (or current) in- 
duced in molybdenum sulfides of identical composition 
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Hi, 

FIG. 1 .  Field Hi inside a hollow Pb,,,Mo,,,S, tube annealed at 
T, = 1020 "C, as a function of the applied external field H e .  Specimen 
dimensions: outer diameter 5 mm, wall thickness 1.4 mm, height 16 mm. 

Pb,,, Mo,, S, depends on the annealing temperature Ta and 
can vary ~ i d e l y . ~  For example if the decay is characterized 
by tl12, the time for the current in the specimen to drop by a 
factor of two, one finds that tll, ranges from 1014 to loSo0 
years, depending on Ta . The slowest decay measured in our 
experiments was found for the Pb,,, Mo,, S, specimen with 
Ta = 820 "C. The x-ray diffraction data indicate that this 
specimen was rich in secondary phases Mo, MoS,, PbS, and 
Pb (the content was greater than 10% ). As Ta increases, the 
large defects and secondary-phase inclusions break up to 
form numerous smaller ones, the specimens become more 
homogeneous, and the current decays more rapidly. Figure 2 
shows the relative change in the "frozen" field Hi as a func- 
tion of time for one of the Pb,,, Mo6., S, specimens annealed 
at 1020 "C. These measurements were made at several tem- 
peratures 5 s after the field He was turned off. We see from 
Fig. 2 that after the initial period ( t  < 20 s),  the curves Hi ( t )  
were logarithmic to within the experimental error. The same 
behavior was observed for all the other molybdenum sul- 
fides, regardless of composition (including specimens with 
tin or copper as the third component). 

Figure 3 shows the relative decay rate, [ l/Hi (5) ] 
dHi (t)/d ln(t /to) of the field Hi frozen into the specimen as 

(dashed line). Here k ' = 412, kB is Boltzmann's constant, d 
is the average distance between effective pinning centers (or 
the mean diameter of the stream of vortex stream), w is the 
wall thickness of the tubular specimen, and the constant 
B, = @ddB2 determines the slope of the experimental 
curves J, for weak fields H,, < H < 0. 1Hc2 : 

The pinning force density a( T )  is independent of H, and @o 
is the flux quantum. 

Figure 4 plots the normalized reciprocal critical current 
Jc (100 kOe)/Jc (H)  at T = 4.2 K for Pb1,,Mo6,,S8 speci- 
mens with different annealing temperatures. We see that for 
He < 80 kOe, the data follow Eq. (2)  to within the experi- 
mental error. As Ta increases from 720 to 1120 "C, Bo rises 
from 50 to 2.1. 10, G. Comparison of these data shows that 
the flux creep is greatest for specimens for which the slope of 
J, (H) at weak fields is small. We note that for T ~ 4 . 2  K, the 
correction for the temperature dependence of Bo for our 
specimens is less than the experimental error. If one uses the 
value of Bo for the most homogeneous Pb,,, Mo,, S, speci- 
men (To = 1120 "C) to calculate the parameter dB = (a,,/ 
B0)'l2 = 440 b;, the result agrees reasonably well with the 
value d, = 330 b; calculated from ( 1 ) with T = 4.2 K. For 
specimens annealed at lower temperatures, these estimates 
for dB and d, may differ by a factor of 1.5-2.5 (Ref. 5 ) . 

Figure 5 shows temperature curves J c ( T )  for a 
Pb,,, Mo,,, S, specimen with Ta = 1020 "C for fixed magnet- 
ic fields. An extended linear region at low temperatures 
0.05 Tc < T <  0.6Tc was also observed for the other lead-con- 
taining molybdenum sulfides, although their critical current 
densities varied by more than an order of magnitude.5'23 In 
many cases (e.g., for Cu,., Mo6S8), the slope of Jc ( T) tend- 
ed to decrease as T approached zero; a similar decrease was 
noted for Nb-Zr specimens in Ref. 13. 

