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Superconducting transition temperatures of HfV~H„and HfV2D„have been measured in
the composition ranges x = 0—1.5 and x = 0-1.0, respectively. Hydrogen or deuterium ab-
sorption is found to decrease T, of HfV&. Pronounced isotope effects have been observed.
At x = 1, hydrogen absorption reduces T, by 4.8 K while deuterium absorption reduces T,
by 6.9 K with respect to HfV2.

Superconductivity in metal-hydrogen systems
has recently been a subject of considerable inter-
est due to the possibility of finding high T, in
these materials via an attractive pairing interac-
tion arising from the high-frequency vibrational
modes of the proton lattice. Detailed studies
have so far been carried out on the hydrides and
deuterides of thorium' and palladium. ' '

It is interesting to note that although Pd itself
is not superconducting, Pd-H and Pd-D exhibit
T, values as high as 9 and 11 K, respectively. ' '
Moreover, in Pd-Cu-H, Pd-Ag-H, and Pd-Au-H
systems, high T, values of 16.6, 15.6, and 13.6
K, respectively, could be attained. ' Since, in
the absence of hydrogen, these alloys are non-
superconducting, it is evident that the appear-
ance of superconductivity in the hydrides of Pd
and Pd-noble-metal alloys is not just a result of
the quenching of spin fluctuations as was supposed
earlier. ' It seems to have its origin" in the en-
hanced pairing interaction arising from the high-
frequency optic phonon modes" associated with

the proton (or deuteron) lattice.
Another interesting feature is the discovery that

Th, H(D)» exhibits no detectable isotope effect'
while Pd-H(D) exhibits a pronounced reverse iso-
tope effect' ' (T, for PdH-9 K and for PdD-11
K). The reverse isotope effect in PdH(D) has
been explained separately on two different mod-
els. The first model' involves the influence of
the optic modes on the electron-phonon coupling
in PdH and PdD. The second model' attributes
the effect to the difference in electronic struc-
ture due to the H atom spending more time in the
proximity of the Pd atom than the D atom.

In view of these interesting features, further
studies are needed to understand the nature of
superconductivity in metal-hydrogen systems.
The hydrides of the cubic Laves (C15) phase al-
loys Hf„Zr] Vp are well suited for a detailed in-
vestigation because of their high T, and H„val-
ues" "[T,=8.6 to 10.1 K, H, ,(4.2) = 100 to 230
kOeJ and ability to absorb large quantities of hy-
drogen at room temperature and moderate pres-
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sures. ""At 300 K and 500 psi pressure, the
amount of H (or D} that is introduced ranges"
from 1.5 to 1.85 H (or D) atoms per metal atom
in the compositions Hf„Zr, „V,. The crystal
structure does not change, but the cubic lattice
parameter is increased considerably upon intro-
ducing hydrogen. ""

In this Letter we report the results of T, mea-
surements on HfV, H(D)„alloys. Of special inter-
est are two remarkable observations. (i) T, de-
creases rapidly upon introducing H or D into
HfV, . (ii) A large "normal" isotope effect is ob-
served in contrast to the behavior of PdH(D)„
and Th, H(D)» mentioned earlier.

The HfV, alloy samples were prepared by in-
duction melting of the elements, followed by an-
nealing at 800'C for 100 h. The samples were
then alloyed with high-purity hydrogen or deu-
terium at room temperature and 500 psi pres-
sure to yield the composition HfV, H(D), ~. A

range of HfV, H(D)„compositions was made by
equilibrating various ratios of HfV, H(D), „with
virgin HfV, in sealed quartz tubes at 450'C for
48-72 h. X-ray diffraction revealed the C15
structure for all compositions. The variations
of the lattice parameter in the composition range
x=0 to 1.25 is shown in Fig. 1.

Most of the samples were powdered, because
of absorption of hydrogen. A sensitive inductance
bridge circuit was used" to measure T,. H„was
also measured as a function of temperature in
some samples using a 120-koe superconducting
magnet. The superconducting-normal transitions
were rather wide (-0.8 K). T, was measured as

7.50

the temperature at which d V/d T was a maximum,
V being the voltage signal proportional to the im-
balance in the bridge circuit caused by the tran-
sition. T, values obtained in this manner were
reproducible to within 0.1 K.

T, data for various HfV, H(D}„compositions are
presented in Fig. 2. The effect of both hydrogen
and deuterium absorption is to reduce T,. At x
= 1, hydrogen absorption reduces T, by 4.8 K
while deuterium absorption reduces T, by 6.9 K.
The reduction in T, seems also to be accompa-
nied by a reduction of H„, as exemplified by the
curves of H„vs 7' for HfV„HfV, H, „and
HfV, D, , (Fig. 3).

It is interesting to note that, if one denotes by
b, T, (x) the reduction in T, from the parent HfV,
upon the addition of x moles of H or D, one ob-
serves that

aT (x)~M"
where M is the mass of H or D, as the case may
be. A clear interpretation of this result may
have to await experimental information on the
electronic structure and phonon spectra of
HfV, H(D), . Nevertheless, since the lattice pa-
rameters of HfV, H„and HfV, D„are very nearly
the same (Fig. 1), one may surmise that the
acoustic phonon characteristics associated with
the metal atom vibrations should be nearly the
same for the two cases and therefore may not be
responsible for the pronounced T, difference be-
tween HfV, H„and HfV, D„. Hence, it indicates
that the difference may arise from the high-fre-

quency local modes associated with the H or D
atoms. There is also the possibility that the iso-
tope effect is a consequence of the difference be-
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tween the electronic structure of HfV, H„and
HfV, D„, as will be discussed later.

