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Lattice-distortion-mediated local jumps of hydrogen in niobium from diffuse neutron scattering
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We reconsider the mobility of hydrogen in bcc metals, in particular H and D in Nb, and its inhuence

on the coherent and incoherent quasielastic neutron and x-ray scattering. An approach to describe

time-dependent lattice distortions around highly mobile protons is presented, using the frequency-

dependent Green's function of the host lattice so that effects of the so-called quasielastic effects and reso-

nances with host lattice phonons are included. We discuss within this formalism how noncubic com-

ponents of the long-ranged displacement field can fade away in the presence of a high defect mobility

and we demonstrate by a detailed calculation that the experimentally observed disappearance of the

coherent quasielastic diffuse (x-ray and neutron) scattering in NbH„(NbD, ) from these Fourier com-

ponents of the displacement field points to an unusual, hitherto neglected rapid local diffusion process

between adjacent tetrahedral sites with a short-time constant of ~&„-—10 "-10 ' s. The consequences

of such a diffusion mechanism on the incoherent quasielastic neutron scattering are discussed in detail.

We show that the elastic incoherent structure factor of the interstitial proton exhibits, in addition to the

usual Debye-Wailer factor behavior, distinct oscillations as a function of the neutron momentum

transfer. A neutron-scattering study of NbHO 02 at various temperatures between room temperature and

573 K is presented. The experimental results of the elastic incoherent structure factor displays, after a

proper correction for the proton Debye-Wailer factor, a pronounced oscillatory behavior in the [100]
and [111]direction as predicted for a rapid local diffusion on neighboring tetrahedral sites. It is shown

that this property of the proton form factor is temperature dependent. We present measurements of the

quasielastic broadening of the coherent diffuse neutron scattering from the time-dependent long-ranged

displacement field ("Huang linewidth") and discuss further implications of our findings on the interpre-

tation of structural and dynamical properties of H in Nb, as the local modes and the coherent diffuse

neutron scattering from the lattice distortions around the local defect neighborhood.

I. INTRODUCTION

The location and dynamics of hydrogen dissolved in
niobium and other bcc transition metals have been exten-
sively studied now for about 20 years Neutron-
scattering studies have provided detailed information on
the location of the proton, its microscopic interstitial
diffusion mechanism, ' the host-lattice distortion around
it, and its various vibrational modes. Recently, it has
been pointed out ' that, despite all these efforts, many
features in all these microscopic properties of interstitial
hydrogen remain unclear, such as the cubic symmetry of
long-range lattice distortions, ' the linewidth of in-
coherent quasielastic neutron scattering, and the intrin-
sic energy width of the localized modes (we do not re-
peat these arguments here and refer the reader to Ref. 5).
A rigorous quantitative analysis of coherent diffuse neu-
tron scattering from NbD disclosed a surprising detail.
By a detailed comparison of the observed diffuse scatter-
ing with various model calculations, it could be demon-
strated that local distortions around the dissolved deu-
terium are incompatible with the assumption of a defect
localized at one interstitial (tetrahedral) site. Instead, in
order to reproduce the observed coherent-scattering pat-
tern, one has to introduce local lattice distortions that are
spread out over several neighboring interstitial sites. It
was suggested that these rather unusual local lattice dis-

tortions are brought about by the mobility of the inter-
stice.

In this paper we present theoretical and experimental
studies of quasielastic coherent and quasielastic in-
coherent neutron scattering from NbD„and NbH„, re-
spectively, which provide insight into these puzzling phe-
nomena. We will show in what follows that local and
long-ranged lattice distortions (as measured by coherent
scattering) as well as the proton form factor (as obtained
from elastic incoherent scattering) can naturally be ex-
plained by the assumption of a rapid local diffusion of in-
terstitial hydrogen between adjacent tetrahedral sites.
This idea will be developed below in several steps.

In Sec. II we present a theoretica1 approach to describe
the lattice distortions due to highly mobile defects that
shows rigorously that a rapid diffusion can destroy the
long-ranged tetrahedral components of the defect-
induced displacement field as it is observed. A quantita-
tive theoretical analysis of Huang diffuse scattering in
NbD„based on this approach shows that the intensity
contributions from noncubic long-ranged host-lattice dis-
tortions disappear completely when the interstice per-
forms a rapid local diffusion with a jumping frequency
v&„~ 10' —10' s '. We will give arguments that this

rapid motion of the defect is localized in space involving
only a few neighboring tetrahedral sites; thus it does not
contribute to long-range diffusion. In Sec. III we calcu-

46 55 1992 The American Physical Society



56 H. DOSCH, F. SCHMID, P. %IETHOFF, AND J. PEISL

late incoherent neutron scattering from NbH, which is
predicted to show interesting features in the presence of
this rapid local-diffusion process. Experimental results
from a quasielastic incoherent neutron-scattering study of
NbH are presented in Sec. IV. They show unambigu-
ously that the elastic incoherent structure factor (S,'„',* ) of
the proton exhibits indeed an unusual phenomenon
which is in contrast with all models assumed up to now:
S,'„,* displays an oscillatory behavior in Q space, which is
clear experimental evidence that the proton is delocal-
ized. The proton delocalization occurs on a time scale
which is much shorter than v.

L&
——10 ' s associated with

the conventional microscopic jumping mechanism which
leads to long-ranged diffusion. It can thus be explained
by a rapid localized motion of the proton between adja-
cent tetrahedral sites.

In Sec. V we discuss the consequences on the quasielas-
tic broadening of coherent diffuse neutron scattering
from the long-ranged displacement fields and show exper-
imental results from NbD . Further implications on the
interpretation of coherent quasielastic neutron scattering
are discussed.