If the nonlinear portion of Jc ( T )  is extrapolated to zero 
critical current, the resulting critical temperature 
Tc ( Jc + 0) 1, = ,,,, is roughly 2-3 K higher than the value 
found by extrapolating the straight-line portion. 

afunction of T fort > to = 20 s. Taking T = 4.2 K, say, as the 
common reference point, we see that the measured flux creep 
rates decrease with falling temperature much more slowly Extended experiments lasting roughly a year indicate 

than predicted by the Anderson relation12 that flux creep does not occur in type-I superconductors, 
and in type-I1 superconductors it becomes appreciable only 

6Hi -- - - k 'w k,T 
-In (tlt,) 

for H > H,, (Ref. 15). The flux creep mechanism therefore 
Hi H, (H,+B, )  d4 ( ) in all probability involves the penetration of Abrikosov vor- 

I 

0.98 =O, 5 K 

FIG. 2. Relative internal field H, (t)/H, (5 )  versus time t 
(logarithmic scale) for four fixed temperatures (He = 0 )  

2 
for a Pb, , Mo, ,S, specimen with T, = 1020 'C. H, ( 5 )  is 

0.96 the "frozen" field 5 s after He was turned off. 
9 

0.2 
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FIG. 3. Temperature dependence of the relative rate of change - [ lo3/ 
H, (5)] [dHi (t)/d ln(t /to)] of the "frozen" field Hi in a Pb,.,Mo,,,S, 
specimen (T, = 1020 "C). The dashed curve gives the theoretical flux 
creep rate at T = 4.2 K predicted by the Anderson formula.12 

tex filaments into the superconductor, where they subse- 
quently diffuse. 

Our data show that 20 s after the external field is turned 
off, the "frozen" field Hi ) Hc, decays logarithmically (i.e., 
just as predicted by the thermal activation model1') for all of 
our specimens, which had large critical currents Jc ( 10 kOe, 
4.2 K )  > lo4 A/cm2 and Ginzburg-Landau (GL) param- 
eters x )  10. The initial nonlogarithmic behavior for t < 20 s 
is probably due to the relatively slow relaxationz5 to a critical 
state in thermodynamic equilibrium after the external field 
is discontinued. 

However, examination of the temperature dependence 
of the flux creep (Fig. 3) reveals that the experimental val- 
ues of the derivative I Hi -'dHi/d In ( t  /to) I fall off with tem- 
perature much more slowly than predicted by ( I ) ,  and a 
similar discrepancy is observed for the ternary molybdenum 
sulfides containing tin or copper. This could be due in part to 
local heating of the specimen by 2-3 K due, e.g., to the ener- 
gy liberated when vortices (or even whole streams of vorti- 
ces) jump across the potential barriers separating adjacent 
pinning centers. However, this explanation seems implausi- 
ble because the derivative (Hi  - 'dH, /d  ln ( t /to) I remains 
constant for t ranging over several decades, during which 

FIG. 4. Normalized reciprocal critical current J, ( 100 kOe)/J, (H)  ver- 
sus field H at T = 4.2 K for Pb, , Mo,,, S, specimens annealed at T, = 820 
( A ) ,  920 (V), 1020 (O), and 1120°C (0). 

FIG. 5. Temperature curves of critical current density for a Pb,,, Mo,., S, 
specimen with T, = 1020 "C, with second critical field H, ( T-0) = 460 
kOe, T, (H-0) z 12.5 K, IdH,, /dt 1 ,-, = 48 kOe/k, for fixed magnetic 
fields 30 (O), 40 (B), 50 (O), 60 (e), 80 (V), and 100kOe (v). The 
insert shows the dependence of the pinning force density parameter 
a( 2') = ( H  + B,) . J, ( i") on the reduced temperature. The values T, (U) 
were found by extrapolating the nonlinear part of J, ( T) I ,= to the T /  
T, axis. 

time the average specific liberated energy drops by several 
orders of magnitude. 

