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The discontinuity of the isothermal hulk modulus
can be reliably calculated from an Ehrenfest relation.
We obtain AB /J3 = 0.47x10 i.

~iWe believe the contradictory results (Refs. 12-15)
previously reported for the ultrasonic attenuation
magnitude near T~ can be explained, in part, by
dlffex'ing Mloll1ogeneous strain amplitudes and dis-
tributions in different specimens. The velocity shift of
a region under a local stress dP is AV/V=1/V (dV/dT)
x (dT, /dP)AP. Just below T, the temperature depen-
dence of the velocity is extremely large, 1/V(dV/dT) =
x 5x 10 K, resulting in a velocity fluctuation AV/V —2
xl0, where we have estimated (dT, /dP)~=5x10 ~

K from the transition vridth, It can be shown that the
interference of these phase-shifted sound waves at the
transducer gives rise to an apparent frequency-depen-
dent attenuation peaking when dV/dT is a maximum,
i.e., approximately 1 K below T.
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It is shown that, if the Gomer-Schrieffex' induced-covalent-bond mechanism is respon-
sible for the chemisorption of hydrogen on strongly paramagnetic metals, then the rates
of chemical reactions involving the adsorped hydrogen may be dominated by energy
transfers between the bond and spin fluctuations in the xnetal.

Recently, Gomer and Schrieffer + suggested
that in chemisorption of hydrogen, at least on
strongly parama, gnetic metals, a type of "in-
duced" covalency plays a certain x'ole. Since the
energy needed to form a net d-electron spin den-
sity in the vicinity of the adatom i.s quadratic in
that density, whereas its coupling (exchange) to
the adatom's electron spin is negative and linear
in the density, formation of a net spin density is
energetically favored.

In this note, we propose that if this idea is cor-
rect, then a possible explanation of the high ef-
ficiency of some of the d metRls in catalyzing hy-
drogenation reactions might be found in the inter-
action of the adsorbate with spin fluctuations,
especially when these display so-called "para-
magnon" enhancement. ' The adatom absorbs
thel mal splQ fluctuRtloQS, gRlnlng enex'gy and
eventually climbing over the enex'gy barrier
characterizing the reaction. %e disregard all
the complications accompanying the mathemati-
cal formalism needed for accurate quantitative
evaluation of the Gomer-Schrieffer idea (such as
energy dependence of the effective exchange

"constant, *' etc. ), and describe the coupling of
the adatom of spin S to the metal spin density
s(r) at r by

O'= JJ'(R r)S s(r)dr

(or, more precisely, by the part of this interac-
tion that protrudes outside the ground-state man-
ifold), where &(R, r) is an effective exchange en-
ergy of the (fixed) hydrogen orbital with the d

orbitals and R is the position of the atom. If one
disregards the transverse periodic structure, 4
has the form &(Rr—rr, &,z) in terms of coordin-
ates transverse and normal to the surface.

%e only discuss the simplest surface reaction:
desorption of the hydrogen atom; in particular,
the desorption rate. The well (or rather, the
trough) in which the H atom is bound is about l
to 3 V deep and 1 to 3 A wide. Therefoxe, the
atom must have between 10 and 200 excited
"bound" states. In thex'mal equilibrium, the rate
of departure of the atom from the surface is the
chance that it be found ln some one of the top ex-
cited "bound" states (it is presumably somewhat
free to move in the plane of the surface in each



VOLUME 25, NUMBER 20 PHYSICAL REVIEW LETTERS 16 NovEMBER 1970

3&,q~'a„' Imf g(kr -kr ', k~', Id)dkz'
2' e 54) (2)

[where &d=k'(kr'+k~')/2M-(s, „+It'kr''/2M )]

one of these excited states), times the "transmis-
sion coefficient" (i.e. , the probability of transi-
tion) from that level to a free state. This process
is accompanied by absorption of a "paramagnon"
from the metal according to the Hamiltonian (1).
(Presumably, a very similar calculation of the
transmission coefficient may be expected to ap-
ply to surface reactions involving transfers or
rearrangements of chemisorbed hydrogen. )