II. COHERENT DIFFUSE SCATTERING
FROM TIME-DEPENDENT LATTICE DISTORTIONS

Dosch, Peisl, and Dorner have pointed out in their
analysis of local lattice distortions that the average relax-
ation time ~z of the lattice displacement field is compara-
b1e to the time scale vL~ ——10 ' associated with the mi-

croscopic jump of the interstice. They argue that this
leads to nonadiabatic lattice relaxations around several
adjacent defect sites. Since neighboring tetrahedral sites
have a different orientation of their individual distortion
fields, this diffusion-mediated lattice-distortion field

around several sites may have little or even no tetragonal
component. Experimentally, it turns out that the long-

range displacement field exhibits, within the experimental
errors, no tetrahedral component, F,„„,=—lB —Al ~0. 1

eV, where A and 8 denote the nonvanishing elements of
the force dipole tensor

0 0
P= 0 B 0

0 0 B

associated with the tetrahedral interstice (see, e.g. , Ref.
5). The most direct evidence for this rather unexpected
property of long-ranged lattice distortions around the
proton is the missing Huang diffuse scattering in the
(110}direction (so-called "angular" direction) close to
"(hhO)"-type reciprocal-lattice vectors (for an introduc-
tory discussion of Huang diffuse scattering from defects,
we refer the reader to the articles by Trinkaus and
Dederichs' ). We will show that the absence of this

Huang diffuse scattering can be used as a very convenient
criterion for an assessment of the underlying jumping fre-

quency of the defect.
We derive the coherent diffuse neutron-scattering cross

section due to time-dependent lattice distortions and start
with the associate intermediate scattering function in
continuum approximation,

u( r, t ) =u „(r, t ) +ud, t( r, t ) (2)

the momentary displacement of the host-lattice atom at r
from its average position. u h(r, t) describes the phonon
contribution and ud, t(r, t) the defect contribution, which
is given in the continuum approximation by

ud, t(r, t)= fdt'f dr'g(r —r', t —t')g(r', t') . (3)

g(r', t') is the so-called Kanzaki-force density" exerted
on the host lattice atoms at r', and

g(r, t)—= (2n. )
' f

defoe'

'G(r, co) (4)

is the dynamical lattice Green's function. Its Fourier
transform G(r, co) is defined as'

G(r, co)=—f(2m) po 'gdqe'~'

with e; as the eigenvector of the phonon (i,q) with

eigenfrequency co; and phenomenologica1 lifetime q,
po is the mean density of the medium. The Kanzaki-force
density y(r, t) is related to the actual defect positions

r, (t) by

y(r, t)= g tttj(r rj(t)), —
J

where the label j denotes the (in our case) six nonequiva-
lent tetrahedral sites rj in the unit cell and gj(r —rj(t))
the Kanzaki force of a single defect on site r (t) acting on
the host-lattice atom at r. Since P. is short ranged and

Jf (r')dr'=0, we get for small values of q ("Huang re-

gime") the relation

f d r &~
(r)e'~'=iP. g"q', (7)

with the well-known force dipole moment P (see Ref. 9)

(p, , v denote Cartesian coordinates). In the static case, P
describes the long-ranged displacement field and has the
form discussed above.

Consider now the situation of uncorrelated defects
which perform rapid jumps between neighboring intersti-
tial sites described by the transition probabilities W, (R, t)
(=probability to find the proton at time t on site r. of
unit cell labeled R, if it started at time t =0 from site r,-

of the unit cell at the origin 0). The Fourier transform of
the system of rate equations' becomes

~,'(q t)= Xe ' U;k(q)[Ukj (q)) (&)

k

where I k(q) is the eigenvalue and U;„(q) the eigenvector

X ( [Q u(r', t) j[Q u(r, O) j }, (1)

where b, is the coherent-scattering length of the host-
lattice atoms, V„, the volume of the host-lattice unit cell,
((e'~'") } the Debye-Wailer factor, q =—Q —

Gkk~

(Gkkt =reciprocal-lattice vector), and
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~ ~of the transition matrix (we discuss this in more detail m
Sec. III). One of the eigenvalues, I 1, is close to 0 for
small values of q, I

&

~ q . If the diffusion process is spa-
tially localized, I,=O holds exactly for all values of q.
The other eigenvalues are of 0 (r '), where r ' is t e
jumping probability. It is quite instructive to consider
the displacement-displacement correlation function
g„"(r,t) —= ( up«(r, t)u ~«(0,0) ), which enters implicitly
the intermediary scattering function (1). Using qs.
(5)—(8) we find that the Fourier transform reads, in the
Huang regime (q —+0),

g„'„'(q,cp) uc fdt e'"'g 8"(q, t)(G P,.q)„(G'P q)

G g UkP;q„r2„+&2

X G'g Uk Pjq
J v

(10)

with ed as the defect concentration and

g&"(q, cp) exhibits a fundamental property which has to be
appreciated by the reader: The term belonging to the
smallest eigenvalue (=Lorentzian width) I 1

—-0 is associ-
ated with g; U;1P; =g;P;, thus with the cubic part of the

long ranged -displacement field. ' The other eigenvalues
I'k (k =2,3, ... ) are coupled with the tetrahedral corn
ponents of the dispiacement f'Ield, which are accordingly
strongly affected by the dynamics of the defect, since
I &=0(r ') for k =2, 3, .. . . This has, as we will see
below, some crucial consequences for the diffuse scatter-
ing from the long-ranged displacement field. For the
sake of argument we first discuss the somewhat simpler
case of the diffusion on a Bravais lattice which is de-
scribed by one eigenvalue I (q); then the sum gk in Eq.
(8) degenerates to exp[ —1(q)rtr], and consequently the
sum gk also drops out of Eq. (9). The interinediary
scattering function (1) then simply is

b
I(q, t)=cd% ((e'~'") )

QC

X f dt' fdt" s(t')s (t")e

d 0'
(Q;q, Cp

cob
' el

f r(q) d~
(Q ) (14)

I (q)+co

of the Huang difFuse scattering ("Lorentzian" term),
which has recently been discussed by Gillan and Wolf, '

another term ("phonon resonance" term) which accounts
for the interaction of the defect diffusiona1 modes with
host-lattice phonons. In order to make the physica
meaning of these two terms more transparent, we consid-
er the generic function

