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The diffusion of hydrogen in niobium with interstitial impurities was investigated by high-

resolution neutron spectroscopy for the system NbN&Hy with x =0.4 and 0.7 at. '/0 and y =0.4 and

0.3 at. '/0, respectively. The neutron spectrum at larger scattering vector Q consists of two pprts: a

narrow line centered at energy transfer Ace =0 (width 0.1 —3 p,eV) which is caused by hydrogen

trapped on nitrogen atoms, and a broad component in the spectrum from hydrogen atoms which

diffuse in the more or less undisturbed regions of the lattice. At small Q, the spectral width is

directly related to the self-diffusion constant. The experimental spectra, measured as a function of
temperature and scattering vector, were interpreted by two theoretical models: (i) a two-state
random-walk model (RWM) where the hydrogen alternates between a trapped state and a state of
undisturbed diffusion. The RWM is characterized by the mean escape rate from the trap 1/7'0,

and the capture rate on the traps 1/rt, and (ii) an elastic-continuum model: the' nitrogen-hydrogen

interaction is treated in terms of the elastic strain field produced by the interstitial nitrogen and hy-

drogen atoms, and in terms of a short-range hard-core repulsion. This model uses the elastic

parameters of the niobium and the interstitial nitrogen and hydrogen atoms, The hard-core radius

ro is the only disposable parameter of the model. The RWM should hold as long as 2m/Q is

larger than the linear dimensions of the trapping region. Model (i) yields a very good and con-

sistent description of the measured spectra as a function of the concentration x, the temperature
and the scattering vector. The resulting parameters 7p and 7i have the predicted behavior. In

particular, ~0 is independent of x, and ~i ' is proportional to xD(T) where D is the self-diffusion

constant in pure niobium. The trapping times are about two orders of magnitude larger than the
0

mean rest time in pure niobium. Using a hard-core radius of ro —-2.3 A, model (ii) describes very

well the experimental spectra at small and large Q values.

PACS numbers 66.30.Jt 1977 BF1034

I. INTRODUCTION

Numerous investigations have demonstrated that
the physical properties of hydrogen dissolved in transi-
tion metals are strongly changed by the presence of
small amounts of interstitial impurities, in particular
the hydrogen solubility and its self-diffusion constant.
These observations have an intrinsic physical interest
in view of the thermodynamics and kinetics of the
hydrogen-metal systems.

Observations in this field have shown that intersti-
tial impurities as N, 0, or C tend to increase the hy-
drogen so)ubility' ' and that they reduce the self-
diffusion coeNcient. Furthermore, the residual resis-
tivity per dissolved hydrogen atom is diminished by
the. presence of dissolved nitrogen. ' Finally, oxygen
or nitrogen impurities in the niobium-hydrogen sys-

tern are responsible for additional relaxation maxima
of the internal friction, ' " All these observations can
be naturally explained by the assumption that impuri-
ties act as trapping centers for the dissolved hydrogen.
This means that they cause a lowering of the ground-
state energy of the hydrogen atom in the vicinity of
the interstitial, and, correspondingly, an increase of
the barrier height for the diffusive motion. Obviously,
this enhances the solubility, and, as well, reduces the
diffusive jump rate. Furthermore, trapping implies
the formation of hydrogen-impurity pairs. They are
assumed to scatter the conduction electrons with a

smaller probability than the isolated interstitials. Such
N-H pairs may be also responsible for the relaxation
processes mentioned before.

In the present work we studied the influence of the
trapping process caused by nitrogen impurities on the
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diffusive motion of hydrogen in niobium by in-

coherent scattering of slow neutrons. The aim of the
investigation was an atomistic understanding of the
trapping and its influence on diffusion, and the
development of simple theoretical models for a quan-
titative description of these effects. The system Nb-
N-H was chosen because niobium has a particularly
small incoherent scattering cross section together with
small absorption so that hydrogen scattering is still ob-
servable at relatively small hydrogen concentrations.
Furthermore, large experience exists in view of the
preparation of the samples. The jump rates under
consideration are relatively small (10 —10 " sec ').
The corresponding width of the quasielastic neutron
spectrum is of the order of a few p, eV. Consequently,
these experiments could only be carried out by means
of a high-resolution backscattering spectrometer.

The experiments were performed at relatively small
nitrogen concentrations. Therefore, trapping regions
and undisturbed regions in the host material are
separated, Under such circumstances, relatively sim-

ple arguments can be given to explain what kind of in-

formation can be obtained from the scattering experi-
ment: for small momentum transfer of the neutron
ttQ the scattering process averages over a large volume
in space (of the order of (2m)'/Q'). Therefore, long
sections of the diffusive path of the scattering hydro-
gen are "observed" by the neutron wave packet pro-
pagating through the sample. The path includes
periods of nearly undisturbed diffusion, as well as
periods ~here the hydrogen is trapped. It is,easy to
understand that the width of the quasielastic spectrum-
at small Q is essentially determined by the effective
diffusion coefticient in the nitrogen-doped sample. At
large Q however, the average occurs over a small

space volume and the quasielastic spectrum depends
essentially on a single step of the diffusive motion. In
this case„ information is obtained about the mean
trapping time, and about the fraction of the trapped
hydrogen atoms,

In Sec. II of this paper these considerations are for-
mulated quantitatively. For this purpose, the auto-
correlation furtction G, (r, t) of the diffusing hydrogen
will be calculated. To obtain the scattering spectrum,
two simple models will be developed. (i) The
random w~alk model (RWM), -where the trap is treated
as an isolated "black box" which is surrounded by the
undisturbed host lattice, and which is characterized by
a single trapping time. This model yields simple ana-
lytic expressions for the quasielastic spectrum and for
the effective diffusion constant. (ii) The elastic interac
fioat /nodel which yields a more-detailed description of
the problem. It considers the variety of changed
ground-state energies and jump rates for the hydrogen
atom in the vicinity of the nitrogen impurity. The
long-range interaction is treated by anisotropic elastic
theory, whereas the short-range part is formulated by
a hard-core repulsion.

