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shock heated to IO ' keV, then rides up the y =—',
adiabat to 2 keV, where the final shock collapse
and burn raises T, to 95 keV, prior to the expan-
sive disassembly of the core. Clearly, the ex-
pansion pursues a similar adiabat down to p=0. 1
g/cm'.

Optimal yield ratios (from pulses using E,*)
are given versus E;„*in Fig. 2(e). Here the cal-
culations for spheres employed local n deposi-
tion, which artificially improves their perfor-
Inance at small m. For the shells with nonlocal,
time-dependent deposition, the rules Ys*- (E;„*)'",
E;„*&8kJ, and Yz*-(E ) ' E;„~8 kJ, are ob-
served. We calculate Y~*= 4.7 for only 1.9 kJ de-
livered to a 3- p.g shell. Thus, breakeven with
only 350 J of input energy is implied. With non-
local deposition and parameters other than A and
Eo* held constant, our studies show degraded
performance for shells relative to spheres under
the exposure profile (1), as documented by Fig.
2(f).

Thus, within the constraints of the physical
model described, our calculations imply the
feasibility of controlled thermonuclear burn by
inertial confinement. Scaling laws for a broad
range of potential target designs have been pre-
sented. Still numerous questions remain, as to
the three-dimensional stability of these designs,
the details of anomalous light absorption, "hy-
perthermal electron production and deposition, "
and the effects of spontaneously generated mag-
netic fields."
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The superconducting transition temperatures of "amorphous" transition-metal alloys
have been measured. The variation of T, as a function of the electron-to-atom ratio is
consistent with the presence of an atomiclike parameter characterizing the systematics
of T, , with, however, an unexplained peak at the half-filled d shell. The data do not sup-
port a recent explanation based entirely on a simple averaging or smearing of the crys-
talline electronic density of states.

In this Letter we report measurements of the
superconducting transition temperature T, for
disordered 4d and 5d transition-metal alloy
films. ' We have observed that the T, in amor-
phous (or highly disordered) transition metals

differs strongly from that of crystalline transi-
tion metals (see Figs. 1 and 2). The resulting be-
havior of the amorphous T, is believed to be a
manifestation of "the dominance of atoms and
their local environment in determining supercon-
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FIG. 1. Superconducting transition temperatures of
vapor-quenched (a) 4d transition-metal alloy and (b) a
4d-5d alloy are shown as a function of the number of
electrons per atom (e/a), These data are consistent
with the presence of an atomiclike parameter control-
ling &, in the amorphous or disordered transition met-
als. The corresponding crystalline T, data are indi-
cated by the dashed curve (dotted curve for the Mo-Bu
alloys). In (a) the amorphous data are for Y-Zr, Nb-
Zr, Mo-Zr, Nb-Mo, and Mo-Bu alloys. At e/a=6 to 7

the crystalline data (dashed curve) represents Mo-Tc
and Mo-Be alloys. The amorphous data in (a) for e/a
= 6 to 7 are to be compared with the lower dotted curve.
The Mo-Be crystalline data are again reproduced in
(b) for comparison with the amorphous Mo-Be films.
The arrows indicate that the T, are less than 1.7'K.
The transition widths indicated were determined by the
10 to 90% of normal resistance interval; the composi-
tions (e/a) were determined by microprobe analysis.

ducting parameters. . .,"' and indicates the exis-
tence of an atomiclike parameter that character-
izes the systematics of superconductivity in the
transition-metal series. An atomic parameter
of this nature was first introduced by Hopfield'
and has recently been discussed further by Ben-
nemann and Garland, '4 who predict a smooth
maximum in the region 7 to 8 electrons per atom.
The data presented here, when interpreted in
terms of this parameter g, indicate that instead

q has an unexplained sharp triangular peak in the
middle of the d series. The present explanation
of the data, in terms of the Hopfield or similar
atomlike parameter, differs from a recent ex-
planation of the T, in disordered transition met-
als based entirely upon a simple smearing or
averaging of the electronic density of states."