I 1
(13)e(,~)=

I' +co cp —(cp+ i')2 ~ 2
q

ihcp plays the role of the phonon frequency associated wit
the reduced momentum transfer q. Figure 1 shows
e(q, co) versus cp for various values of I /cp and for a
fixed value g~O. We find a three-peak structure: The
two appearing at co=+co originate from the relaxation
dynamics of the lattice distortions taking place via
phonon-absorption and -emission processes: At the re-
duced momentum q, the associated Fourier components
of the lattice distortions can relax through the host-
lattice modes coq. In addition, a quasielastic intensity ap-
pears at ~=0. In the static case this intensity is purely
elastic and then conventionally called defect-induced
Huang diffuse scattering. As we see from inspection of
Fig. 1, its integrated intensity and width depends sensi-
tively upon the actual value of I"/cp: The short-dashed
line illustrates the case I'/cp ((1, thus the case of a de-
fect with a low jumping frequency compared with the fre-
quency of the relevant lattice vibrations: The small
Lorentzian allows only for intensity as long as
co ~ I &&co ,'i.e., there is no interference of the diffusion
process with the host-lattice vibrations. In other words,
the lattice follows the defect motion adiabatically, and
Eq. (12) reduces to the Gillan-Wolf form'

HDS

(Q;q, Cp)
0

dQ dco

( ig.u)2) —1

k

(e;q Q)(e;q Pq)
s(t)=(27Tpp) f dCpe + 2 ~ 2

CP;q CiP l Y/;q

After its Fourier transformation, we obtain the scattering
cross section of the Huang diffuse scattering (HDS) from
time-dependent lattice distortions,
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FIG. 1. Function e(q, co) vs co/cd for various va1ues of
I /coq.
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where (do /dQ),",„ is the coherent elastic diffuse scatter-
ing due to a "frozen" defect [the associated structure fac-
tor will be given below in Eq. (32)]. In this case the mo-
bility of the defect merely leads to a quasielastic broaden-
ing of the Huang diffuse scattering. More exciting, how-
ever, is the case when I /co = 1 (dashed and short-dashed
lines), since here the associated phonon becomes resonant
with the host-lattice distortions of the mobile defect.
Now the Huang diffuse intensity decays significantly, a
phenomenon that is due to the fact that the host lattice
around the interstice can no longer relax completely. Fi-
nally, in the extreme case, where I /co )) 1 (solid line in

Fig. 1), no long-ranged lattice displacements are allowed
anymore and the associated Huang difFuse scattering has

I

fully disappeared. We conclude from these fundamental
properties of e(q, co) that components of the long-ranged
displacements field may disappear when the I.orentzian
width I (q) exceeds a certain critical value.

With this information we now turn to the case of hy-
drogen in bcc metals, in particular to NbH . As an obvi-
ous complication, we have to consider now that the
diffusion takes place on a non-Bravais lattice, which leads
to a more involved expression; however, the basic
features of the scattering cross section (12) and its generic
function 8(q, co)(13) remain: Inserting (9) into the in-
termediary scattering function (1) and performing the
Fourier transformation, the Huang-diffuse-scattering
cross section then reads

HDS
d 0

dQ dc' co

kI b2 . 1 I (q) (e; )(e, Pq)

(e )(e P&q)
X g(U '),

CO&q ( Cij+ 1'g&q )
(15)

where wk is the occupation probability of the defect site k (k = 1,2, . . . , 6 in the case of tetrahedral sites in bcc lattices).
Associated with the tetrahedral symmetry of the frozen proton, the force dipole moment P& has now noncubic symme-

try. We already mentioned above that its cubic part is coupled to small width I „i.e., generally I &/co (&1 holds and

the associated Huang-diffuse-scattering contribution is expected to "survive" when the proton performs jumps on the
interstitial lattice. Since, on the other hand, the noncubic components of the long-ranged displacement field are cou-
pled to I 2 3

=0 (r '), the presence of these components should crucially depend on the mobility of the defect. This
turns out to be the case: We describe the frozen proton by a noncubic force dipole moment

1 0 0
P=PO 0 2 0

0 0 2

associated with the tetrahedral site in bcc lattices using Pa=2 eV according to the observed value trP =10 eV in Nb.
Note that we assumed here that the lattice distortions of the "frozen" proton preserve the full tetrahedral symmetry of
the tetrahedral site, Fo=

~
A B~ =2 eV. ' —The Nb host-lattice response is given by the dynamical matrix D(q), which

assumes, in the Huang regime (q —+0},the asymptotic form
r

C44+(C1 1
C 44) lrlr

( C 44 +C 12 )r 1 r 2

( C44+ C12 )r 1 r 3

(C44+C12 )r 1 r2

c44 + ( c 11 c44 )r 2 r 2

(C44+ C12 }"2"3

(C44+ C» )"1 "3

44+ 12) 2 3

C44+ (C 1 1

(16)

with c„, as the elastic constants of Nb (Ref. 15) and

r„=—q„/q. Remember that the phonon frequencies N q

are the eigenvalues of D(q).
In Fig. 2 we show the coherent diffuse neutron-

scattering cross section versus energy transfer in Nbo„
as calculated from Eqs. (15) and (16) for q=qo(1, —1,0),
qo=0. 05, and G„&&=(h,h, 0) chosen such that this
coherent quasielastic scattering is solely due to long-
ranged tetrahedral Fourier components of the displace-
ment field (see Ref. 9). The proton jumping frequency
ranges from v=10" to 10' s '. Of course, we again find
the three-peak structure as already discussed above,
whereby now cu is associated with the transverse phonon
coT(q)=0. 5X10' Hz in Nb [as deduced from Eq. (16)].
The interesting result from this calculation is that the

tetrahedral quasielastic component smears out and de-
cays considerably, when v exceeds 10" s ' (in apparent
agreement with the estimation by 0osch, Peisl, and
Dorner using the small-polaron theory' ), and eventu-
ally disappears for v ~ 10' s '. This shows that the
long-ranged Nb host-lattice displacements depend sensi-
tively upon the mobility of the dissolved proton. The key
question is now, which tetragonality F (qo, v) for a given
value of qo could be observed within our approach in the
x-ray Huang-diffuse-scattering experiment described by
Metzger, Peisl, and Wanagel. %'e note that this diffuse
x-ray intensity is obtained in the actua1 experiment from
NbH„after subtracting the x-ray scattering from the
pure Nb reference crystal (mainly one-phonon scatter-
ing}. Within our approach this diffuse x-ray intensity is
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given by"

do
dQ

HDS

(e . )(e P,q}
y (U

—1) J% Jq —tq

j,E Col-q

v =10""sec-" Nb Hx

q =0.05( I,—1,0)
(110)