II. TH KOR Y

The spectral distribution of slow neutrons scattered
on a hydrogen-loaded niobium sample is proportional
to the incoherent scattering law S;„,.(Q, cu) which can
be presented by a Fourier transform of the van Hove
self-correlation function for the motion of the scatter-
ing particle G, ( r, t), namely,

S„,„.(Q, co)=, J d rdt expti(Q r —cut)]G, (r, t)2' 3

where

tee = E() —E) and h'Q = t(ko —k)) (2)

are the energy and momentum transfer during scatter-
ing, respectively. In our experiments the contribution
of coherent scattering from the protons, as well as the
scattering from the host lattice can be practically
neglected. In calculating the function G, (r, t) the os-
cillatory motion of the diffusing hydrogen atom during
the rest time on the interstitial site will be neglected.
The assumption is justified since in our experiments
only the region of small energy transfers will be stu-
died where acoustic and optic excitation do not appear.
Furthermore, it will be assumed that the flight time of
the hydrogen between the interstitial sites is small
compared to the mean rest time. Under these condi-
tions, the time evolution of the self-correlation func-
tion for the diffusive motion of the hydrogen can be
described by a system of rate equations, namely,

Section III describes the neutron scattering experi-
ments and the problems related to the preparation and
characterization of the Nb-N-H samples, Finally, Sec.
IV presents the interpretation of the measured neu-
tron spectra in terms of' the two models. As will be
seen, the interpretation of the experiments by the
random-walk model incorporates the mean trapping
time, the capture rate of the trap, and the effective
self-diffusion coeacient in the nitrogen-doped sample
in a consistent manner. Using only one parameter,
namely, the hard-core radius 1'p, the elastic-interaction
model describes very well the experimental results for
the effective diffusion coefticient, as well as, for the
linewidth at larger Q values. Furthermore, the model
yields more detailed information on the structure of
the trap. %e want to point out that these experiments
could be used to understand the general dynamics of
various trapping mechanisms which strongly influence
the behavior of materials during radiation damage.
Our experiments were the first where the behavior of
interstitial atoms in the presence of traps was observed
in space and time on a microscopic scale. '"
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G~~~()$(f t1lllG~~Fni»G~»)
I

=- $ A „, „G-''(r-)-,
tl

rn denote the translation vectors of the inh interstitial lat-
tice. G-"'(r) is .the probability to find the scattering
proton at a site m an't nd a time t if it was, at a time
I' =0, at a site i. ii. I"" "' is the probability per unit time
that a jump takes place from a site rn to site n;

r.
,-„,

= Qr""' (4)

is the mean rest time of the hydrogen on an intersti-
tial site rn. 6-." fulfills the initial condition

6-"' (0) = 5-„,—, p-, , (5)

el/where p-, is t e eh th rmal occupancy of site i, name y,

pI.
p-, = e '/ $e Ip=-

The sum as o eh t b carried out over all accessi e sites
of the host lattice. E-„ is the ground-state energy o
the h drogen which depends on the site n in the vicin-

f impurity atom. Formally, the rate equationityo an i

3) can be solved and the corresponding scatte
'

g
can be calcu ate .1 d." In general, it consists of a super-
position of Lorentzians whose widths are the eigen-

of the rate equation. Their weights g, arevalues, o
uation and torelated to the eigenvectors of the rate equa i

and the scattering law hasthe occupation numbers p-„and

the general form

lay/~
s;„,.(Q, ~) = $g, Q

For an undisturbed Bravais lattice, all sites n are
equivalent and Eq. (3) yields immediately, "

A(0)/~
A(Q)'+ c0-'

tI '
h A(Q) is the Fourier transform of the jumpw ere

thanmatrix " A--„. For small Q (0 much greater
the jump distance) the half-width is given by

A(Q) =DQ' (9)

Th' lt does not depend on the lattice type. If Qis resu
widthapproaches the zone boundary, the quasielastic wi

is given by n/r where the constant u depends on t e
lattice geometry. n eth following, the self-correlation

G (r r) is calculated approximately or a host
with dilute impurities. In its surrounding, e

dissolved impurity atom modifies the groun -s
er, as well as the saddle point for the diAusive stepcrgy, as we as e
of the hydrogen. Figure 1 shows schem

'
yaticall the po-

tential configuration for a H atom in the vicinity of
the impurity atom. At short distances the electronic
repulsion domina es, wd

'
t s whereas at larger distances t e

elastic interaction comes into p y. dla . The whole dis-
t rbed region around the impuri y git in eneral charac-ur e

s I "'" andterize y ad b a variety of modified jump rates
ground-state energies E-„) will be called a "trap. "

in Sec. I, theIn the rairdo»i-~chalk Inodet mentione
impurity an i s imd t

'
mediate surrounding is treated as a

Potential of Proton

Position of N Atom

0.1 eV

EB=0.1 eV

vicinit of a nitrogen impu
'vic' ' f 't n impurity. E&, the binding energy, is the

roton in the trap (for simp icity, elowest va ue ol f the ground-state energy of the pro
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p(t) =exp( t/7—0) {10)

black box which is characterized by a mean trapping
time Tp of the hydrogen. This implies a description of
the complicated time behavior of the hydrogen in the
"trap" by a simple exponential, namely,

with

r

3 = J dt d r G„&(r,t) exp[i(Q r —cot)]