For a discussion of the results one may use
McMillan's expression" for strong-coupled su-
perconductors which may be written

e, —1.04(l + z)
1.45 A —p, *(1+0.62K)

(2)

where 6ID is the Debye temperature, p, * is an
electron-electron interaction parameter, and A.

is the mass enhancement factor arising from
electron-phonon interaction. It is of interest to
obtain A. as a function of H or D concentration in
HfV, H„and HfV, D„. One may reasonably choose
p, *-0.13 for transition metals. ' ' Specific-heat
measurements of HfV, by Happ and Vieland"
yield (9D= 190 K. Similar measurements have not
yet been made for alloys of HfV, with H and D.
For the present, if one assumes the same value
of g D for the superconducting compositions
HfV, H„and HfV, D„, one obtains the variation of
A. with x as shown in Fig. 4. These plots would
be changed if future heat-capacity measurements
show that the above assumption is not valid. It
may be mentioned, in passing, that in the Pd-H
system very little change in 6ID was observed
upon hydrogenation, from low-temperature heat
capacity measurements. "

The parameter X obtained by the above proce-
dure is very helpful in the understanding of the
mechanism of superconductivity in various sys-
tems. For pure metals, one may follow McMil-
lan' in writing

~ = n(Z, )(I ')/ V(~'), .

where n(E„) is the density of states at the Fermi

level, (I') is an average over the Fermi surface
of the square of the electron-phonon matrix ele-
ment, M ls tile atoIIlic lllass, alld ((d ) ls the
second rmment of the phonon frequencies as de-
fined by McMillan. " For alloys containing H, D,
or other light atoms, it has been suggested"'
that A can be separated into contributions arising
from the li.ght and heavy atoms. However, a de-
tailed interpretation of the measured A. values
for HfV, H„and HfV, D„must await heat-capacity
and other measurements on these systems.
These are being planned for the near future.

Potentially, the data on (dH, /dT)r are capable
C

of providing information on the electronic struc-
ture through the relation"

—(dH„/d T), , =O.439 F10'p,&, (4)

where po is the residual resistivity in units of
10 ' Q cm and y is in units of mJ crn ' K '. For
HfV„our measurements yield p, = 62 p, Q cm in
agreement with Inoue, Tachikawa, and Iwasa"
and the specific heat measurements ' give y
=1.881 mJ cm '. Using the experimental values
of pp and y one obtains for HfV„

—(dH„/dT) „,=61.2 kOe K ',
in reasonable agreement with the experimentally
determined value (Fig. 3)

—(dH, 2/dT)r r, =43 kOe K '.
If po values for HfV~H„and HfV, D„were available,
the above procedure could be used to obtain y and
hence n{E„)as a function of x. Since the samples
crumble into powder, it is difficult to perform
these measurements. If, however, one assumes
for example, that p, is nearly the same for



VOLUME $7, NUMBER 21 PHYSICAL RKVIKW LKTTKRS 22 NovE~BER f976

HfV, H, , and HfV, Do „ the data on (dH„/d T)r r
(Fig. 3) indicate that y for HfV, H, , is nearly 1.4
times the y of HfV, D, , Hence, at least qualita-
tively, it is capable of explaining the difference
in A. between HfV, H, , and HfV, D, , (Fig. 4). Thus,
at this stage it is not possible to say whether the
strong isotope effect arises from the high-fre-
quency local modes or the differences in n(EF).

In conclusion, it is clear that the influence of
hydrogen on the superconductivity of different
metal and alloy systems is quite varied. In some
systems T, is enhanced (e.g. , Pd-H and Th, H»)
while in others it is depressed (e.g. , HfV, -H).
The isotope effect on T, with respect to H and D
shows pronounced "normal" (e.g. , HfV, -H or D),
"reverse" (e.g., Pd-H or D) or very weak (e.g.,
Th, H») trends. Much further work is needed to
obtain a clear understanding of the superconduct-
ing behavior of metal-hydrogen systems.
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Splitting of energy levels of atoms bound to a crystal surface have been observed in
atomic beam scattering.

A free atom approaching a crystal surface may
undergo a "selective adsorption" transition into a
state in which it is bound to the surface but trans-
lating rapidly across it. The phenomenon was
first observed by Frisch and Stern, ' and the basic
explanation was put forth by Lennard-Jones and
Devonshirel as a resonance between the initial
free-particle energy h~k'/2m (where k is the
wave vector and m the mass of the atom) and the

final-state energy

Ef;„„=E(j,K').

Here, j is the "vibrational quantum number" as-
sociated with the motion normal to the surface
and K' is the wave vector of the Bloch wave de-
scribing the parallel motion. Because of the con-
servation of crystal momentum in the two-dimen-
sional periodic potential near the surface, K'
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