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types, but as these are generally abrupt, we have
omitted them here, For example, the Mead transition
between types (1) and (2) is described in S. Kurtin,
T. C. McGill, and C. Mead, Phys. Rev. Lett. 22, 1433
(1969). InJ. C. Phillips, Solid State Commun. 12, 861
(1973), it is shown that the type-(1) —type-(2) transi-
tion is determined by the critical polarizability €, of
the nonmetal which separates semiconductors from in-
sulators. This critical polarizability €, is about 6~7,
and the value of €, is also derived microscopically by
Phillips. As noted in Kurtin, McGill, and Mead, the
abruptness of the transition suggests a phase transfor-
mation, which is the basis of our classification.
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The pinning-force density P, in Nb single crystals containing platelike Nb,N precipitates
shows a strong dependence on the orientation of the precipitates with respect to the flux-
line direction. Using purely geometrical arguments this anisotropy can be quantitatively
explained by assuming that P, <K 02, where K is the individual flux-line—defect interac-
tion force. This points to a summation process which is governed by the elastic behavior

of the flux lattice,

In an ideal type-II superconductor the flux-line
assembly in the mixed state will begin to move
and to dissipate energy whenever a force acts on
it. Since a transport current perpendicular to
the field direction produces such a force, ideal
type-II superconductors are not able to carry
transport currents without losses. Technological-
ly useful materials therefore contain extended
lattice defects (pinning centers) which prevent
the flux lattice from moving until the applied
force density P, exceeds a critical value. The
corresponding critical current density j, is given
by the condition that P, just equals the maximum
pinning-force density P, (“critical state”™?)

-B,=Bxj,=B,. (1)

The pinning-force density is a function of the flux
density B, the temperature 7, and the defect
structure of the superconductor. Several mea-
suring techniques have been developed which per-
mit an accurate determination of P, and reliable
data for a vast number of different superconduc-
tors and defect structures are now available.
However, it is still a point of controversy how
these macroscopic results should be correlated
with theoretical treatments of the different “mi-
croscopic” pinning processes,® i.e., with the in-
dividual flux-line—defect interaction forces K.
Two different views are advocated:

(A) In this approach one assumes that the strong
coupling of flux lines to each other prevents them
from adjusting to the array of pinning centers in
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an optimum way. The derivation of P, from K
then involves a complicated summation process
which is governed by the elastic behavior of the
flux lattice. Theoretical considerations*™” show
that for a dilute array of pinning centers,

P,=N,L(k,L,Y*f(B, C;;(B)), (2)

where N, is the density of pinning centers, L is
their linear dimension perpendicular to the driv-
ing force, k, is the maximum interaction force
per unit length, and L, is the length in the B di-
rection over which a pinning center interacts
with the flux lines. fis a function of the flux den-
sity and a combination of the elastic constants
C,;; of the flux lattice which depends on the type
of the interaction force (point, line, or area
force).

(B) In this approach one assumes that in most
cases the pinning forces are so strong that they
completely disrupt the flux-lattice structure and
that its elastic properties can be neglected.®
Each pinning center then counteracts the driving
force with its maximum interaction force and the
pinning-force density is given by

P =N, (L/a)(k,L,), (3)

where a=(¢,/B)'/? is the mean distance between
flux lines.

Since the dependence of P on B and T is differ-
ent in Eqs. (2) and (3), a decision in favor of one
of the two views should in principle be possible
from macroscopic measurements. In practice,
however, a quantitative evaluation of such results
is often rendered difficult by uncertainties in the
theoretical estimates for K,=k,L, and in the
choice of (B, C;;). The majority of results for
metallurgically well-defined samples seems to
agree better with Eq. (2) than with Eq. (3) but the
conclusions are seldom irrefutable.

An experiment which permits a decision be-
tween (A) and (B) from the ratio of P, values
themselves is therefore desirable. A system
which fullfills this requirement consists of Nb
single crystals of different orientation containing
normal-conducting platelike Nb,N precipitates®
as pinning centers. They are produced by loading
the specimens with 0.3-at.% nitrogen and then
aging them for 30 h at 500°C. Electron microsco-
py shows that the resulting precipitates have a
diameter d ~5000 A and a thickness ¢ =550 A and
lie on the {100} planes of the bcc Nb lattice. Two
cylindrical single-crystal specimens were pre-
pared, one withits axis parallel to the (100) di-
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FIG. 1. (a) Orientation of Nb,N precipitates of diam-
eter d and thickness ¢ with respect to the flux-line di-
rection in Nb crystals with their axes parallel to 100)
or (111), respectively. (b) Pinning-force density P,
versus reduced flax density & :B/Bcz‘ at 4.2 K. Mea-
surements at different temperatures yield P, (b) curves
of similar shape and confirm that the ratio P, /P
does not depend on B and T'.

v i1l

rection and the other parallel to the (111) direc-

tion. Since the loading and aging treatments were
done simultaneously in the same ultrahigh-vacu-
um apparatus for both specimens they are metal-
lurgically identical except for the different orien-
tation of the precipitates with respect to the cyl-
inder axes. The applied magnetic field and hence
B were parallel to the cylinder axis [see Fig.
1(a)]. We may therefore assume that N, &,
f(B,C;,), and a are the same for both samples
and that differences in the P, values of the two
samples should be caused solely by the different
precipitate orientations.