(2

which can be used now in a straightforward way to calcu-
late the observable tetragonality F(qo, v} (in units of eV)
as a function of the jumping frequency v of the proton.
The result of such a calculation is shown in Fig. 3(a) for
various values of qo in the q=qo(1, —1,0) direction of
the (h, h, 0) Brillouin zone. We conclude that F(qo, v)

remains virtually unaff'ected, F(qo, v) =Fo =2 eV, as long
as the jumping frequency of the proton is less than
v=5X10 ' s ', however, it decays dramatically when v
becomes larger than 10' s '. According to our theoreti-
cal approach, the disappearance of the Huang diffuse
scattering naturally depends upon the value qo,

' the larger

qo is, the more shifted to higher v is the decrease of the
tetragonality F. This behavior has a very intuitive
reason: At small qo the scattering experiment is sensitive
to tetrahedral displacement components far away from
the defect. These long-ranged Fourier components of the
displacement Beld follow the defect motion only slowly
and, accordingly, fade away already at relatively small
values of v. For Large qo we are testing tetrahedral dis-
tortions closer to the defect that can react rather quickly
via high-frequency phonons and, thus, may survive up to
some higher values of v. The remarkable conclusion ac-
cording to Fig. 3(a) now is that one needs a jumping fre-
quency of

v&*„-8X 10' s

in order to render F=F,„,&0. 1 eV for q,„,&Q. l.
Thus, assuming that the lattice distortions around the
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FIG. 2. Huang diffuse neutron scattering from
NbH„(Nbo ): (a) Energy distribution of the diffuse scattering
at q=g —

GQQQ qQ(1, 1,0) and qQ =0.05 as a function of co for
different values of the defect jumping frequency (a) v=10" s
(b) v=10» s ', and (c) v=10" s '. The hatched area is the
Huang diffuse intensity which is proportional to the squared
tetragonality F =

~
A —8~ (for exp1anation, see main text).

FIG. 3. {a) Predicted tetragonality F of the long-ranged dis-
placement field vs jumping frequency of the defect as deduced
from Huang diffuse scattering at q0=0.05,0. 1,0.2. The experi-
mental upper limit F,„~",{q0=0.1)=0.1 eV (Ref. 7) and the asso-
ciated v&*„are indicated. (b) Critical jumping frequency v~„of
the interstitial proton in Nb to achieve F(v&„)=0.1 eV vs the
parameter e» or vs frozen tetragonality Fo (upper scale).



60 H. DOSCH, F. SCHMID, P. WIETHOFF, AND J. PEISL

frozen proton preserve the full tetrahedral symmetry Fo,
v&*„should be almost two orders of magnitude larger than
the jumping frequency responsible for the long-range
diffusion. If the "frozen" tetragonality Fo is somewhat
reduced, the necessary critical value v,„to destroy it will
accordingly be smaller. To estimate this effect we de-
scribe the force dipole tensor of the frozen proton by
Kanzaki forces on nearest and next-nearest neighbors
and arrive at the expression

1 0 0 9 0 0
P(e,2) =Pa 0 2 0 +( —,', )' ~e, ~ 0 2 0

0 0 2 0 0 2

(19)

(a)

where e,2=$2/g, is ratio of the radial forces $2 and 1(,
on the second- and first-neighbor shell around the frozen
proton. (When the absence of noncubic long-ranged dis-
placement components was detected, it was originally
suggested that e,2=0.23, which would indeed render P
cubic for the immobile proton. However, the analysis of
the coherent diffuse neutron scattering from the local de-
fect neighborhood showed quite clearly that this model
is incorrect; see also final remarks. ) In Fig. 3(b) we show
the result of the calculation of v&*„as a function of e, z be-
tween E'&p=0 associated with the full frozen tetragonality
and the large value E'&2=0. 2 which creates, as mentioned,
already wrong local distortions. We now find that the
critical jumping frequency v;„, which renders P(e, 2) cu-

bic, has to be in the range

vi*„-—(1—8) X 10'3 s (20)

depending on the assumptions on e,2. Quite clearly, this
high value of the critical jumping frequency v&„would be
in severe contradiction to the macroscopic diffusion con-
stant of the interstitial proton, unless one introduces a
strong correlation ("memory effect" ) between these ul-
trafast jumps. Such correlations can be mediated by the
unusual local lattice distortions as reported by Dosch,
Peisl, and Dorner. ' The situation is illustrated in sim-
ple terms in Fig. 4: In Fig. 4(a) we consider the conven-
tiona1 low jump rate where the interstitial defect distorts
the surrounding lattice, thereby lowering the potential
energy on the occupied interstice. In Fig. 4(b) we show
the case of such a high jump rate that the lattice is no
longer able to follow the individual jumps and is conse-
quently distorted around an entire configuration of
tetrahedral sites (as found experimentally ). Since the po-
tential within this configuration is lowered, the proton is
kept within the distorted region for a series of jumps.
Thus, during this time, the jumps are highly correlated
and practically do not contribute to the long-range
diffusion. Long range d-iQusion then results from the
thermally activated motion of these entire configurations.
Some conceivable configurations consisting of three, four,
and six tetrahedral sites (3T,4T, 6T) are depicted in Fig.
4(c). We comment on possible local-diffusion mecha-
nisms in the final remark at the end of this article. As we
shall see, the features of S,'„'„which is considered in the
experimental study described in Sec. IV, are independent
of the details of the microscopic diffusion mechanism;
therefore we subsequently treat the proton, for the sake
of argument, as a classically diffusing particle.