Tp

1 + I Ct)T(3
(16)

which is the probability of finding the hydrogen in this
trap at a time t if it was already there at an earlier time
t =0. Furthermore, we assume that after escaping the
trap, the hydrogen diffuses as in the undisturbed lat-
tice. Correspondingly, for the probability of finding
the hydrogen in the diffusive state after a time t has
elapsed, one gets

q (t) =exp( t/r—, )

8 = J dt d-'r G, , (r, t) exp[i(Q r —(ot)]

1+[A{Q)+i(u]7,

C =A/ro , D '=8/ri

A simple algebraic transformation leads to a two-

component spectrum, namely,

(17)

where T] is the mean time between the trapping
events, or 1/r~ is the trapping rate. The time
derivatives —p'(t) dt and —tt'(t) dt give the probabilities
that the hydrogen remains in the trapped state until
the time t, and changes from the trapped state into the
diffusing state within the time interval dt, and vice
versa. The hydrogen alternates randomly between
these two kinds of motion. Obviously, the self-
correlation function for the trapped state is

with

S„„(Q, )=R, 2+(1 —R )
Ai/~ Ap/rt

A] +M A2 +6)

(19)

A] 2=
2

(To +T~ +A(Q)

+ [[r) '+ r) '+ A(Q)]' —4A(Q)/r ))
'I'), -

G,„(r,t) =5(r) (12) (20)

neglecting the vibrations. The self-correlation func-
tion for the diffusive state ,G( ttr) is given by the
solution of Eq. (3) for the undisturbed lattice. As-
sume now that a hydrogen starts for t =0 in the
trapped state; then it can reach a certain site r at a
time t, after having changed its state 0, 1, 2, ... , i times.
The probability for such a path will be called Fr(r, t),
and one obtains

t

] — T] TO
Ri = —+ — A(Q)

2 2 T] + T(3

x', [r '+r, A(Q)]' —4A(Q)/7, ) '".

(21)

G,r{r,t) = X Fr(r, t)
L-p

(13)
1:0

G, (r, t) = '
G (r t)+ '

G (r, t)
7p+7i Tp+Tt

(14)

The particle can also start in the "free" state, and
corresponding functions F~(r, t) and G~(r, t) are
defined. The total self-correlation function G, (r, t) is
then the thermal average of these two components,
namely,

O

t3t
C

1
Xp

Pl

05 0
U

CL
V)

The functions F;"and F; can be obtained by a pro-
cedure applied for the calculation of the scattering law
for oscillatory diffusion. '" After Fourier transforma-
tion of the functions F;, the summation in Eq. (13)
can t carried out. Using the notation of Singwi and
Sjolander'~ one obtains

Tp 3 +BC T] B+AD
To+Ti 1 CD To+ri 1 CD

(15)

Kt tp
DQ

FIG. 2. Linewidth of the two components A] and A2 (solid

line, double logarithmic scale) and their spectral weights

(dashed line) in the scattering law of the random-walk

model, calculated for the first Brillouin zone of a simple cubic

lattice. Dashed-dotted line: linewidth A(Q) in the undis-

turbed lattice.
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To illustrate the typical features of the scattering
law, Fig. 2 represents the behavior of its two com-
ponents, namely their widths A~ 2 and weights Ri 2,
as a function of Q for a simple cubic lattice. The
quantities have been calculated for a (1,1,1).direction
and scaled by the jump rate. 1/r of the undisturbed
lattice, chosing ro/r =6 and 7 ~/r =12 as an exampie.

For small Q the scattering intensity is determined by

an average over a long section -of the diA'usive path,
and according to Eq. (19) it is dominated by a
Lorentzian-shapt'". d quasielastic tine. Its width is deter-
rnined by the erat'ective diA'usion coefticient in the host
lattice with impurities,

7( O' = D;irQ
To+ T]

I

with the eA'ective difTusion coeScient

(22)

T)
D„,ti =D

70+ ~l
(23)

A small admixture of another Lorentzian appears,
with a width A~ = 70 ' + 7

~
and a weight R

~
which is

proportional to Q . On the other hand, for Q ap-

proaching the zone boundary„ the spectrum is essen-
tially related to the single diAusive steps. Equation
(19) leads to two Lorentzians, a narrow one whose
width is given by the escape rate I/r, &, and a broad
one whose width is essentially determined by the jump
rate in the undisturbed lattice. The weight of the IM~-

i.o~~ component is proportional to the thermal occupa-
tion of the traps. Deviations from the asymptotic Q'
dependence according to Eq. (22) appear as soon as
DQ' is comparable with I/ra or I/ri. In this region,
the Lorentzian with the width A~ comes into play.

' We
point out, that the jump-diA'usion model used for the
derivation of the scattering law applies for a Bravais
lattice. Actually, H in Nb occupies six sublattices.
For the region of small Q where our "black box" ap-

proximation is being used, the detailed sublattice
structure does not come into play.