The nth excited bound state of the atom on a
surface area ~ is assumed to have the form
(1/vA)p„(&) expikr-Rz, the periodicity of the
potential in the plane of the surface is to be ac-
counted for approximately by assigning an ef-
fective (probably rather large) mass M*. For
our crude estimate, we calculate only the tran-
sition rate from the uppermost "bound state. "
J'(R, r) is taken to be Lao times a three-dimen-
sional 6 function, a, being the range of ~. The
"golden rule" for the transition probability can
be expressed in terms of the dynamic spin sus-
ceptibility y of the & electrons at the surface.
This is quite difficult to calculate; for simplici-
ty we replace it by the susceptibility of the in-
finite metal. In terms of the Fourier transform
x(~, ~) of

y(r, t) =-i ([s'(x, t), s'(0, 0)] ),„„
we find a probability

for making a transition from the highest bound
state with transverse k vector k~' and energy

,„I+5'k& "/2M* to a free final state with
transverse and normal components k& and k~.
Also

J„,= (a, )
'~' fop„*(z)J'e'" &'dz.

To find the rate of desorption, the expression
(2) must be convoluted with the probability (P
=1/kT),

A 2m*-
[1-exp(P&,)] exp[-&(V-2~o)]

82k l2

P 2M' I maxi

that the adatom finds itself in the highest bound
state (energy -le,„l) and moving along the sur-
face with momentum kr'. (The result is easily
generalized if bound-free transitions from sever-
al upper states are important. ) For simplicity,
the bound level energies have been regarded as
equispaced harmonic-oscillator levels of spacing

V is the binding energy of the atom. For val-
ues of k&' much in excess of kF, the Fermi mo-
mentum y is zero, and for 0&k~'&kF, 8' is sensi-
bly constant and equal to 2II exp(-p&)/[&&(2M*/
PI')], unless kT is extremely small (-10 ' eV
for M*=M, the free atomic mass). Two cases
must now be distinguished; M*/M-1 (high mobil-
ity along the surface). Then the atoms come off
with nonspherical angular distribution. However,
if M*/M»1 (essentially localized adsorbate), the
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variation of the energy variable in y (Eq. 2) with kr is negligible, y is integrated over all transverse
momenta, and the emitted pattern is spherical (or, rather, hemispherical). We have completed the
calculation in the latter case only, because we are making the infinite-medium approximation for y
which will make conclusions about the former case unreliable. For M"/M» I, the probability of de-
sorption per unit time per unit solid angle per unit energy is found to be, for spherical bands, with ef-
fective electron mass en*,

(e ev(M*/~*)'~'(3J, H'ao'/647i')+((, (,p)[I —exp(-pro)] expap&o j/@,

f 1
3/2 8& —g X dX

[I (( I) /»]' (~-I) '/l6

and where, for simplicity, we have set & „=0.
Here ( is the ratio of the exchange-enhanced to
the unenhanced uniform susceptibility. In Eqs.
(3) and (4), &okT, +~i), co, and Qo are measured
in units of the Fermi energy eF and units of I/kF,
respectively. The resulting rates are enormous-
ly sensitive to a, and ~ and accordingly are any-
where between 10' to 10"sec ' V '. Figure 1

shows I" (v, t, P) and Fig. 2 the integral of &(&u, g,

IO ~

i
I
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P), over all &u. The Doniach approximation' to
Imp has been used ln the coI1structioI1 of +.

In next higher order, two probability ampli-
tudes contribute [Fig. 3(b) and 3(c)]. In the one
the electron and in the other the hole making up
the i.ncident fluctuation is replaced before final
annihilation. Because of the spin character of the
scattering, a Kondo anomaly similar to that in
the resistivity of dilute magnetic alloys' occurs.
But because of recoil of the adatom, no question
of an infinity of the cross section will arise.
However, the ratio of the second- to the first-
ord~r amplitude must be of order (J'/eF) ln(M*/
m~) (for low cu), and this may be quite large. A
nonperturbative calculation may thus be needed,
and is currently under advisement.