0 &3

~ ~ III. LOCAL RAPID DIFFUSION
AND INCOHERENT NEUTRON SCATTERING

(c}

Since in a neutron-scattering experiment on NbH the
incoherent scattering is almost exclusively due to the hy-
drogen [cr;„,(H) = 80 barn o;„,(Nb) =0.0024 barn], the in-

coherent structure factor in this system is the Fourier-
transformed self-correlation function of the interstitial
proton, '

S;„,(Q, co)= f dr f dt G, (r, t)e"o'
2m'

where

(21)

I

I

I 0
I

0- is the self-correlation function, r (t) the Heisenberg
operator' of the jth proton, and ( . ) the thermal
average expectation value of the operator. Thus

FIG. 4. (a) and (b) Schematic picture of the host lattice {open
circles) distorted by the interstitial defect and interstitial poten-
tial (the short arrows indicate the displacements of the host lat-
tice atoms) (a) for a (quasi)frozen defect and (b) for a highly
mobile defect jumping at a high rate between two neighboring
sites {see text). (c) Some possible configurations of a rapid local
diffusion.

By way of example we consider a proton performing
random jumps on a 4T ring with a mean time of stay, ~,
on one tetrahedral site, the generalization to other
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d 1 1W]](t)=——W]](t)+ [W]2(t)+ W]4(t)],
dt 7 27

we arrive at the solution
4

WJ(t)= g Sjk(S ')k;e
k=&

(24)

(25)

where S is the matrix of eigenvectors belonging to the
system of rate equations and I k are the corresponding ei-
genvalues, I,=O, I 2=I 3=~ ', I 4=2~ '. %e calculate
the intermediary scattering function

configurations is straightforward: Let W, (t) be the prob-
ability for a proton to be at site r - at time t, if it has start-
ed at site r, . Note that W; (r) corresponds to the correla-
tion function G, (r —r, , t) [Eq. (22)]. By solving a system
of rate equations of the form

For a given Q the spectrum is a superposition of
Lorentzians of widths I k (k =2, 3,4) and an elastic line

(I']=0). Since r„,= 10 ', the Lorentzians are expected
to be very broad (20 meV or more}. Figure 5 shows the
self-correlation function and structure factor for rapid lo-
cal diffusion on a 4T ring.

The integrated intensities of the Lorentzians and
(quasi)elastic line (I, ) vary in Q space. The integrated
quasielastic intensity is described by the elastic in-

coherent structure factor S „'; (Q), which will be defined

below. In Fig. 6 the different incoherent intensities as
calculated from (27) are plotted versus Q in the (001)
direction. %e want to note that all intensity contribu-
tions exhibit the periodicity of the interstitial lattice and

satisfy, of course, the well-known sum rule

f S;„,(Q, n])de= 1 . (2&)

1 4 iQ-(r. —r,. )

W,z(t)e
i=&

(26)

By splitting up the time-independent self-correlation
function, the incoherent structure factor reads

S;„,(Q,n])= f f e "~' ""[G,(r, t}+G,(r, ae)]drdt1

and after its Fourier transformation and after averaging
over all different orientations I', we obtain the structure
factor

S;„,(Q, n])

(29)

where G, (r, t) decays to zero as!t!~ ae and the elastic in-

coherent structure factor S;„',"(Q) is given by the Fourier
transform of the average distribution G, (r, ce ),

g Sjk(S ')k; S"*(Q)=f e'~'G, (r, )dr . (30)

iQ (r& —r~) ~k
Xe

co + I

In the following we consider the reciprocal plane deter-
mined by the (110) and (001) directions, which was also
used in the neutron-scattering study on NbH„described
in Sec. IV. In Fig. 7(a), S';„",(Q) is illustrated for the case,
where the proton performs rapid jumps between three ad-
jacent sites (3T configuration). S';„",(Q) is then the
Fourier transform of the 3T configuration averaged over
all possible orientations in the lattice and shows charac-
teristic oscillations. S,'„",(Q) for other local-diffusion

paths between tetrahedral interstices looks quite similar,
since it has the same interstitial symmetry. It differs
mainly in the form and number of oscillations between
the maxima. Figure 7(b) depicts, by way of example, the

S;,(q, (u)
3

ta

Cf}

(z,o,o) (4,0,0) (6Q,O) (6M)

FIG. 5. (a) Self-correlation function G, (r;, t) (i =1,2, 3,4) for
rapid local diffusion within the 4T configuration (three ine-
quivalent sites relative to the site occupied at time 0). (b) Asso-
ciated incoherent structure factor (superposition of two
Lorentzians and an elastic line). The purely elastic line indi-
cates that no long-ranged diffusion occurs.

FIG. 6. Contributions to the incoherent structure factor as-
sociated with the 4T diffusion in the (100) direction: The solid
line shows the elastic line (I I =0), the dashed line the Lorentzi-
an with I 2=1/v. , and the dotted line the Lorentzian with

I 3= 1/2~. Note that the sum of all three contributions is equal
to 1 independent of Q [sum rule Eq. (28)].
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and those points where the incoherent quasielastic line
was determined (solid circles): In the (001 ) direction we
covered a momentum transfer up to Q,„=(0,0, 4), thus
the whole tetrahedral Brillouin zone, in the (111)direc-
tion up to Q,„=(2,2, 2); by this, one ranges one full

period of the oscillating quantity S;.„',*(Q) [see also Fig.
7(a)]. In the (110) direction the momentum range was
limited by the energy of the incoming neutrons to the
maximum momentum transfer of Q=(3, 3,0). The scans
were performed in the constant-kJ mode with kf =2.662
A ' for small ~Q~ and kf =4.4 A ' for large ~Q~, using
PG(002) and Cu(111) monochromators, respectively, and
a PG(002) analyzer. The three collimators had a diver-
gence of 60 min each.

