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the instability region has a length l and the plas-
ma moves through this region at the expansion
velocity R', one has an increase of the ion tem-
perature hT; - (m /M)'"to„(I/Kc) l/W. Assume
that l-10 p, m, 8'-c, -3&10' cm sec '; then for
I= 10"W/cm' we have &7; -1 keV the total num-

ber of neutrons is s N'(o V„)(l/W)mr'c, v, where r
is the radius of the focal spot, V„ the relative
speed, 0 the ion cross section, w the duration of
the laser pulse, and the brackets indicate the
average over the distribution function that I take
as Maxwellian. In Bobin's experiments, the du-
ration was 3&&10 ' sec. Hence, for the d(dn) re-
action channel, (oV„)-8&10""cm' sec ' at T;
-1 keV. If r-100 p, m and c, -8', we get a neu-
tron yield of 10'. This is the order of magnitude
observed. ' On the other hand, for x-50 p, m and

a duration of 30 psec, if we assume for laser
target interaction that the ion temperature satu-
rates at 10 keV, we have (O'V„) -6&&10 "cm'
sec ' and the neutron yield is about 3&10'.
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Electronic Model for the Reverse Isotope Effect in Superconducting Pd-H(D)f
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The large reverse isotope effect in the Pd-H(D) system is confirmed over a range of
composition in samples prepared by cathodic charging. It is shown that by shifting the
T -versus-composition curve for the deuteride by about 0.05 in atomic ratio it can be
made to coincide with the data for the hydride. A qualitative explanation is given in
terms of proposed differences between the hydride and the deuteride in electronic struc-
ture.

Skoskiewiez' first observed that PdH„was su-
perconducting for x =0.8 and that T, increased
steeply with increasing H concentration. Stritz-
ker and Buckel, ' using ion implantation at low
temperatures to extend the range of concentra-
tion of both the hydride and the deuteride beyond
the equilibrium values at room temperature,
found maxima in T, of 11 and 9 K, respectively,
for the deuteride and the hydride~ large re-
verse isotope effect—at compositions estimated
to be about H(D)/Pd =1.0. Since their method did
not permit precise determination of the H or D

concentrations in their samples, we considered
it worthwhile to test their results in samples in
which the concentrations could be measured.

We used a method of electrolytic charging at
—'78'C, similar to that reported by Harper, Ham-
mond, and Geballe, ' to prepare samples with
which to investigate the concentration dependence
of the transition temperature and the reverse iso-
tope effect in Pd-H and Pd-D. Our samples were
25-mm by 3-mm rectangles of 50-pm Pd foil,
charged in an electrolyte solution of one part 38%
HCl (DCl) in H,O (D,O) to nine parts CH, OH
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sion experiments of Eastman, Cashion, and
Switendick. '

This significant alteration in the band struc-
ture results in electrons from the added hydro-
gen atoms filling three distinct types of states:
(1) the H-induced bonding states, the number de-
pending upon H/Pd and approa. ching 0.5 electron
state per Pd at H/Pd =1; (2) the 0.36 hole in the
d bands of Pd; and finally, (3) the sp bands of
Pd extending above the top of the d bands.

The first two kinds fill without appreciably in-
creasing the Fermi energy, and so are filled
easily. With inc reasing hydrogen concentration,
the filling of these states should be signaled by
the vanishing of paramagnetism and an abrupt
leveling off of the electronic specific-heat coeffi-
cient, both of which have been observed experi-
mentally. "" Further uptake of hydrogen in-
volves filling of the sp bands which is energeti-
cally less favorable because the low density of
states in these bands requires a significant in-
crease in energy per electron added.

The bonding states are present in both the hy-
dride and the deuteride and the photoemission
studies' indicate that they are at approximately
the same energy. We propose, however, that
the degree of bonding in the deuteride is signifi-
cantly less than in the hydride because the num-
ber of electrons in the bonding states is less.
Maeland and Flanagan" have determined the lat-
tice constants for the hydride and the deuteride
at comparable concentrations and find values of
4.02V A for D/Pd =0.56 compared with 4.025 A

for H/Pd =0.58. A larger lattice constant for the
deuteride than for the hydride is a surprising re-
sult since the hydrogen atom will certainly occu-
py a larger volume with its larger zero-point am-
plitude. The only reasonable explanation is that
the binding forces in the hydride are larger than
in the deuteride.