In principle, one could try to explain the slow decay rate 
of the flux creep with decreasing temperature in terms of 
spatial variations of the local values of the critical param- 
eters in the superconducting specimen, i.e., its inhomogene- 
ity (produced, e.g., by internal strain, changes in composi- 
tion, the presence of secondary phases, etc.). In this case, if 
the inhomogeneities in the superconductor are assumed to 
be randomly d i s t r i b~ ted , ' ~ ,~~  any transport current J in the 
superconductor must be accompanied by energy dissipation, 
which can be assessed in terms of the electric field 

Here the parameters T .  ,'B., and J .  characterize the width 
of the superconducting transition; they are assumed to re- 
main nearly constant for T, B, and J varying over a wide 
range.27 Under our experimental conditions, relation (3) 
can be used as in Ref. 14 to derive an expression for the time 
derivative of the frozen-in field: 

Hdpn enp[ (T-T.) IT.+BIB.+IIJ.], ( 4 )  I z l = ~  
where a and w are the outer radius and wall thickness of the 
specimen, respectively. If the change in Hi inside the tubular 
specimen is small and no external field is present (He = O ) ,  
we also have 

Because H i ,  and hence B and J, drop by only a few 
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percent over three decades of time, while the derivative 
IdH,/dt I also decreases by a few percent, the change in the 
latter may be assumed to be due entirely to the change in the 
argument of the exponential. Relation (4)  shows that for 
specimens with a sharp superconducting transition curve 
(i.e., small T,, B. = T.dB/dT, and J, = T.dJ/dT), a 
given relative change SJ/Jin the induced current retards the 
flux creep much more than for specimens with a broad tran- 
sition. These data show, however, that fort > 20 s the change 
in IdH,/d ln(t /to) I is smallest for the least uniform speci- 
mens (with low annealing temperatures); these specimens 
have a high concentration of secondary ~ h a s e s , ~  and in gen- 
eral their superconducting transition extends over a wider 
range of temperatures and magnetic fields than for speci- 
mens annealed at higher temperatures. The width of the 
transition curves, determined by the ordinary four-contact 
method at measurement current densities J <  1 A/cm2, cor- 
responded to an increase in the specific electrical conductiv- 
ity of the specimen from 0. lp, to 0.5pn, where p, is the 
electrical resistance of the specimen in the normal state near 
the superconducting transition. 

Some of the other data obtained under conditions of low 
energy dissipation are also difficult to interpret if the inho- 
mogeneities are assumed to be randomly distributed in the 
superconductor, as in Refs. 26, 27. For instance, for speci- 
mens with small I Hi - 'dHi /d ln ( t /to) 1 and hence weak 
fields E < 10-lo V/cm, the curves Jc (H) for T = const are 
highly nonlinear and their slope ldJ, /dH I rises abruptly in 
the interval 10 kOe < H < 80 kOe. This conflicts with Eq. 
(3),  which predicts that Jc (H) should be linear to within 
5% when J, varies by a factor of e. 

On the other hand, the distinct correlation between the 
values B,, characterizing the dependence Jc (H),  and the 
values of 1 Hi - 'dH,/d In( t /to) I for Pb,., Mo6.,S8 specimens 
with different T, (Ref. 5) strongly supports the activation 
model for vortex diffusion. l2  From this standpoint, the lack 
of a definite correlation between the flux creep rate mea- 
sured for low values E <  lop8 V/cm and the transition 
curves found at E = lop6 V/cm reflects the fact that near 
the transition to normal conductivity, energy dissipation is 
due more to viscous vortex flow than to diffusion activa- 
tion. l4  

In the context of the activation mechanism, the weak 
temperature dependence of the flux creep rate may be ex- 
plained formally by allowing the parameter d, which is de- 
termined by the microstructure of the specimen, to depend 
on temperature. However, our data cast doubt on the valid- 
ity of such an assumption because, at least for low tempera- 
tures 0.5 K(T(4.2 K, the values Bo = @,/dB2 deduced 
from the experimental curves Jc (H)  are independent of T to 
within the 5% experimental error. 

The most likely explanation is that thermal activation is 
accompanied by another mechanism that permits vortex dif- 
fusion even at very low temperatures. Such a mechanism 
might involve the quantum tunneling of local regions of the 
vortices through the potential barriers separating adjacent 
pinning  center^.^ The quantum diffusion mechanism is illus- 
trated schematically in Fig. 6, where three succe$sive posi- 
tions of a vortex are indicated. Numerous individual quan- 
tum hops of this type may occur, with the result that the 
vortices diffuse as a whole in a direction opposite to the mag- 
netic field gradient V (B ) in the specimen ( (B ) is the mag- 

FIG. 6. Sketch illustrating the mechanism of quantum diffusion. Three 
successive pasitions of a vortex are shown. The dashed curve depicts the 
vortex after diffusion has occurred as a result of a sequence of quantum 
hops by a distanced along the Lorentz line of force; d is roughly equal to 
the mean distance between adjacent pinning centers (hatched). 

netic induction averaged over distances much greater than 
the coherence length { = (@,/27rHC, ) I 1 ' ,  where @, is the 
flux quantum). 