Figure 10 shows a typical spectrum obtained by a
constant-Q scan at Q=0. 35(1, 1, 1) and T =573 K. The
fitted curve is a Lorentzian convoluted with the instru-
mental resolution (b.E =0.98 meV for kf =2.662 A
bE =3.75 meV for kf =4.4 A '). The deduced in-
tegrated intensity S;„',(Q) was calibrated into an absolute
scale by two different methods: The scans taken with
k =4.4 A ' (large momentum transfer) were calibratedf
by reference to measured phonon intensities. The inten-

0
sities obtained with kf =2.662 A (small momentum
transfer) were extrapolated to Q =0, where
S;„',(Q)=S,'„',*(Q)=1 (i.e., independent of any Debye-
Waller factor); the extrapolated number of counts at

Q =0 was used as the standard of calibration. Both
methods yielded within the experimental error the same
absolute values for S',„',(Q) in the range of tnedium

momentum transfer, where scans were taken with both
k values. In Fig. 11(a) the experimental result forfS" (Q) is shown along the (001) direction in absoluteinc

(dimensionless) units. As a by-product, the fitting yielded
the width I (Q) of S;.„',(Q) versus Q in the [110]and [111]
direction (Fig. 12). Even though the error bars are large,
as our energy resolution was not adjusted to a study of
the linewidth, the observed quasielastic broadening shows
values in the expected energy range and with the periodi-
city characteristic for interstitial long-range diffusion on

x x(e "—()(e ")
)~

.
n

(32)

(uNb )/T=1. 92X10 A /K is the mean-square
thermal displacement per degree kelvin of Nb in the
high-temperature approximation and ( ) the aver-

age over all defect sites rz. The sum g„runs over all
host lattice atoms on sites R„with a static displacement
u~ due to the defect at site rz. b, and b, denote the
coherent-scattering lengths of hydrogen and niobium, re-
spectively, and r~ =R„—r . The distortion scattering

(a) NbH oo~
T =573K

ooo

0
0

I

200

Q (h00)
400

tetrahedral sites. %e considered these widths as a relia-
bility check of our 6tting procedure, which apparently
worked very well.

The raw data shown in Fig. 11(a) have to be corrected
for the defect-induced distortion scattering which is al-

ways present. As discussed in great detail in Ref. 5, the
distortion scattering appears as a coherent elastic back-
ground, which is generally small compared to the strong
incoherent scattering from the proton except near the
Bragg refiections (which is then called Huang diffuse
scattering as discussed in Sec. II). The associated struc-
ture factor is given by

S,„(Q)=( bexp,( —
—,'() (uH ) )

+b, exp( —
2Q (uNb ))
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FICx. 10. Typical quasielastic neutron spectrum as obtained
from NbHo()2 at Q=0.35(1,1, 1) and T=573 K. The fit is a
Lorentzian convoluted with the instrumental energy resolution.

FIG. 11. (a) Raw data of S,„', in absolute units as observed in

the (001) direction at T =573 K (solid symbols, measured with

kf =2.662 A; open symbols, measured with kf =4.4 A ).
The solid line shows the calculated coherent elastic neutron
scattering due to the proton-induced host lattice distortions
(Ref. 5). (b) Corrected data S;„', plotted on a logarithmic scale
vs Q'. The dashed lines indicate two possible straight sections
associated with a Debye-Wailer-like behavior.
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( ~ H ) ( ~ H )lac+ ( u H )band

=(u'„)„,+g(uNb) (33)

was calculated numerically using a two-force Kanzaki
model [the solid line in Fig. 11(a) shows the dimensionless
quantity S,"b(Q)/(b, ) ] and subtracted from the data.
For a more detailed description of this calculation, see
Ref. 5; note here that this data correction is only possible
when the incoherent diffuse scattering is determined very
accurately on an absolute scale. Consider again Fig.
11(a): If, as hitherto assumed, the quasielastic intensity
could be described by a Debye-Wailer factor only, the Q
dependence of S;„',(Q) should be Gaussian

[ —exp( —
Q (uH) )]. Mere inspection by eye already

tells one that this is obviously not the case, since S;„',(Q)
is far too high for large momentum transfer Q. When
ln[S;„',(Q)] is plotted versus Q ("Debye-Wailer factor
plot" ), this shows up in an anomalously steep slope at
small values of Q [Fig. 11(b)], a phenomenon which has
also been observed previously (however, on a much more
limited Q range) and was called the "anomalous Debye-
Waller factor". Apparently, S';„',(Q) is of a more com-
plicated nature; thus, we have to proceed here in a
different way: To account for the vibratory motion of the
interstitial hydrogen as caused by the band and localized
modes, we have to determine the proper Debye-%aller
factor. The mean-square displacement is

(0,0,h) T = 1 23K

ed p.
"

(a)
~ localiz1.0—

~ ~ ~ 0
0 9

0.5—

u
C

(b) (0,0, h) T= 573 K

"localized p.
"

1.0 -~g ~
V

0

0.5—

where (u H )b,„~ and ( u H )„, are the mean-square dis-
placement due to the band modes and localized modes,
respectively. The coupling parameter g is expected to be
slightly greater than 1. Whenever the structure factor
S;„'*,(Q} oscillates in Q (as discussed above), the experi-
mental determination of the Debye-Wailer factor cannot
be performed as indicated in Fig. 11(b). However, quite
generally, the Debye-Wailer factor can be deduced from
the ratio of intensities at Q values which are equivalent in
the relevant reciprocal lattice [in our case the reciprocal
lattice of the tetrahedral sites (see Fig. 7}]. Thus, when
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FIG. 12. Lorentzian half-widths obtained from fits of the
puasielastic spectra (solid symbols, measured with kf =2.662
d —I o —IA; open symbols, measured with kf =4.4 A ) {a) along the
[110] direction and lb) along the [111]direction. The dashed
line indicates the periodicity expected for tetrahedral interstitial
diffusion. The long-ranged diffusion parabola at small Q is
shown.

