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The known low-temperature properties of H and D in Nb are explained by a model of
tunnel-split pocket states.

The structure and diffusive properties of H cen-
ters in metals have recently become the focus of
renewed interest due in part to the nonclassical
nature of several observed properties. Even for
the best-studied case of dilute solutions of H in
Nb, however, the local structure of the H impuri-
ty has remained a puzzle. In this Letter we show
that the known properties of H and D in Nb pos-
sess a consistent and satisfactory interpretation
in terms of a system of tunnel-split pocket states.

Our discussion employs octahedral (o), tetra-
hedral (t), and triangular (7') interstitial sites of
the bcc lattice, distinguished by differing sym-
bols in Fig. 1(a). H diffuses by hopping even at
low temperatures', it therefore seems probable
that self-trapping localizes these impurities.
For this reason we suppose that a H wave func-

tion centered on one site may spread onto dissim-
ilar neighboring sites only. Figures l(b)-1(d)
show the octahedral-, tetrahedral-, and triangu-
lar-centered orbital systems that follow from
these assumptions. In the remainder of this Let-
ter we examine the consequences of these ideas
for the specific case of H and D in Nb.

The observations to be explained are as fol-
lows: (a) Large deviations from a harmonic De-
bye-Vfaller broadening appear in neutron quasi-
elastic-scattering results, ~' which can be ana-
lyzed as the sum of takeo rms amplitudes, -0.14
and -1 A, respectively. (b) Heat-capacity' and
thermal-resistance' anomalies occurring in Nb-
8 and Nb-D dilute solutions at -1'K exhibit
marked nonclassical isotope effects. (c) Neutron
structure analysis' and diffuse scattering' have



VOLUME 37, NUMBER 1 PHYSICAL REVIEW LETTERS 5 JULY 1976

(ohio OIO

radius 0.58 A in 1(c) and the same distance as a
linear dimension in 1(d). We return later to the
fact that all alternatives lack exact cubic sym-
metry.

To treat these models in detail we attribute
diagonal energies & and 0 to t and 7 sites, respec-
tively, and an off-diagonal hopping integral V to
the t—7 transition. " Upon diagonalization of the
8&& 8 matrix one obtains for the octahedral case
[model 1(b)]"

IOO

(c)

IOO

E„E,= 2V[w + (w'+1)"'],

E~„E~,=2V[w + (w'+~)"'],

E4=0, E,=4Vso.

(1b)

OIO

Similarly, the tetrahedral case [model 1(c)]gives

IOO

E,E,= 2V[w + (w2 = 1)'~2],

E234 0

(2a)

(2b)

FIG. 1. (a) Geometry of interstitial sites in the bcc
lattice showing octahedral (o), tetrahedral (~), and
triangular (a) sites. Orbital systems for o-, t-, and
v-centered tunneling levels are shorn in (b), (c), and
(d). The 0 sites are not occupied in Nb.

established that t sites are occupied and that 7
sites have occupation probabilities similar to t
sites, at least at room temperature, but that o
sites have at most a very minor occupancy.
(d) Elastic constant' and neutron' and diffuse x-
ray' scattering results show that the H (D) so-
lutes cause lattice distortions possessing approx-
imately cubic symmetry. A delocalized solute
model has been suggested ' ' to rationalize these
results.

We can satisfy all neutron-scattering require-
ments by models 1(b)-1(d) with the added con-
straint that o sites in Nb are strongly repulsive

0
and therefore not occupied. The 0.14-A Debye-
Waller factor then compares well with the value
(0.12 A) expected for a harmonic oscillator with
the observed proton energy, ' ' while the mean
ring radius of 0.7 A in model 1(b) gives the larg-
er width contribution. We presume that the ob-
served high-temperature effect' represents an
activated delocalization, and that a tunneling de-
localization from reduced contact with the host
phonon bath occurs only at low temperatures.
The models 1(c) and 1(d) lackingo sites may be
less satisfactory, with tetrahedron corners at a

and the triangular case [model 1(d)j results in

E„E,= 2V[w + (w'+-,')"'j, (Sa)

E2=0,

where w =e/4V. The specific heat follows from
these diagonal energies as

C =d(kT2(d/dT)[in+; exp(-E;/kT)])/dT, (4)

in which the sum extends over all states i. None
of the results for the models of Figs. 1(b)-1(d)
closely resembles the observed C for D in Nb,
although 1(b) holds most promise and will be used
in what follows. Its eight energy levels are shown
as functions of m in Fig. 2.

The two doublets E„andE„comprise an im-
portant aspect of the level scheme in Fig. 2. Both
couple to lattice tetragonalities and deform in
first order to produce a Jahn-Teller-like static
splitting; further splittings result from interac-
tions with random lattice strains (introduced,
for example, by hydride precipitation). Lacking
coupling constants and experimentally determined
strain-field distributions we cannot calculate
these effects precisely. To proceed in the ab-
sence of detailed information we assume that
there exists a uniform distribution of doublet
splittings from 0 to n VD with VD the deuteron
hopping integral. For roughly equal volumes of
solution' the H and D strain splitting should be
a~arly identical. However, their tunnel splittings
clearly differ, and we shall measure this isotope
effect by a factor P= VH/Vo.