In terms of its effects on flux creep, quantum diffusion 
should be roughly equivalent to additional heating of the 
specimen (by 1-3 K for Pb,,, Mo6,,S8 specimens with 
To = 920-1120 "C, for example). This conclusion is also 
supported by the following estimates. 

We start by noting that in this mechanism, vortex tun- 
neling below the barrier is accompanied by energy dissipa- 
tion. A general method for treating tunneling with "dissipa- 
tion" was considered recently in Ref. 28. In our case, 
however, the situation is more complicated because an entire 
ensemble of interacting quasiparticles (not just a single par- 
ticle) is involved in the tunneling. One may assume however 
that after each quantum hop, the most energetic unpaired 
quasiparticles," localized near the core of the vortex, should 
move a distance equal to the average width d - 26 of the 
energy barrier between adjacent pinning centers. In a super- 
conductor with a mean transport free path I,, , the character- 
istic time required for quasiparticles with excitation energy 
ek > A to drift a distance d - 26 can be approximated by 

We now substitute A, -, = 1.8 (Ref. 29) for the electron- 
phonon interaction parameter and use I,, = 2.3.10W7 cm, 
( v ,  *) = 4- lo6 cm/s (Ref. 30), and 

for lead molybdenum sulfide; inserting the value d z  3- lop6 
cm calculated by Eq. ( 1) for Pbl.2M06,4S8 with 
To = 1020 "C, we find 7, z 3. lo-'' s. The time required for 
a vortex segment to hop from one quasistable position near a 
pinning center to another is thus very short; it can be regard- 
ed as equivalent to a smearing of the barrier height by an 
amount AU>WT, ~ 2 . 5  K. The above estimates imply that 
vortex quantum diffusion should affect flux creep more 
strongly as the mean distance between pinning centers de- 
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creases. This is confirmed by comparing the temperature 
dependences of the flux creep for specimens with various 
compositions and annealing temperatures. 

A more detailed analysis of the effects of vortex quan- 
tum diffusion on flux creep would involve an examination of 
the vortex dynamics and would have to define and calculate 
the effective mass Me, of a tunneling vortex segment. The 
vortex dynamics have been analyzed most fully, using var- 
ious models and computational methods (see, e.g., Refs. 3 1, 
32), for the case of viscous vortex flow, i.e., for relatively 
strong electric fields E > lo-' V/cm inside the specimen. 
Because researchers were interested primarily in steady 
states (for which the drift velocity of the vortex flow V, is 
constant), the inert mass of the vortices was naturally ne- 
glected. 

For much weaker internal fields E(10-' V/cm the 
vortices are essentially localized; they drift slowly due to 
repeated hops of local vortex segments, as illustrated in Fig. 
6. The use of the viscosity coefficient3' 

to describe such processes is highly problematic in this case. 
(Here a = 0.438, un = noe2rn /m* is the specific conductiv- 
ity of the superconductor in the normal state near the super- 
conducting transition, *, = &/e is the flux quantum, no 
and m* are the density and effective mass of the current 
carriers, respectively, rn = I,,/(VF) is the relaxation time, 
and f is the coherence length.) Indeed, inertial effects must 
be considered in order to describe the hopping processes, for 
which the instantaneous velocity of the core of a vortex seg- 
ment may change greatly over short times. To draw an anal- 
ogy, the methods needed to describe the vortex dynamics for 
the two cases E> lo-' V/cm and E< lo-' V/cm should 
differ in roughly the same way as in the analysis of the carrier 
kinetics in a normal conducting metal (for which a drift 
velocity v, = const can be introduced, and the correspond- 
ing viscosity coefficient is 7, zm*/rn  ) as opposed to a ma- 
terial with highly localized carriers, where hopping gives the 
dominant contribution to the conductivity. Proceeding for- 
mally, the viscosity coefficient r] (per unit vortex length) 
should be related to the inert mass M, of a vortex segment of 
length I by 

where r, is the characteristic time of the relaxation processes 
responsible for irreversible energy dissipation and viscous 
forces. One can estimate r, roughly as follows. 