Magnetic-susceptibility results also suggest a
difference in binding. From the data of Jamieson
and Manchester, "it appears that the paramagne-
tism vanishes at D/Pd —=0.56 and at H/Pd =0.62;
see Fig. 3. Since the d bands can be assumed to
be rigid enough to be essentially unaffected by
the exchange of D for H, this indicates that about
0.05 more electron per Pd atom is involved in
the bonding states in the hydride than in the deu-
te ride.

The fundamental difference between the hydride
and the deuteride is the mass of the hydrogen
isotope, with consequent differences in the ener-
gy and amplitude of its zero-point motion, "and
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FIG. 3. Magnetic susceptibility of I'd-H and Pd-D
versus atomic ratio, H(D)/Pd, at 4.2 and 297 K from
Ref. 12. (Smoothed curves are ours ~)

we believe that this is responsible for the differ-
ence in binding.

The root-mean-square displacement, u, „of
H atoms from their equilibrium positions in sam-
ples of PdH„has been determined from neutron
scattering, and in one study, "u, , for the hy-
dride is compared with that for the deuteride:
u, ,(H) =0.23 A in PdH, », and u, ,(D) =0.20 A in
PdD, ,» at room temperature. Since the lattice
constants are comparable for the hydride and the
deuteride, the hydrogen, on time average, would
be in closer proximity to the surrounding Pd
atoms than would the deuterium. Therefore, the
overlap of wave functions with those of Pd atoms
would be greater for the hydrogen than for the
deuterium and the hybridized Pd-H bonds should
involve more electron states than the Pd-D bonds.

Superconductivity in this system appears to be
critically dependent upon the extent to which the
sp bands are filled above the top of the d bands,
since T, rises steeply with addition of hydrogen
at concentrations above PdH, , Under the as-
sumption that approximately 0.05 more electron
per Pd atom is involved in bonding in the hydride
than in the deuteride, equivalent filling of the sp
bands would occur at a higher concentration in
the hydride than in the deuteride, and equivalent
T,'s would be found for PdH„, & and PdD„, where
5 is the order of 0.05, accounting for the ob-
served isotope effect.

The negative pressure coefficient of T„dT,/
dp = —30 mK/kbar, "is also consistent with our
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model. As the lattice constant is decreased with
increasing pressure, H-Pd bonding would be en-
hanced, involving more electrons in bonding
states, thus leaving fewer electrons in the sP
bands, resulting in lower T, . This model neither
necessitates nor excludes the involvement of the
optica. l H (D) modes in the superconducting pair-
ing interaction. It only indicates that if they are
involved, the coupling is essentially independent
of frequency in going from the hydride to the deu-
teride, consistent with the predictions of the Mc-
Millan strong- coupling theory. "

It should be noted that two studies of the Pd-Ag-
H(D) system, viewed together, cast doubt that the
H (D) local modes a.re responsible for the isotope
effect. Neutron scattering experiments of Chowd-
hury and Ross" on this system indicate that the
local modes are not appreciably altered by alloy-
ing with Ag, yet Buckel and Stritzker" find that
the isotope effect evident in Pd-H(D) gradually
disappears with increasing percentages of Ag in
the Pd-Ag-H(D) system.

Other attempts to explain the reverse isotope
effect have been based on differences in phonon
properties between the hydride and the deute-
ride. "'" We are suggesting that the direct cause
for the isotope effect is a difference in electronic
structure between the hydride and the deuteride,
and that this electronic difference has its origin
in the differences in zero-point motion of the hy-
drogen isotopes.