It should be noted that Eq. (23) is consistent with

the simple reaction theory for diA'using particles~'

which leads to

D,rr
= D/(I +4irc, R,D ro)

where c, is the trap concentration and R, is the cap-
ture radius of the trap. Using the relation for the
trapping rate of a totally absorbing trap'"

I/r, =47r R, Dc, (25)

Eq (24) leads immediately to our result Eq. (23). The
quantity 7

~
can also be related to the mean-square dis-

tance between two trapping events, namely,

(s') =6D71

The results of the two-state random-walk model, Eqs.
(19)—(21) agree formally with the average T-matrix

approximation. '" Thus our procedure is justified by the
theory of random defects. In addition, the ATA cal-

culations relate the model parameters ro and r~ to mi-

croscopic quantities of the dilfusion process and the
trap concentration. '

In the elasticir~tetacttort &nodel a spectI&tIn of trapping
times is introduced, in contrast to the RWM with one
mean rest time only. This is achieved by the explicit
introduction of an interaction potential between the
impurity and a dissolved hydrogen. This potential is

formulated in terms of two contributions: the short-
range electronic force is approximated by a hard-core
repulsion of radius r(~. For larger distances r, the in-

teraction is attributed to an elastic strain field in a con-
tinuum approximation, $uch a description has been
successfully applied in many instances. (e.g. , Refs.
18—20). This elastic interaction potential can be at-
tractive or repulsive, depending on the position of the
hydrogen atom relative to the impurity site, and it is

zero in the orientational average. This potential can
be written as

l

V(r) = —(I/r ') [A "AN/', -( Cl ) +3 "QN/', ( f) )], (27)

for I. & r(). 3" and 3 are the diagonal components
of the double force tensor which are related to the in-

teraction strength. of the dissolved hydrogen or nitro-

gen atom with the host lattice. The first term in Eq.
(27) is related to the anisotropy of the host lattice.
The second term is caused by the anisotropy of the
double force tensor of the N atom which is described
by the quantity Q . The orientation-dependent func-
tions f ~

and f &, together with the numerical values to
be used in Eq. (27), are quoted in the Appendix'. The
hard-core radius will be used as the only disposable
parameter of the mode1.

With this potential-the change of the binding energy
for the proton and of the activation energy for
diA'usive jumps will be calculated under the following
assumption: the interaction between the nitrogen im-

purity and the hydrogen aAects only the ground-state
energy of' the dissolved hydrogen,

'
' t Itot the saddle

point of the potential between the interstitial sites.
Therefore, the lowering of the groundstate is equal to
the increase of the activation energy for diA'usive

jumps. This implies that the jump probability is the
same for all directions and there is no di/fi(sive drift

around the impurity. Evidence of the validity of this

assumption will be given at the end of Sec. IV,
Dug to the elastic interaction between the H and N

atoms, the ground-state energy. of a large number of
interstitial H sites around the impurity is affected,
Therefore; for the spectrum of relaxation rates in the
trapping region, a continuous distribution of H sites
was supposed to be a good approximtion. A more de-
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where v is the mean rest time in the undisturbed lat-
tice. Correspondingly, the thermal population is given
by

p(r) =exp[—P V(r)] /&td'r exp[ PV(—r)]

(29)

For diftusion without drift the self-diA'usion constant
in the impurity-doped lattice cab be calculated ' yield-
ing

D, ,r = / '/6r- (30)

~here l is the jump distance. The average rest time is
given by

Y. —r J d'r exp[ —PV(r)] J d'r- (31)

In Sec. IV the Eqs. (30) and (31) will be applied to in-

terpret the experiments at smaII scattering vectors g.
For larger Q, Eq. (3) had to be solved for the
impurity-doped lattice, which is an extremely compli-
cated task, and no simple approximation is possible.
However, for Q near the zone bo'undary, the scatter-
ing law may be approximated by a superposition of
Lorentzians whose widths and weights are given by

.the lifetime and thermal population of the different
sites in the disturbed host lattice. This approximation
was found to be very good in the case of the RMW
[see Eqs. (20) and (21)]. For a distribution of trap-
ping times, our assumption should hold as long as
there is no drift of the hydrogen near the trap. With
this approximation, the scattering law for g near the
zone boundary reflects the spectrum of relaxation
rates 1/r(r) It is give. n by

7r ~rr
S;„,.(g, co) = Jtd'r p(r) Jtd'r p(r)

7(r) '+~'
(32)

For such a scattering law, consisting of many
Lorentzians with a wide spectrum of widths, the ob-.

seiied spectrum depends strongly on the resolution of
the spectrometer. This aspect has been discussed in
detail by Kehr et al. ,

"- where in particular the
influence of resolution on the apparent activation en-
ergy of the line-width has been studied. ("Apparent
activation energy" of a quantity I means the slope of
lnl vs I/7'in a given temperature range. )

tailed formulation ~ould make no sense since it is not
clear whether, in the neighborhood of the impurity,
the hydrogen still occupies tetrahedral gites. For a
distance r'between nitrogen and hydrogen, the mean
rest time is then given by

r(r) =rexp[ —PV(r)]

III. EXPERIMENT

A. Sample

The quasielastic neutron scattering experiments
were performed on two different samples I and II hav-

ing different N and H concentrations. Each sample
consisted of a bundle of 2SO niobium wires (1.6
mm diam, 30-mm long). In addition, two identical
NbN, . samples without hydrogen were prepared, in

order to subtr'act the scattering from the host lattice,
and the scattering on the N atoms with their strain
fields.

The samples were prepared in four steps: (i)
purification of the starting material: 1l2-in. 99.99%
pure Nb rods, from which 1.5-mm wires were pro-
duced. Annealing of the lattice defects; (ii) nitrogen
doping; (iii) quenching of the nitrogen-doped sample;
and (iv) hydrogen loading. The wires were decar-
borated by dc heating in an oxygen atmosphere of
3 & 10 6 Torr during 1 h. Thereafter the wires were de-
gassed at 2300'C and a pressure below 10 '" Torr for
3 h, yielding residual resistivity ratios of about 2000.
Inspection by electron microscope of similarly treated
samples yielded dislocation densities below 10' cm '."