When a perturbation (possibly of fluctuation origin) 
acts on an individual vortex segment, the generation of nor- 
mal quasiparticles with characteristic relaxation times 
r,, z where EF is the Fermi number, is accompanied by 
hopping of correlated (paired) quasiparticles from the con- 
densate to new energy levels; however, the characteristic re- 
laxation times 7, .-. ti/A for this process are much longer. It  is 
reasonable to suppose that in a superconductor for which 
f < d - 29(A, where A is the penetration depth of the mag- 
netic field, hopping of individual vortex segments from one 
quasistable position near a pinning center to another adja- 
cent position will be due primarily to diffusion of the most 
mobile of the normal quasiparticles. The mean Fermi veloc- 
ity (v,) of the latter is 1-2 orders of magnitude greater than 

the maximum pairing rate for the correlated quasiparticles: 

It is possible for several normal quasiparticles to interact 
with supercondensate excitations with E,  < 2Am localized 
near a neighboring pinning m enter,^' where due to the prox- 
imity effect the order parameter IA(r) 1 is generally much 
less than A, (here A, is the maximum energy gap in the 
superconductor for a given temperature T, magnetic field H, 
and transport current density J). This interaction may even- 
tually produce a nonequilibrium redistribution (circula- 
tion) of the quasimomentum of hundreds and thousands of 
paired quasiparticles, thereby redistributing the magnetic 
induction locally. If the total energy of the normal quasipar- 
ticles exceeds a threshold value, the position (spatial config- 
uration) of the vortex segment may change. Since vortex 
segment hops are accompanied by energy dissipation due to 
phonon generation and depairing, they can occur only if the 
potential energy of the vortex decreases. Without going into 
the factors responsible for the concurrent drifting of the nor- 
mal quasiparticles in the vortex core along a preferred direc- 
tion, we may therefore adopt a rough model in which a vor- 
tex segment hop over the comparatively short distance 
d - 2g<A can be regarded as proceeding in two steps: a rap- 
id movement of the normal core of the vortex followed by 
relaxation of the order parameter near the new position. In 
this model, irreversible energy dissipation leading to viscos- 
ity effects is due primarily to the interaction of normal parti- 
cles with excitations and crystal lattice defects; the inert 
mass of a tunneling vortex segment can therefore be estimat- 
ed by setting r, -7, in (7). 

As was shown in Ref. 33, an alternative method for esti- 
mating the inert mass of a vortex is provided by the general- 
ized GL theory, in which both the space and the time depen- 
dence of the order parameter A(r,t) are considered. It 
follows from the GL theory that near a localized noninter- 
acting vortex in a type-I1 superconductor, A(z,r,8) in- 
creases from zero at the center of the vortex to nearly the 
maximum value A, at Irl = g(T).  The rapid change in 
lA(r) I in the region r<{( T) can be handled by solving the 
Bogolyubov equations; one then finds that a group of low- 
lying excitations with wave functions u k  ( r )  and uk ( r )  is 
present near the vortex core; the energy levels for some of 
these excitations are as low as I A ( r )  1 - A, 2 / ~ F  (Ref. 34). 
Because of the energy gap in the excitation spectrum and the 
interconversion of paired and unpaired quasiparticles, seri- 
ous difficulties arise when the generalized GL theory is used 
to analyze time-dependent processes in superconductors in 
the general case. Indeed, such a treatment is probably feasi- 
ble only in the linear approximation. However, under suit- 
able restrictions the time-dependent GL equations for the 
order parameter can in principle be reduced either to the 
wave equations (T-0) or to the diffusion equations 
( T+ T, ) , which contain first-order time and second-order 
spatial 

Under the assumption that A is small in the vortex core 
( Irl< f ) ,  Suhl showed33 that in the limit T-0 the formula 

relating the inert mass to the kinetic energy becomes 
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where the length of the vortex core is taken as the length 
unit. If the normal quasiparticles from the vortex core are 
neglected as was done in Ref. 33, Eq. (8) says that the contri- 
bution to the effective vortex mass from supercondensate 
excitations with E~ < 2A, is equivalent to the total mass of a 
certain number of normal quasiparticles, whose total Fermi 
energy is roughly three times Z E ~  in the region Irl<{. 