In other words, N,and the uncertain quantities
k, and f(B, C;,) cancel out in the ratio P ,,,/P
which depends now only on geometrical parame-
ters of the precipitates and is given by

P 2(Lyg0) * (L) +dt?
Pvlll 3<L111>L21112

(2a)
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for case (A), and

P g0 2(Lygg) * (Lpge) + Al
P, 3{Ly) Lan

for case (B). In the {(100) orientation, % of the
precipitates have their large dimension d parallel
to the flux lines whereas 3 of the plates are per-
pendicular to B. In the (111) orientation all
three possible orientations are equivalent and act
with the same L,,,, = ¢/sin35° = 3'/2f. Since the
driving force in a cylindrical sample acts from
all angles @ in the x-y plane perpendicular to B

(3a)

(L1007

Inserting these results into Eqs. (2a) and (3a)
yields the relations

p

Poio _g,12(d/27 +0.14 (2b)
Pvnl

for case (A), and
P~ 24a/t+1) (3b)

v11l

for case (B); these relations are shown as solid
lines in Fig. 2.

Experimentally, the values P, ,,,/P,,;, and d/t
were determined in the following way: The ratio
d/tis obtained directly from the electron micro-
graphs and was found to be 9 +1.5. The pinning-
force densities as a function of B and 7 were de-

range
8r (Pvioo/Pyinlexp 1
Fym range(d/t) exp
4 Py Kf\ .
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FIG. 2. P,q9/P, 111 2s a function of d/t according to
Eqgs. (2b) and (3b), respectively (solid lines). The
hatched rectangle shows the range of the experimental-
ly determined P, 1y/P, 1;; and d/t values.

_ 2 (da/2) cosa d gz
“(d/2) cosaj; <§) <1 " (d/2)? cos’a

. 4 (d/2) cosc d\2 52
(Lo >—mfo <§> <1 “(d/2) cos’a

[see Fig. 1(a)], the appropriate averages of the
other L and L, values must appear in Egs. (2a)
and (3a). For thin plates ({<d) these mean val-
ues follow:

<L100>=27r'1f0w,2dcosa da =2d/m, (4)
(Lyy ) =~3(d+dsin35°) ~0.84 (5)

(actually (L,,,) is given by a complicated inte-
gral involving the chords of an ellipse. A numer-
ical evaluation of this integral yields {(L,,,)
=0.874),

>mds=14‘1, (6)
>d§=33[f-. (7)

|
termined by an ac technique described by Ull-

maier.!® In this method a small triangular rip-
ple field is imposed on the large dc field H
which determines B. The resulting flux changes
are directly related to the critical-flux-density
gradient dB/d» and are measured by observing
the voltage induced in a pickup coil and around
the cylindrical specimens (5 mm diam). An anal-
ysis of this voltage yields P,=B(dB/dv)(dH/dB)
which is shown in Fig. 1(b) for the two different
samples. Measurements at different B and T
(1.2 K< T <4.2 K) show that the ratio P,,,,/P ;111
=81 is practically independent of B and 7,
which supports the assumption for the derivation
of Egs. (2b) and (3b), namely that the differences
in the P values for the different samples are
solely due to the different precipitate orienta-
tions.

In Fig. 2 the range of measured P,,,/P,;,; and
d/t values is shown as the hatched rectangle and
one can immediately see that there is good agree-
ment between experiment and Eq. (2b). In order
to obtain a similar agreement with Eq. (3b) we
would have to assume P, ,,/P,,;, or d/t values
which are definitely far outside the range of ex-
perimental uncertainty. This result reinforces
the concept (A) that the macroscopic pinning-
force density in our system is determined not
only by the single-vortex—single-defect interac-
tion K, but also by the interaction among vortices
themselves which can be taken into account by
treating the flux lattice as an elastic medium.

An evaluation of our P, measurements with Eq.
(2) yields K, values of several times 107! N for
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B—0 and T=4.2 K, in agreement with recent neu-

tron diffractions studies!! in the same material.

This indicates that our pinning centers are rather

strong compared to other common defects (di-
lute arrays of single dislocations or grain bound-
aries, small precipitates, etc.). We therefore
expect the above conclusions to apply also for
the majority of other dilute systems. However,
the results from our model system do not permit
predictions about the behavior of very dense [N
2(10a) "®] and/or very strong (K, >10"° N) pin-
ning centers which sometimes occur in materials
with technological applications.

We are grateful to Professor J. R. Clem for a
critical reading of the manuscript.
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A T? behavior for the conductivity across the layers is observed in 4Hb-TaS, crystals
below 35 K. This indicates that tunneling occurs between metallic layers separated by
an insulating layer, Evidence for thermally activated hopping is observed at higher tem-

peratures,

The superconducting properties of layer com-
pounds intercalated with organic molecules have
been explained in terms of superconducting lay-
ers coupled via Josephson tunneling.! In the nor-
mal state in these materials, conduction across
the layers should also proceed via tunneling.

We present here evidence that quantum mechani-
cal tunneling is the method of conduction across
the layers in 4Hb-TaS, at low temperatures and
that this material may be a prototype for an in-
tercalated system.

In this Letter we present measurements of
electrical conductivity as a function of tempera-
ture (7) for the layered transition-metal dichal-
cogenide 4Hb-TaS,. The change in electrical
conductivity across the layers with temperature
is explained quantitatively by a model whereby
localized charge carriers tunnel quantum me-
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chanically from layer to layer, the characteris-
tic signature of a tunneling process being a 7°
dependence of the conductivity at low tempera-
tures. At high temperatures, the small activa-
tion energy required to surmount the interlayer
barriers dictates that charge transport across
the layers proceeds via thermally activated hop-
ping from layer to layer.

The structure of 4Hb-TaS, is made up of S-Ta-
S molecular layers, stacked 4, B,C,D, ... .2
In the A and C layers the S atoms surround the
Ta in a trigonal-prism coordination; in the B
and D layers the S atoms surround the Ta in an
octahedral coordination. The trigonal-prism co-
ordination occurs in 2H-TaS,, which has metallic
conductivity along the layers® and the octahedral
coordination is found in 17-TaS,, which is semi-
conducting.* It has been suggested that 4Hb-TasS,