Sieverts law relates the equilibrium concentration of
the dissolved nitrogen at a given temperature to the
partial nitrogen pressure. The Sieverts coeNcients for
the NbH system are known" yielding the order of

. magnitude for temperature and pressure to be chosen
during N doping. In order to control the nitrogen
concentration by residual resistivity measurements,
additional experiments on nitrogen doping at different
pressures were performed. The nitrogen content was
determined by weighing. The resulting value for the
specific residual resistivity was 4.0 /p, II cm/(at. "/0 N)
in good agreement to earlier measurements. " The
doping was carried out at 1.720'C (sample I) and
1.800'C (sample II) during 2.Sh in an atmosphere of
10 -'-Torr N. Altogether 35 m of Nb wire were doped.
By switching oft the current, quenching down to about
500'C occurred within 20 sec. Essentially, our condi-
tions of preparation were comparable with those ap-
plied by Gebhardt et a/. -" For sample I the N concen-
trations varied between 0.62 and 0.81 at. %, and for
sample II between 0.27% and 0.46%. From this ma-
terial the wires closest to the nominal N-concentration
c&: were chosen for subsequent hydrogen loading.

Also the hydrogen loading was carried out from the
gas phase and all ~ires were loaded simultaneously.
(Electrolytic loading failed because it was impossible
to control the hydrogen concentration during charg-
ing. ) To be sure that there was no serious I'ormation
of nitrogen precipitates, the behavior of the nitrogen-
doped wire after annealing at 500'C during times
between 0.5 and 2 h, was studied by different investi-
gations. (a) Electric measurements showed that the
residual resistivity of the wires did not change during
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the first hour of annealing. Thereafter, only a small
decrease was found. This result agrees with observa-
tion of Gebhardt er al. " on NbN, foils. (b) N-doped
Nb foils were investigated by electron microscope be-
fore and after annealing at 500 C during 1 h. No in-

dication of NbH, precipitations or formation of subni-
trides (superstructure reflections) were seen. This is

consistent with observations of Schober-" which have
shown that subnitride precipitates first appear for ni-
trogen concentrations higher than 1 at. %, and with
results of Jung" on TaN, &0]& which yielded a drastic
reduction of the residual resistivity after precipitation
of TaN, subnitrides. Summarizing these results and
also including other investigations, ' "a larger
amount of precipitation of subnitrides after annealing
can be excluded. (c) The electric resistivity measure-
ments might have missed small and coherent N clus-
ters. Such clusters can be observed by a reduction of
the Snoek relaxation strength. After annealing for 1

h, a decrease of the Snoek relaxation strength of
about 20% was found. This means that the annealing
may be responsible for the growth of clusters contain-
ing not more than 20% of the N atoms. Consequent-
ly, by hydrogen doping only during 20 min. at 500 C,
a much smaller eAect is to be expected.

After hydrogen loading the hydrogen concentration
was controlled by outgassing eight representative wires
from each sample, yielding H concentrations of 0.391
at. % ~ C, ~

~0.397 at. % (I) and 0.28 at.%
~ C~, ~0.34 at.% (II). The final composition of the

samples used in the scattering experiment was: Sample
I: c =0 395 +0.004 at. %, c =0.70 +0.04 at. %'

sample II: i [[=0.31 +0.03 at. %, and c N =0.37+0.03
at. %. The reference samples had a nitrogen concen-
tration of (I) cN = 0.7 at. % and (II) FN = 0.37 at. %,
respectively. In order to reduce the incoherent back-
ground, both the heat shield of the cryostat and the
sample holder were made of niobium.
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FIG. 3. Experimental spectra after background correction obtained f'or sample II at T =227 K. Solid line: result of the

fitting procedure with the random-walk model ~
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B.' Measurements and results t tpev]

The measurements were carried out with the back-
scattering spectrometer IN10, at the Grenoble
high-Aux reactor. On sample I, spectra at six different
and equidistant Q values were investigated between

0
0.15 and 1.9 A ' at each temperature. The rneasure-
ments on sample II were mainly restricted to

0
0.1 «Q «0.3 A ' in order to check the small-Q
behavior of the random-walk model. The energy
range covered by the measurement ("energy window")
was +5.3 p,eV in both cases. The instrumental resolu-
tion was obtained from a measurement at 80 K. At
this temperature the spectra are practically elastic, and

'
the total scattering intensity-/0 falls entirely within the
energy window of the spectrometer. This measure-
ment was also used for the normalization of the inten-
sities at high temperatures. The instrumental back-
ground was determined simultaneously with the
scattering intensity from the reference samples.

The quasielastic spectra were measured at eight
temperatures between 180 and 373 K (sample I), and
at five temperatures between 198 and 303 K (sample
II) (see Fig. 3). After background subtraction the
spectra were fitted with Lorentzians convoluted with
the experimental resolution curve. The intensity in

units of lo and the line width were the fit parameters.
Figure 4 presents the Q dependence of the quasielastic
width for sample I at different temperatures, together
with the corresponding curve for hydrogen at low con-
centration in pure niobium. In contrast to the validity

K

K

(Q.1,1)2 (Q15)2 (Qig) 2 (Q 23)2 (Q 3)2

Q2 (A-2)

FIG. 5. Linewidth I of the quasielastic spectra me &sured

on sample II as a function of the scattering vector Q and the

temperature. Solid lines: guide lines for the eye.

r (qev)

10-
T=300 K

& pureNb

Cg=07 ot. %

0
of' the Q' law in pure niobium up to Q =1 A ', in the
doped sample deviations occur already for. the smal-
lest Q values under consideration. In particular, this
can be seen for sample II in Fig. 5. Comparing pure
niobium and sample I, the width at large Q (1.9 A ')
differs by two orders of magnitude at 300 K.