Figure 3 shows the predicted H and D heat ca-
pacities for w =0, relative to their values at the
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FIG. 2. Tunneling levels of o-centered orbital sys-
tems are shown for a. fixed V as a function of III = e/4V
where & is the diagonal energy difference between t and
& sites and & is the hopping integral.

D-peak temperature 70=142'K, fitted to the ex-
perimental results of Sellers, Anderson, and
Birnbaum. ' The two adjustable parameters have
values P =3 and n =0.5. This excellent fit is in-
sensitive to so near w = 0 and is not strongly de-
pendent on e. The broken line in Fig. 3 shows
that CD(T) remains reasonably satisfactory for
n =1.5 but, since C „(T)then resembles the n
=0.5 D result, the composite fit for H and D to-
gether is most satisfactory for a = 0.5. Split-
tings for this case are shown at the lower right
of Fig. 3. The effect of strain splitting can be
seen in the experimental C „(T)data (Fig. 3) by
comparing the low-H-concentration as-received
specimen with the specimen containing 3000-ppm
(atomic) H and hence a much greater amount of
hydride precipitation and strain.

Ne emphasize that the satisfactory character
of the specific-heat predictions follow from three
features of the model: (a) the occurrence of a
degenerate multiplet as the first excited state
with (b) a strain splitting spectrum that spreads
back close to the ground state for D but not H

(because of the isotope effect in V), and (c) a sub-
stantial complex of still higher-lying states (the
observed CD shows the D entropy to be only half-
developed at -0.7'K). These are indeed the sa-
lient features of the octahedral tunnel-split mod-
el, 1(b). It is possible, but perhaps not likely,
that the alternative tunnel-split systems 1(c) and

1(d) could reproduce the observed results with a

-0.03

, -0.02
2.0

I I I I I I l

suitable choice of strain splittings.
It is important to note further that the magni-

tude of the observed effects can be reproduced
semiquantitatively by the tunneling model. From
an exact diagonalization of the two-well tunnel
system one estimates"

V= I'(u (5/II)"'exp(- 5),

with

(5)

(6)

Here, III, is the H (D) local-mode frequency, M
its mass, and d=0.583 A is the t w site separa-
tion. The theoretical C(T) first peaks at - V/10k
so, with IwoH=0. 18 eV, substantial specific
heats are expected at 5.6'K for H and 1.2'K for
D. These are very satisfactory estimates. The
somewhat smaller observed temperatures may
well arise from the dressing of hydrogen motion
by lattice displacements. In addition, the pre-
dicted isotope effect of 4-5 seems in reasonable
accord with the observed result P = 3.

By way of contrast, an alternative a.scription

0.05 O. I 0.2 0.5 I.O
T/ To

FIG. 3. Experimental heat capacities are shown as
a function of teynperature for H and D in Nb according
to Ref. 4. H data points are for as-received O.ow-con-
centration) specimens (o) and for 3000-ppm (atomic)
(0). The solid lines represent Eq. (4) for the o-centered
tunneling model with n =0.5 and P=3. The broken line
represents the D calculation for c.=1.5 and tt = 3 (the
curve is displaced vertically for clarity). The H and D
level spectra are shown at the lower right.
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of the specific heat to an incoherent hopping re-
distribution of isotopes over available sites en-
counters difficulty. Its temperature dependence
arises solely through the occupation probabilities
p;-exp( e-i/kT) of various sites with energies
&&, and all the specific-heat data must be attrib-
uted to a fortuitous distribution of the c~ and their
isotope effects. Thus, the tunnel-split model
presents a most attractive alternative. We point
out that new neutron measurements at low tem-
peratures, and new specific-heat results on
strain-free samples (perhaps with much lower
hydrogen concentrations), could greatly clarify
the structure of the existing tunnel-split centers.

A final point to which we now return concerns
the symmetry of lattice strain near hydrogen
trapped in Nb interstices. None of the models
1(b)-l(d) is truly cubic, but both 1(b) and 1(c)
are nearly so, as will be demonstrated for the
case of 1(b). The strain field of a tetrahedral in-
terstitial at (a, a, 0) is diagonal in the frame of
the crystal axes, with principal components of
relative size &,', &,', and &3 . The triangular
sites at (-', , 0, —,') give different strains of sym-
metry

(6, '+ e, ') 0 {6,' —e, ')

(eg ts ) 0 (et +es )

in this coordinate system, with &, and &,' the
principal & strains in its own local symmetry
system. On summing over all t and & sites in
the octahedral ring one obtains the mean strain
field

I+e 0 0

e =a(a, '+e, ') 0 1 0

0 0 1+e

in which

e = (6' -6")/2(&,'+c, '),

(10)

The signs of terms in Eq. (10) are determined by
the displacements of a hard-sphere model which
indicate that E' and & are both positive, and e in
Eq. (9) is therefore probably quite small with re-
spect to unity. The strain field of the octahedral
ring may therefore be rather isotropic, in ac-

cord with the experimental evidence. ' ' We pre-
sume that such strain fields are associated with
H self-trapping in a particular system of tunnel-
split orbitals and that diffusion proceeds by hop-
ping to one of the neighboring systems.

The authors are indebted to Mr. J. Cunningham
for assistance with the specific-heat computa-
tions and to Dr. T. Brun for several helpful dis-
cussions of the neutron-scattering evidence.
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