According to the model discussed above, the tunneling 
of a vortex segment by a distance d - 2g between neighbor- 
ing pinning centers can be viewed as the propagation of a 
wave of excitations with A = 0. In this wave, the carriers in 
the superconducting condensate are unpaired particles 
whose total energy is large enough to ensure that the quasi- 
momenta of a large number of paired quasiparticles are re- 
distributed, as required for a change in vortex configuration. 

Since the total kinetic energy of a noninteracting vortex 
exceeds the kinetic energy of the core by roughly a factor of 
41n(il /c), it is reasonable to assume that as T+O, Me, will 
exceed the core kinetic energy by roughly the same factor. 
The energy of the vortex segment increases by k, T as the 
temperature rises, and this should contribute further to Me, 
as some of the paired quasiparticles break up. Since 

holds near the vortex core,34 the total mass of the normal 
quasiparticles generated by heating can be estimated by 

According to Ref. 33, the electromagnetic energy of the vor- 
tex could in principle also contribute to Me,; however, the 
relative magnitude 

of this effect is just a few percent for the superconductors 
investigated. 

The above formulas for M,, yield an estimate for the 
temperature at which the contributions from thermal activa- 
tion and from tunneling below the barrier become compara- 
ble. Equating the arguments of the exponentials for these 
two mechanisms, we obtain 

Here I U,I, is the depth of the potential well for a vortex 
segment of length d near a pinning center, 

In the Anderson model12 

where the pinning force density a, = 5.5. lo8 dyn/cm3 can 
be found by extrapolating the curve a ( T )  to T-0 (insert to 
Fig. 5). 

The values of no, m*, A,, and T, zIt , / (vF) in the 
expression for Me, can be estimated as follows. Hall voltage 
rneas~rements~~ and band  calculation^^^ indicate that the 

current carriers in molybdenum sulfide superconductors are 
"holes," i.e., the conduction band is almost full. For 
Pb, + , Mo, +, S,, the conduction band contains 2 1-22 elec- 
trons per rhombohedral cell (of volume VR z a R 3  
--,2.8. cm3). This is 2-3 electrons less than needed to 
fill the band and form 12 covalent bonds in the Mo, octahe- 

It follows that the "hole" density in Pb,, Mo6,,S8 
is roughly ~ m - ~ ,  in agreement with the value for moist 
other high-temperature superconducting  compound^.^' 

The effective mass of the quasiparticles 

can be estimated, for example, by using the expression in 
Ref. 40 for the derivative IdHc2 /dT I,. The expression 

for the renormalized mean velocity of the quasiparticles on 
the Fermi surface, where (v,) is the averaged value of the 
Fermi band velocity, then becomes 

where 

qa,, (T.) =I+ (nTcloo)2(0,6 In oolT,-0.26), 5 (3) =1.202; 

the parameter 

increases monotonically with A ,, from R (0) = 1 to 
R ( m )  = d [ 7 < ( 3 ) ] - '  = 1.17. The transport mean free 
path in ternary molybdenum sulfides is usually estimated 
by3' 

where a, = 6.5. 10W8 cm is the rhombohedral cell param- 
eter. Inserting the values IdH, /dT 1, = 50 kOe/K, 
I,, = 2- lop7  cm, Tc = 12.7 K, and w , ~ 5 0  K for a 
Pb,,,Mo,,S, specimen annealed at 1020°C, we find 
(v,*) = 5.9-lo6 cm/s. 