Some evidence exists that reaction rates on the
nickel-cobalt and nickel-copper systems do in-
deed increase sharply with "effective number of
Bohr magnetons" (that is to say, v"$), if the
change in this number is due to the enhancement
varying across this series. ' However, a direct
comparison of the results for the relatively com-
plex reactions described in Ref. 5 with the pres-
ent simple process is probably not warranted.

Recently, a somewhat related suggestion that
catalytic effects on ferromagnetic substances are
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FIG. 2. The integrated rate function I" versus en-
hancement (ol versus the square of the effective
number of Bohr magnetons of the substrate).

FIG. 8. (a) First-order amplitude for absorption of
spin fluctuation by the adatom. (b), (e) Second-order
absorption aDlplltudes via replaceIQent of electron and

hole, respectively.
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aided by interaction with ferromagnetic spin
waves has been made by Ilisca. '

The authors wish to acknowledge helpful discus-
sions with Dr. Mueller-Hartmann, Dr. W. Bren-
ig, and especially, Dr. G. Toulouse who brought
Refs. 5 and 6 to our attention.
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The focusing or defocusing of paramagnons near
the adatom might change this probability numerically,
but it is hard to see how it could change its energy de-
pendence.
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Where nickel-cobalt is ferromagnetic, the spin fluc-
tuations are (a) noncoilective with a gap in their spec-
trum equal to the exchange energy, (b) spin-wave ex-
citations filling this gap. Only the former of these are
considered here, and Eqs. (3} and (4) must be modified
to allow for the gap. However, spin-wave excitations
will likewise contribute to the desorption.
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Anderson's theory of localization in disordered systems is extended. It is shown that
mobility edges exist, in agreement with the Mott-Cohen-Fritzsche-Ovshinsky model.
As the randomness increases, the mobility edges move inwards into the band, and their
coincidence is termed Anderson's transition. A criterion is developed restricting the
energy regions where mobility edges can be found; explicit results are obtained for a
Lorentzian distribution of single-site energies.

Recent models of the electronic structure of
disordered materials suppose that there are con-
tinuous bands of extended states with tails of
localized states. " Current interpretations of
experimental data rest heavily on this notion, "
but no rigorous proof has been given. There
seems little doubt of the existence of localized
states in the tails, ' but whether the character of
the eigenstates changes abruptly from localized
to extended at certain critical energies (termed
mobility edges') remains in question. Anderson'
had demonstrated that for an electron moving in
a rigid lattice subject to a Hamiltonian with ran-
dom matrix elements satisfying certain condi-
tions, the states in the middle of the band are
localized, and transport ceases when the random-
ness in the matrix elements of the Hamiltonian
exceeds a certain critical value related to the
bandwidth. Mott' synthesized Anderson's result
with the work on localization in the band tails by
arguing for sharp transitions from localized to
extended states and back to localized states with-
in the band, for randomness smaller than Ander-
son's critical value. This model, proposed inde-
pendently by Cohen, Fritzsche, and Ovshinsky, '

we refer to as the Mott-CFO model.
We consider the motion of a particle in a three-

dimensional periodic lattice~' such that at each
site n of the lattice the particle can occupy a
Wannier state (5) of energy ~-„. The Hamiltonian
ls

(1 (II~m) = e@5pg+ V)-,
where Vp- = V, - p and Vpp= 0. The disorder is
introduced into the system by allowing the single-
site energies e-, to be random variables; any two
quantities &-„, &p are taken as statistically inde-
pendent whenever the distance r-„p is longer than
a finite correlation length. This eliminates long-
range order from our system. For simplicity we
assume that Vp- is a constant, V, for nearest
neighbors, and zero otherwise.

Following Anderson we use as a criterion for
the existence of localized states overlapping with
a, given site 1=0 the absence of complete diffusion
from this site, i.e., p«w0, where p« is the prob-
ability of finding the particle in the state (0) at
t=~if initially (t=0) it was in ~0). It can be
shown that

S
p =lim — „dEGo(E+ is)GO(E-is),s~o+ 77
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