While our model is qualitative and relatively
unsophisticated in its present form, it nonethe-
less gives a reasonable explanation for (a) the
reverse isotope effect; (b) the differences (if
real) in magnetic susceptibility between the hy-
dride and the deuteride; and (c) the observed
pressure effect on the superconducting T,. Also,
our model, which involves tighter binding of hy-
drogen than of deuterium in the Pd-H(D) lattice,
is consistent with lower dissociation pressures
for hydrides than for deuterides at comparable
temperatures ' and smaller negative heats of ab-
sorption" for the deuteride than for the hydride
at comparable concentrations.

Anomalous isotope effects have been observed
in other properties of the Pd-H(D) system; e.g. ,
rates of diffusion of hydrogen and deuterium in
Pd-H(D) 2' and differences in electrical resistiv-
ity" have not been satisfactorily explained. A
full theoretical treatment of the effects of zero-
point vibrational differences on the electronic
structure of Pd-H(D) may shed light on these
also.
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Phonon frequency distributions of bulk (g (~) 1 and microcrystalline fg (~) ] titanium ni-
tritde are obtained from neutron scattering experiments. The surface excess distribution
g (~) g (~) -g (~) shows, at low energies, a positive region due to acoustic surface
modes. A second positive region in@'() proves, for the first time experimentally, the
existence of a band of surface vibrational modes bridging the acousto-optical gap of the
bulk modes; the double-peak structure indicates two branches of surface modes.

Present knowledge on vibrational surface modes
(SM) in crystals arises mainly from a still in-
creasing number of theoretical studies. ' ' Ex-
perimentally, optical, ultrasonic, and thermo-
dynamic methods' are restricted to the long-
wavelength region around the surface Brillouin
zone' and even the most promising techniques
of inelastic scattering of low-energy electrons'
and atoms' up to now could be used only for stud-
ies of long-wavelength SM. The only exception
is the method of inelastic neutron scattering, '
which —applied to microcrystalline samples—yields information on surface-induced changes
in the phonon density of states at all wavelengths. '

Especially favorable and tempting is the inves-
tigation of surface effects on a diatomic material
with a gap between acoustic and optic bulk modes,
as in this case the influence of free surfaces can
be studied separately —to a certain degree for
acoustic and optic modes. In this paper we pre-
sent the results of the first neutron scattering
study in this direction. The sample material
was TiN, which has NaCl structure and shows a
high superconducting transition temperature; it
has an electronic structure very similar to NbC
and TaC, which exhibit strong anomalies in the
acoustic-phonon branches. ""

The TiN microcrystals were prepared by a re-
action of TiC14 with NH, in an arc plasma at about
3000'C"; for purification, the powder was bathed
in HCl and afterwards annealed at 750' in an NH,
atmosphere, and then at 1100'C in a nitrogen at-

mosphere. Quantiative chemical analysis of the
resulting microcrystalline powder determining
both anions and cations exhibited excellent stoi-
chiometry concerning the metal-to-nonmetal ra-
tio; the nonmetal portion, however, contained 7
at. /o substitutional impurities of oxygen. The
size of the particles was determined by x-ray
line broadening and Brunaur-Emmett- Teller ad-
sorption; both methods gave to within very good

0
agreement a mean particle size of 300 A, corre-
sponding to 4.3/o surface atoms. Electron mi-
croscopy confirmed the particle size, proved
narrow size distribution, and revealed mostly
rectangular mieroerystals with flat [probably
(100)] surfaces. To prevent surface contamina-
tion the sample was first heated to 600'C at 10 '
Torr and then placed under argon atmosphere
in a vacuum-tight container with vanadium win-
dows suitable for neutron experiments; finally,
the filled container was evacuated to 10"' Torr
and heated for 1 h to 130'C.

A reference bulk sample with the same chemi-
cal composition was prepared from the micro-
crystalline powder by sintering pressed pellets
at 1800'C"; stoichiometry and composition were
again determined by quantitative chemical analy-
sis; the grain size (examined by x rays, electron
microscope, and Brunaur-Emmett- Teller adsorp-
tion) was at least a factor of 100 greater than for
the microcrystalline sample. This procedure
assured that bulk and microcrystalline samples
differed solely by the amount of surface atoms.
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