10- Qe-

10'
0.022 0.1 a' Ik'] 1.0

T=300 K

T=266 K

T=237 K

T=196 K

I

4.0

o

Q2-

=O.1S k',
O.3 k',
o.s6A,

'

o.9 A',
1.2 A'
1.9 A'

jI.IG. 4. Width I of the quasielastic neutron spectruni as,&

function of scattering vector Q and temperature T. Dashed
line: H in pure niobium as extrapolated from data of'Schau-
mann e( al. (Ref. 29).

Qi
3.0

I

3.5
I

4.0
1000/T

I

4.5
I

5.0
I

5.5

FIG. 6. Intensity of the observed quasielastic line, l at

various Q values, in units of the total scattering intensity Io.
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Figure 6 shows the temperature dependence of the
quasielastic intensity 1(T) as obtained from the in-

tegration of 5;„,, over the energy window +5.3 p, eV, in

units of the total intensity lo. For small 0, nearly the
fu11 intensity is concentrated in the energy window.
(The change of the total quasielastic intensity due to
the Debye-%'aller factor, .was estimated to be less than

(.5%.) However, at larger 0, only a fraction of the
intensity appears in the integration window. The ratio
I/I& decreases as the temperature increases. This
behavior is due to the reduction of the fraction of
trapped protons, and the intensity loss represents the
increasing fraction of the freely diffusing protons.

Figure 7 shows an Arrhenius plot of the width at

D eff

3.0

~o'o - l, sBc

3.0 1AAQ
T

FIG. 7. Self'-diffusion coeScient D„,~~
(from the quasielastic linewidth at the smallest measured 0 value) and width of' the spec-

trum at large 0 for both nitrogen concentrations, as a function of temperature.
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larger Q, and the quantity D,, » =1/Q' for small Q
[Eqs. (9) and (23)]. The width at large Q can be
described by a single activation energy in the whole
temperature region. This holds as well for the
diflusion coefticient D,,q, in contrast to pure niobi-
um"'" where the apparent activation energy changes
near 250 K. The activation energy of the width at

Q =1.9 A ' is 118 +12 meV. At first sight this value
is unexpectedly small in view of the sum of binding
and activation energy in pure niobium (about 180
meV). This point will be discussed in Sec. 1V.

I

10
tsec-1]

10

10'

IV. DISCUSSION

A. Random-walk model

108

Ch) =0.007

For small Q, the observed Q dependence of the line
width (see Figs. 4 and 5) agrees qualitatively with the
behavior predicted by the RWM (Fig. 2): for Q
between 0.15 and 0.2 A, the line width vs Q' al-

ready bends and approaches much smaller values than
those obtained for H in the pure host lattice (dashed
curve).

On the other hand, the experimental width in Fig. 4
passes through a maximum at about 1 A, whereas
the calculated width increases monotonically. This
discrepancy is presumably caused by the internal
structure of the trap which is not taken into account in

the RWM, and which comes into play as soon as
2vr/Q is comparable with the dimension of the trap.
Therefore, in our comparison with theory, only the

0
experimental spectra for Q +0.9 A ' were taken into
account,

For sample I, four spectra were considered, and six
spectra for sample II. At each temperature, the
resolution-broadened spectra were calculated according
to Eq. (19). They were simultaneously fitted for all Q
values, using 7O and v) as the only disposable parame-
ters. The intensity was calibrated by the 80 K experi-
ment. O vs T for pure niobium was taken from
Gorski eft'ect measurements" and from quasielastic
scattering experiments, '0 The solid curves in Fig. 3
present the resolution broadened theoretical spectra
according to this fitting procedure. Figure 8 shows the
rates v0

' and 7] in an Arrhenius representation
which can be written as

r, &

' ——2.6 x 10"exp[ —166(me V)/k» T) (sec ')

(33)

for both N concentrations,

r
&

=6.1 x 1 0 exp [ 93 (&7&e V) /ka T] (sec ), (34)

for c& =0.7at %, an't

7&
' =3.6 x10'"exp[ 94(&neV)/I aT) (sec—'), (35.)

for (g =0.4 at. %.

I

3.5
I

4.0
] I ]

1000 -1
[ ]

FIG. 8. Escape rate 1/70 and trapping rate 1/7) as a func-

tion of temperature for both nitrogen concentrations, For
1/T0, triangles correspond to i'& =0.007, crosses to

v =0.0

All fitting parameters are summarized in Table I.
The results demonstrate that the random-walk model
allows an accurate and consistent description of the
experimental results. In particular the following
features should be noted.

(i) The escape rate 1/ro does not depend on the ni-

trogen concentration, as expected since 70 is a proper-
ty of the single trap.

(ii) According to the random walk model, the ac-
tivation energy for 1/r~& should be the sum of the
binding energy and the activation energy for diA'usion

in pure niobium. Consequently, the ratio r/r» should
reveal an activation energy which is equal to the bind-
ing energy. Taking ~ from the experimental values of
D vs T for pure niobium, ' an activation energy for
r/To of 90 meV is obtained. This agrees quite well
with the results of internal friction experiments. '

(iii) From Eq. (25) the activation energy of r&

should agree with the activation energy of the self-
ditfusion constant D. However, the resulting values,
according to Eqs. (34) and (35), are higher than the
apparent activation energy for D in the temperature
region under consideration (approximately 76 meV).
The discrepancy can be explained by the assumption
that the nitrogen impurities are saturated as soon as
they have trapped a single hydrogen (see also Refs. 5

and 31 ). Under these circumstances, the eA'ective

trap concentration cq" is smaller than cN, and. de-
creases with decreasing temperature. The intensity of
the narrow quasielastic line for large Q, namely, l(T),
yields the fraction of the trapped hydrogen atoms.
Consequently,
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TABLE I. Results from fitting the data with the random-walk model for both nitrogen concentrations.