Past studies of amorphous transition metals, ' '
motivated by the possibility of higher T,'s via
lattice disorder, have not been as extensive as
that presented here. This study was stimulated

FIG. 2. Superconducting transition temperatures of
vapor-quenched 5d transition-metal alloys are shown
as a function of e/a. Corresponding crystalline T, data
are indicated by the dashed curve. Amorphous T~ data
are for the 5d elements and Ta-W, Ta-Re {a), W-Re,
and Be-Ir alloys.

by our previous data, ' which suggested that there
may be a regular variation of T, across the
amorphous transition-metal series. A similar
suggestion by Gamble and Geballe appeared at
about the same time. '

The superconducting transition temperatures
of the amorphous films of the 4d and 5d transi-
tion-metal alloys are shown in Fig. 1(a) and Fig.
2. The primary feature of the data is that T, in-
creases as a function of the number of electrons
per atom (e/a) in a smooth, nearly linear fashion
to a definite triangular peak near the middle of
the d series. The peak occurs for the 4d series
at e/a = 6.4 in contrast to the crystalline maxi-
mum at 6.7. T, then decreases at nearly the
same slope, followed by a more rapid decrease
at e/a - 7. In the 5d series, the amorphous T,
peak occurs near e/a = 6.8; the crystalline maxi-
mum is not well established in the 5d series.
The smooth behavior in T, across two phase re-
gions of the alloy systems studied demonstrates
that e/a determines T, in the "amorphous" state,
independent of the normal crystal structure.
Furthermore, the amorphous T, curve for Mo-
Re, shown in Fig. 1(b), is nea, rly identical to the
amorphous Mo-Ru at the same e/a ratio, while
the corresponding crystalline T, for these alloys
are markedly different.

The metal films were prepared by electron
beam evaporation onto a sapphire substrate at
4.2'K in a vacuum of 8 x10 ' to 1 x10 ' Torr, and
at rates of 50—300 A/sec. Gas impurities (0,)
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FIG. 3. Superconducting transition temperatures of
(a) 4d transition-metal alloys and (b) Mo-Re alloys
after warming to 300 K. The T~'s generally returned
to or toward their corresponding crystalline values
(dashed and dotted curves) and had exhibited large ir-
reversible decreases in resistivity during the warming
cycle. The exceptions, indicated by arrows along the
upper portion. of the figure, were found to be "amox'-
phouslike" when examined by electron diffraction (see
text).

up to 3 x10 ' Torr produced no significant change
in the amorphous T,. T, was measured resistive-
ly' in situ and the films were then warmed to
300'K, cooled back down to 4.2'K, and T, was re-
measured. Film composition was determined by
electron microprobe analysis resulting in an ac-
curacy of +3 at.%%uo for4 dalloys, x 5at.%% forM o-
Re, and +4 at.%%ue for the5 dalloys . Experimental
aspects will be discussed in detail later. "

Figure 3 shows the values of T, for the 4d se-
ries and Mo-Re measured following the warming
to 300 K and then recooling. Similar results
were found for the 5d series (not shown). Except
for a few cases, the T,'s have changed toward
the bulk crystalline value. Those exceptions, in-
dicated by the arrows, also did not exhibit signif-
icant change in resistivity during the temperature
cycling from 4 to 300'K and back. In fact, the
annealing behavior, subsequent T„and electron
diffraction data form a coherent picture as fol-
lows: Those alloys for which there was an an-
nealing step (a relatively sharp change in resis-
tivity indicative of a change in phase of the bulk
of the sample) also showed a change in T, to-
wards the bulk crystalline T„and the electron
diffraction and electron micrographs indicated
the normal crystal structure with grain sizes
ranging from 50 to 1000 A. On the other hand,
for those films for which the T, and resistivity
did not change, electron diffraction pictures re-

vealed diffuse three - or four -ring patterns,
characteristic of liquid or amorphous materials.
In addition, electron micrographs revealed no
grain structure or other inhomogeneity to the
limit of resolution of the microscope (=20-25 A).
On the basis of the above observations we infer
that all our specimens were prepared in an
"amorphous" state" and those with compositions
corresponding to equilibrium two-phase regions
remain in this state up to room temperature and
above. The annealing and electron microscopy
results are discussed more fully elsewhere. '0 "