FIG. 13. Final experimental results for S'„',* (a), {b) in the

[001] direction for two different temperatures T =423 and S73

K, (c) in the [110]direction at T =573 K, and (d) in the [111]
direction at T = 573 K (solid symbols, measured with kf =2.662
o oA; open symbols, measured with kf =4.4 A ). The solid

horizontal line shows the expected behavior for a localized pro-
ton. The dashed curves are guide for the eyes.
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we divide the observed S;„',(Q) by the correct Debye-
Waller factor exp( —Q (u H ) ), the so-obtained quantity
S;„",(Q)=S;„',(Q)/exp( —Q (uH )) must become sym-
metric in the reciprocal interstitial lattice. This argu-
ment holds independently of the applied diffusion model;
the only underlying assumption is that the diffusion can
be described by jumps between tetrahedral sites. It turns
out that the quantity S;.„', (Q) can be rendered symmetric
in all measured directions of Q and at all temperatures
when the coupling parameter g in Eq. (33) is chosen to be

g,„,= 1.35+0.10. This corresponds to ( u H ) =0.031 A
at 573 K, which is a quite reasonable value.

Figures 13(a)—13(d) show S;„',*(Q) for the (001) direc-
tion at two difFerent temperatures and for the (110),and
( 111) directions at 423 K. If there were no other mech-
anisms of motion than long-range diffusion and vibra-
tions, these calibrated intensities should be constant in Q
and equal to 1, in strong contrast with our observation.
Most interestingly, the measured behavior of the "proton
form factor" is very close to the theoretical prediction
from the rapid local-difFusion model [Fig. 7(a}];thus our
conjecture is that the observed deviation of S;„';(Q) from
unity is due to a rapid-diffusion mechanism of the proton
that is significantly faster than the long-range diffusion.
Since we still observe an elastic line (which is, of course,
broadened by the conventional jumping contributing to
the long ranged d-iffusion), we further conclude that this
rapid motion must be limited in space. We observe that
S,'„'; (Q) depends on the direction in reciprocal space (Fig.
13), as well as on the temperature. In the (001) direc-
tion, this feature is very pronounced [Fig 13(b).], while in
the (111)direction the deviation from unity is less pro-
nounced, an observation which may be understood by in-
spection of Fig. 14, which shows S;„';(Q) associated with
the 3T configuration in the three main crystallographic
directions: The incoherent structure factor displays oscil-
lations which are smaller in the (111)direction than in
the other high-symmetry directions. Finally, the ob-
served temperature dependence implies a thermal activa-
tion of the rapid local diffusion.

We conclude from this experimental study that the de-
viation of S,'„', (Q) from the Debye-Wailer factor behavior

3 T configuration

localized proton

CQl .

0
0

FIG. 14. S,„', associated with the 3T configuration for
Q/Qaz in the main three crystallographic directions. Qaz is
(0,0,4) in the [001] direction, (4,4,0) in the [110]direction, and
(2,2,2) in the [111]direction (see also Fig. 9).

implies a non-Gaussian distribution of the proton on a
time scale which is much shorter than 10 ' s (as given
by the long-range diffusion mechanism). The periodicity
measured in the (001) direction indicates a distribution
of the proton involving several tetrahedral interstices.
From the sum rule for incoherent scattering [Eq. (27)]
and the deviation of S;„'*,(Q) from unity, it follows that
there have to be inelastic contributions in the incoherent
spectrum. From the temperature dependence of S;„",(Q),
we follow that the rapid local diffusion must be thermally
activated, an experimental fact which is certainly crucial
in finding the underlying microscopic diffusion mecha-
nism (we come to this later in the final remarks).

V. MEASUREMENT OF THK COHERENT
QUASIELASTIC SCATTERING FROM NbD

The presented theory of diffuse scattering from time-
dependent lattice distortions makes some remarkable pre-
dictions regarding the properties of the coherent diffuse
neutron-scattering cross section. When the local mobility
of the defect is sufficiently high, the noncubic long-ranged
displacement components [which are, to remind the
reader, coupled to the eigenvalues I z &

=O(vi'„)] even-
tually disappear. On the other hand, coherent diffuse
neutron scattering from the cubic long-ranged com-
ponents of host-lattice distortions is predicted to exhibit a
quasielastic width I

&
associated with the long-ranged

difFusion process. (Note again that I i=0 in the absence
of long-ranged diffusion. ) We have subjected this conjec-
ture to a critical experimental test.

We have performed a neutron-scattering study of this
"Huang linewidth" I

&
in a NbDo, single crystal. The

preparation of the Nb single crystal has been similar to
the one described above. In order to assure, however,
that the system always reinained in the a phase (where
the defects are randomly distributed), the D doping of the
Nb single crystal was done this time in situ in a special
furnace which kept the sample temperature always above
the associated phase-transition temperature. The
neutron-scattering experiments have been performed at
T =220'C using the triple-axis neutron spectrometers
IN12 and D10 (ILL, Grenoble). Both experiments pro-
duced essentially the same results; in the following we de-
scribe the D10 experiment. With an incident wave vector
k; =2.665 A ', the PG(004) re6ection for the monochro-
mator and analyzer and 10-min collimators we achieved a
relatively high-energy resolution of hE =0.213 meU at
E=0. We measured the energy distribution of Huang
diffuse neutron scattering around the (200) Bragg
reliection along q=qo(1, 0,0), i.e., in the so-called "radi-
al" direction, which is sensitive to cubic components in
the long-ranged displacement field. Typical examples of
the observed scattering distribution are shown in Fig. 15
for (a) qo =0. 1 and (b) qo =0.3. The deduced intrinsic en-
ergy widths I, of the Huang diffuse scattering increase,
as expected from the above theory, with qo (Fig. 16). The
solid line is theoretical values of I