0.4

Cg (at. /0)

0.7

1—(sec ')
T()

—(sec )
1

~l
(sec 1 ) tt1

j

196
198 x

217
227 x

236
250 x

266

269 x

283
303 x

"The values for

1.6 x 10"

1.5 x 108

3.5 x 108

5.2 x 10"

6.4 x 10"

1.1 x 10
1.9 x 10'
1.9 x 10

3.1 x 109

4.4 x 10

x 2.5 x 10"

1.4 x 10"
x 4.6 x 10"

3.0 x 10"
x 5.8 x 10"

4.4 x 1P"

x 1.2 x 10
6.1 x 10~

x 1.3 x 10
1.2 x 10"

I/r are taken from measurements on pure NbH (Refs. 29 and 30).

7. 1 x 10'"
7.4 x 10'"
1.1 x lp'[

1.2 x 10' '

1.4 x 10''

1,7 x ]P"
2.2 x 10''
2.3 x 10']

2.9 x 10']

23.8 x 10' ]

440
490
310
230
220
160
120

120
94
86

0.39
0.52

0.43
0;63
0.52

0.71

0.61

0.76

0.70

0.79

cN cN [I(T)/10] cH (36)

This yields a renormalized trapping rate ~] =7]
(cN/cN ). The apparent activation energy for this
quantity, 81 meV for sample I, and 79 meV for sam-
ple II, agrees very well with the corresponding value
of the activation energy for D in pure niobium.

(iv) Also the ratio of the capture rates

temperature, and rather close to the mean distance
between the dissolved nitrogen atoms, namely, 14 A

(sample I) and 17 A (sample Il). On the other hand,
s obtained from v] increases if the temperature de-
creases (see Table II).

Using the values for 70 and ~] of Table I and 0 vs T
from pure niobium, '" '" Eq. (23) yields the effective
self-diA'usion coefticient, namely,

—] —l)c =0 7't/(ri )c =0.4&., =1.8 +0.2
N N

(37) D a=3.9 & 10 'exp[ —110( emV)/k„T) (cm'/sec),

agrees very well with the ratio of the concentration
1.9 +0.2, as predicted by the model [Eq. (25)].

The phenomenological parameter v.
] or ~] can be

easily correlated with the atomistic properties of the
sample. 7] leads to the eft'ective trapping radius Rl
(see Table II). For an anisotropic potential one gets
uV(R, ) = ks T, where u follows from detailed theory"
(u ~1). Using the continuum approximation for the
hydrogen-nitrogen interaction (see Appendix) and typ-
ical values ot RI in the (1,0,0) direction one obtains
V(Rr) =30 meV, which should be compared with

kg T =17—24 meV pertinent to our experiments.
Furthermore, Eq. (26) yields the renormalized mean
distance between the trapping events s obtained from

As expected, s is practically independent of the

for cq =0.7 at. % and

D,, ~r
= 3.1 && 10 ' exp [—101(meV) /ka T] (cm'/sec),

(39)

for cN =0,4 at. %. These values are consistent with
the quasielastic width at small Q.

B. Elastic interaction model

Figures 9 and 10 compare the experimental points
with the results of the elastic interaction model. The
elastic parameters were taken as quoted in the Appen-

TABLE II. Trapping radius R&-, mean-free diffusive path s, and renormalized mean f'ree path s, for boih nitrogen concentrations.

CN =0.4 at, %

Z, (A) s (A) s (A)
C~ =0.7 at. %

R, (A) s (A)

198
227

250
269
303

5.6
5.9
5.8
5.2
5.9

26.4
23.4
22.8
22.6
20.6

20.3
19.8
19.9
21.0
19.9

196
217
236
266
283

4.8
5.2
4.8
6. 1

4.8

19.3
18.0
18.2
15.4

'l7 2

15.9
15.3
15.8
16.2
15.9
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FIG. 9. Results of the elastic interaction model f'or diferent hard-core radii ~0, concerning the eA'ective diftusion coefficient, D,ff,

and the line width at large g values, compared to the experimental values: (a) sample I; (b) sample II.
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this can be easily interpreted by the fact, that the de-
crease of the diA'usion barrier in the undisturbed lat-
tice is more or less compensated by the increasing
eSciency of the traps. Accidentally, in our case the
concave curvature of lnD vs I/T is completely
suppressed, and the curve behaves as if there were
only a single activation energy. In general, for larger
impurity concentration, or for impurities with higher
binding energies, we expect a co»»ex curvature of lnD
vs I/T Indicat. ions I'or such a behavior were found by

Canteili et al. '" on highly impure Nb samples.
The observed small apparent activation energy for

the measured width I' at large Q is properly described
by the elastic interaction model. Following Kehr
et al. ,