If we assume, as we did in using ( 11 ), that the "hole" 
pockets in the Fermi surface are approximately spherical for 
the Pb,., Mo,.,S, system, which is nearly cubic (the rhom- 
bohedral angle a, is 89.4loz90"), we get 

whence m* = fi(kF)/(vF) ~ 4 . 2 -  gz4.6me. This val- 
ue is large because in these compounds the d-states give the 
dominant contribution to the superconductivity (and to the 
conductivity) .37 

With the above estimates for m*, no, T, ~ 1 , , /  
(v,) z 1.2.10-l4 s, and d ~ 3 .  lo-, cm for a Pb,,Mo,,,S, 
specimen with T, = 1020 "C, Eqs. (6)  and (7)  give 

This result is in satisfactory agreement with the estimate 

for T = 3 K obtained from energy arguments as in Ref. 33. 
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However, in addition to the kinetic energy of the vortex core, 
it includes the kinetic energy of the correlated quasiparticles 
in the region 4 < Irl < 0.5d and allows for the normal quasi- 
particles from the vortex core when { < d  - 264/2 and 
T <  0.5Tc. The mass Me, at T = 3 K estimated in this way is 
some 20 times greater than M,,, (Ref. 33). 

Inserting Me, into ( lo), we find that quantum tunnel- 
ing should contribute about as much to flux creep as the 
activation mechanism for Tz2.5-3 K. This estimate agrees 
closely with the experimental data (Fig. 3) and with the 
smearing AUz2.5 K of'the energy barrier height estimated 
using (5).  

Our estimates thus show that the agreement between 
the experimental data and the theoretical results on vortex 
dynamics with weak energy dissipation can be improved 
substantially by treating the contribution from quantum 
tunneling to the diffusion of the vortices. The quantum diffu- 
sion should influence the flux creep more strongly as the 
temperature and the mean distance between pinning centers 
decrease. This is confirmed by comparing the temperature 
dependences of the flux creep for specimens with different 
compositi'ons and annealing temperatures. 

Quantum diffusion of vortices might also explain the 
abrupt rise in Jc (T) when T decreases by 2-3 K relative to 
the extrapolated values Tc (J, -0) 1 ,= Further studies 
of specimens with different microstructures over a wider 
range of temperature and magnetic and electric fields should 
yield more detailed information about the contribution of 
vortex quantum diffusion to the relaxation processes, cur- 
rent characteristics, and other properties of superconduct- 
ing systems. 

CONCLUSIONS 

Our data indicate that except for initial times t < 20 s, 
the "frozen" field Hi decays logarithmically with t for all of 
the ternary molybdenum sulfides investigated, for which Jc 
at H = 10 kOe and T = 4.2 K was greater than lo4 A/cm2. 
Although Hi ( t )  continued to decay logarithmically when T 
dropped from 4.2 to 0.5 K, the flux creep rate was observed 
to fall off much more slowly than predicted by treatments 
based solely on the activation mechani~m.'~ It was shown 
that quantum diffusion of vortices must be considered in 
order to resolve this discrepancy. Our estimates show that 
the contributions to flux creep from quantum diffusion and 
thermal activation are roughly equal for T = 1.5-3 K. 

Analysis of the data shows that as the temperature and 
mean distance between neighboring pinning centers de- 
crease, the relative contribution to vortex diffusion from 
tunneling beneath the barrier increases. 

Our model, which treats both thermal activation and 
quantum diffusion, predicts that in type-I1 superconductors 
with a high density of effective pinning centers, the induced 
current J, should be "damped" appreciably even for very 
low temperatures T-0, provided the average induction in 
the specimen exceeds H,, . Further studies of type-I1 super- 
conductors with ordered microstructures are needed to ob- 
tain more detailed information on the dynamics of the vortex 
lattice. 

I am grateful to N. E. Alekseevskii and V. I. Inzhan- 
kovskii for helpful comments in a discussion of these results, 
and to E. P. Khlybov for carrying out the x-ray analysis of 
the phase compositions. 

"Andreev reflection is negligible for quasiparticles with excitation energy - - - - 
E~ >A=:2kBT,. 

"We deal with strong Dinnine centers, for instance inclusions of nonsuper- 
~ ~ -. 

conducting phases with characteristic dimensions -6. 
3'The Hall data lead to estimates no = (3-7). lo2' ~ m - ~  (Ref. 30) for the 
carrier density. These values are somewhat too high, because one is not 
justified in using the Drude formula R ,  = - (noec)-' in the single- 
band approximation which, as is well known, is accurate only for the 
alkali metals. 
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