&
assuming uncorrelat-

ed nearest-neighbor jumps of the defect ("Chudley-Elliott
model"}; the dashed line is predicted from the so called
two-state model introduced by Lottner et al. , which has
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been extended by Dosch, Peisl, and Dorner by including
delocalized 1oca1 lattice distortions. Even though the
large error bars in I'," do not allow one to distinguish
between the models, we can conclude that "cubic"
Huang dift'use scattering exhibits, as predicted in Sec. II,
a linewidth which depends upon qo and ranges an energy2

which is related to the 1ong-ranged diffusion process.
The conclusions drawn from this study also have a sub-

tle, but quite interesting, consequence for the interpreta-
tion of the coherent quasielastic neutron scattering re-
ported by Dosch, Peisl, and Dorner. In Fig. 17 we show
again one of their results, the coherent elastic diffuse
scattering from NbDo o&7 at room temperature as a func-
tion of the momentum transfer Q whose range has been
chosen such that the scattering is most sensitive to the lo-
cal defect neighborhood. Furthermore, the energy reso-
lution of this experiment has been coarsened to bE =3.8
meV in order to assure a reliable integration over the
quasielastic broadening as induced by the mobility of the
defect, which was still assumed at this time to be
governed by a room-temperature jumping frequency
around viz ——10' s '. Scattering-theory then tells you
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FIG. 16. Huang energy width vs qo as observed in the (200)
Brillouin zone. The solid line assumes nearest-neighbor jumps,
and the dashed line follows from the two-state model (see text).

that the mobile proton (or here deuteron) should be con-
sidered localized, in this case, on a tetrahedral site. The
dashed line has been calculated by Dosch, Peisl, and
Dorner for a localized defect within a local distortion
field, which, however, appears extended over three adja-
cent tetrahedral sites [for comparison, we also show the
wrong prediction (dotted line) of the "e,z=0.23" model
mentioned above]. Since we have a strong experimental
evidence now that the local mobility of the defect is
roughly two orders of magnitude higher than assumed
previously, the proper calculation of the coherent scatter-
ing shown in Fig. 17 has to account for a delocalized de-
fect. We thus recalculated this scattering cross section
accordingly and obtained the solid line which indeed
reproduces the observed structure of the diffuse scatter-
ing much better than the previous calculation.
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FIG. 15. Energy distribution of the neutron Huang diffuse

scattering from NbDo, at T=220'C around the (200) Bragg
reflection at q=qo(1, 0,0) for (a) qo=0. 1 and (b) qo=0. 3. The
solid lines are convoluted Lorentzian fits.

FIG. 17. Coherent quasielastic neutron scattering from

NbDp o]7 at room temperature (Ref. 5). The dashed line is the
best fit assuming the defect localized with a distorted region

over three neighboring tetrahedral sites (Ref. 5), and the dotted
line follows from a cubic frozen force dipole moment
(" =0.23*'). The solid line is obtained when the same local
distortions are used which give the dashed line, however, as-

suming in addition that the defect appears delocalized over

three adjacent tetrahedral sites within the energy resolution of
the experiment.
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VI. FINAL REMARKS

At erst sight the proposed local-diffusion mechanism
on a time scale of ~=v&„' —-10 ' —10 ' s may be quite
surprising, or even disturbing. We ourselves have been
reluctant for quite a long time to accept it, since one
would think, e.g., that in the whole body of incoherent
quasielastic-scattering studies one of the linewidths Il 2,
I 3, etc. I associated with the proposed rapid local
diffusion must have been detected somehow. We then an-
alyzed various experimental conditions carefully and ar-
rived at the following conclusion: The energy resolution
in all these studies was (of course) adjusted to the small
width I, of the long-ranged diffusion mechanism (note
that I't is not affected by any local diffusion); consequent-
ly, the expected large widths I 23 (typically some 10
meV) would merely appear as a very broad scattering
background. In an experiment performed with hot neu-
trons at the triple-axis spectrometer IN1 (ILL), we at-
tempted to pick up some inelastic-scattering signals
which could be related to the local rapid-diffusion mecha-
nism. The experiment on a NbH002 single crystal has
been performed with a very coarse energy resolution of
AE =4.7 meV at E =0 at two temperatures T =300 and
580 K. Unfortunately, it turned out that the investigated
energy range E =0-60 meV is so strongly dominated by
inelastic scattering from H-band modes, multiphonon
processes, and, in particular, unidentified spurious diffuse
scattering from the monochromator and analyzer crystals
that a reliable measurement of the expected inelastic sig-
nal was impossible. At this point we should also note
that the actual energy distribution of the local diffusion-
mediated inelastic scattering is very uncertain at the
present stage, since it depends crucially upon the micro-
scopic details of the actual difFusion mechanism, which
are not known. In principle, this rapid local-diffusion
mechanism may be brought about by thermally activated
jumps over a (so far unknown) potential barrier within
the configuration shown in Fig. 4(b) or by a localized tun-
neling process through these (quasi)static potential bar-
riers within the configuration. The associated incoherent
neutron-scattering function exhibits broad Lorentzian
spectra (with widths I z 3 ) in the first case and energeti-
cally discrete excitations in the latter. In the case, how-
ever, where the tunneling frequency is comparable to a
typical phonon frequency, the potential barrier is per-

turbed during the tunneling process by the lattice vibra-
tions. Therefore those tunneling excitation which are in
the energy regime of lattice phonons are expected to be
completely blurred in energy.

Despite these uncertainties concerning the inelastic
channels of the local diffusion, the experimental evidence
for it has become so striking that one is forced to recon-
sider one's old conceptions concerning the diffusion
mechanism of interstitial hydrogen in bcc metals. In this
study, we presented theoretical arguments and additional
experimental evidence that such a dynamics may be
present in NbH„and NbD, at least at elevated tempera-
tures. Many of the long-standing puzzling properties of
interstitial hydrogen in bcc metals that have been in the
literature no longer appear as puzzling in the light of a
rapid local-diffusion mechanism. Some of these argu-
ments are already found in Ref. S. We add here another
phenomenon which even allows an independent estimate
of the local jumping frequency v&*„. Richter and Shapiro
report measurements of the energy width AE&„of the lo-
calized vibrations in NbH082. %'bile AE&« is negligibly
small at T =300 K, where the system is in the ordered P
phase which exhibits long-range order among the proton
and, accordingly, a signi6cantly reduced proton mobility,
unusually large values of hE„, are observed at T =433
K when the system is in the disordered a' phase, which
allows a high mobility of the protons. From the uncer-
tainty relation AE A~=A', we deduce a lifetime of the lo-
cal modes of 6~=3.5X10 ' s, which is surprisingly
close to the time scale which we deduced from the cri-
terion that the noncubic long-ranged displacement com-
ponents disappear.
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