That the measurements reported here are con-
sistent with the behavior of the Hopfield parame-
ter q or a similar atomiclike parameter" is seen
by considering the electron-phonon interaction
parameter ~ as discussed by McMillan":
=N(0)(f')/M(uP), where ~ is the atomic mass,
(&u') is the mean squared phonon frequency, N(0)
is the electronic density of states, and (I') is the
squared averaged electron-phonon matrix ele-
ment. McMillan noted that N(0)(I') is approxi-
mately constant for the bcc transition metals,
which Hopfield' explained by deducing that it is a
"local atomic parameter, " t/=N(0)(l'), indepen-
dent of N(0) and varying smoothly across the
transition-metal series. Recent calculations
have modified the meaning of g from a strictly
atomic parameter to an overlap integral among
the atoms, "and, as discussed by Barisic et
gl. ,

"to the d-electron contribution to the cohe-
sive energy E," The larg. e variation in I/(oP)
dominates the behavior of A. and T, in the crystal-
line state." Since the crystalline N(0) exhibits a
still unexplained strong correlation with 1/Gn'
(and therefore 1/(cu')), it is believed to be the
factor controlling X and I', in the crystalline
state. '"" In the amorphous state the N(0) is
assumed to be smoothed out versus e/z by the
disorder, 4 ' allowing the variation with e/g of the
amorphous T, to be determined by the parameter
t/ and/or other atomiclike parameters.

We believe our data are the first experimental
evidence that shows features characteristic of an
atomiclike local parameter and its variation
across the transition-metal series. " An unex-
pected feature is the indication of a triangular
peak in the middle of the d band instead of a
smooth peak at a larger e/g. ' On the basis of
the calculation of Barisic, Labbe, and Friedel"
relating g to E,", and of an examination of the
bulk cohesive energy curve, ' we judge that the
peak occurs at the half-filled d shell, i.e., an
integral number (five) of d electrons per atom.



VOLUME )0, NUMBER ) PHYSICAL REVIEW LETTERS 15 JANUARY 1973

This, however, is not always at an integral num-
ber of the total e/a.

The amorphous 1', data cannot be explained
solely on the basis of a smearing of the density
of states by the disorder, as has been proposed. "
This argument states that because of a short
mean free path in the disordered alloys the elec-
tron energy states are broadened, and the sharp
structure in the density of states characteristic
of the transition-metal series is averaged over
energy. This results in those alloys with a high

T, in the crystalline state having a lower T, in

the disordered state, and vice versa for those al-
loys with a low T,. However, this argument fails
to explain (i) the higher T, for the amorphous Mo-
Ru and W-Re alloys compared to their crystalline
counterparts near the maximum in the crystalline
AI(0), and (ii) the sharp triangular peak in the
amorphous T, and the position of the peak.

In conclusion, the T, data presented here are
consistent with the presence of an atomiclike pa-
rameter characterizing the systematics of T, in
transition metals. A feature of the data that is
not explained by recent theories is the sharp peak
at a half-filled d shell.
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and Professor K. H. Benneman for their useful
suggestions. We wish to thank Professor M. L.
Cohen, Professor T. H. Geballe, Dr. T. Bar-
bee, and C. W. Krause for their helpful com-
ments, and Professor L. Brewer, Professor E.
R. Parker, and Professor V. F. Zackay for their
support. This work was done under the auspices
of the U. S. Atomic Energy Commission.
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