"a small apparent activation energy results
from a potential near the impurity, where the
ground-state energies are afI'ected, whereas the
inAuence on the saddle point is small. As has been
pointed out already, this implies that the d! ift motion
does not play an important role. The experimental
results justify this assumption which was made for our
elastic interaction model. Recent computer simula-
t!ons of the H diftus!on in N-doped Nb" strongly sup-
port this point of view, where the influence of
diAerent potential structures with and without drift
motion ov. ihe temperature dependence of the ap-
parent line width has been studied. Only in the case,
where the drift motion does not play an important
role, a small activation energy at large Q appears. A
model with isotropic elastic interaction' is not able to
interpret the experimental data at large Q. In addi-

tion, this model needs a second disposable parameter. ,

4.0 4.5 5.0
1000

T

5.5

V. RESUME
I.IG. 10. Intensity of the observed quasielastic line for

large 0 values in comparison to the results of the elastic in-

teraction model for diA'erent hard core radii: (a) san&pie I;

(b) sample II.

dix. Obviously, good agreement is obtained f'or the
width of the observed quasielastic line I' at large Q,
for the self-diA'usion coeScient, D„,t!, and f'or the rela-
tive intensity I/1, ~ as a I'unction of temperature. The
only disposable parameter of the model, namely the
hard-core radius r(), was found to be in the order of

0
2.3 A. !t is noteworthy that this value coincides with

the distance between the occupied tetrahedral sites in

P-NbH, .

In addition to the general agreement between theory
and experiment, the following aspects deserve special
attention. For pure NbH„ the slope of lnD vs I/Tde- .

creases if the temperature passes below 250 K.' '
For the doped sample, this change of the apparent ac-
tivation energy disappears. This behavior was also ob-
served by other authors. " '" From our calculations,

Incoherent quasielastic neutron scattering on hydro-
gen in niobium doped with nitrogen impurities yields
information on the behavior of hydrogen diffusion in

the presence of' trapping centers, The following
results have been obtained.

(i) For small scattering vectors Q, the quasielastic
width gives the effective self-diftusion coeScient D„'.!!
for hydrogen in the doped Nb sample. D„,!& is consid-
erably smaller than the self-diftusion coeScient D in

pure Nb. The measured value agrees with Gorski
eA'ect measurements.

(ii) At large Q, the spectrum reveals a quasielastic
line whose width is about two orders of magnitude
smaller than the width for diA'usion in pure Nb. The
line intensity decreases with increasing temperature.
This narrow line can be attributed to H atoms in a

trapped state near the N impurities.
(iii) The width, shape and intensity of the spectrum

as a function of scattering vector Q (Q ( I A ), tem-
perature, and nitrogen concentration e& was interpret-
ed in terms of a random-walk model. It characterizes
the diffusion by two model parameters, namely, I/rg,
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the mean escape rate of the hydrogen out of the trap,
and I/r, , the mean trapping rate. The activation ener-

gy of I/ro, about 166 meV, agrees with the results of
other measurements. " ' According to the theory, the
activation energy for I/r~ should agree with the ac-
tivation energy for the hydrogen self-diA'usion con-
stant D in pure Nb. This agreement was obtained
after applying a small correction with regard to the sa-
turation of the traps. Also, the dependence of I/r~ on
c& agrees very well with the predictions of the theory.

(iv) An atomistic model for the diffusive process
was applied describing the H-N interaction in terms of
the elastic strain field produced by the dissolved N, in

addition to a hard-core repulsion acting at small dis-
tances. This model also gives a very good and con-
sistent description Of the spectra over the whole tem-
perature region, for small Q and for Q near the zone
boundary, at both c&. In these calculations, the
known elastic parameters of the Nb lattice, and the
double force tensor of the dissolved N and H atoms
were used. Two ad hoc assumptions were made to
achieve this consistency, namely, a hard-core radius of

0
ro = 2, 3 A (which corresponds to the H-H distance in

P-NbH), and the assumption that no drift of the
diA'using H atoms occurs in the vicinity of the N atom.

0
(v) For Q = 1 A ' the measured quasielastic width

vs Q' shows a maximum which is not reproduced by
the random-walk model. It is assumed that this is
caused by the detailed atomistic structure of the trap-

ping region which is not taken into account in the
theory.

(iv) Tne apparent activation energy for the
hydrogen-diA'usion coeScient in pure Nb undergoes a

change near 250 K which disappears if impurity atoms
are added. This behavior can be understood in terms
of the elastic interaction model, as a more or less ac-
cidental compensation of the decreasing slope of InD
vs 1/T by an increasing efficiency of the traps.
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APPENDIX

Equation (27) describes the elastic interaction po-
tential between the hydrogen and the nitrogen atom in
niobium in first order of lattice anisotropy
d =eii —ci2 —2c44, where c„are the elastic moduli of .

niobium. The functions /I ( fl) and f&( II ) depend
on the orientation of the N-H distance vector. They
are given by

f (( 0) =(15'd/8mc)) )e '

f2( II) = (15/8mcii)e

(A I)

(A2)

e'"' =0.6 —icos'n, (A4)

e "=
—,', (1 —3 cos'u'-') + (d/c„) e"' (AS)

n; are the angles with respect to the cubic axes of the
distance vector r between the nitrogen and the hydro-
gen. e"' is a complicated function of the o. , and is
given explicitly in Ref. 21. Using A" =3.8 eV (the
double force tensor of H in Nb is isotropic within the
experimental error'"), A' =4.3 eV, QN =8.9 eV, '" and
the elastic moduli of Nb, "the potential was found to
be

V(r) = —
1 7e' '/r —14 le /r (eV) (A6)

(r in A). It should be noticed that Eq. (A6) yields at-
trac?ive and repulsive regions.

c„are the average elastic moduli, namely,

1 - — - 1

C12 C12 +
S

d; C44 = C44 +
8 d' ~ 1 1

1 12 + 2C44

(A3)
(1)e'"'( 0 ) and e ( 0 ) determine the angular depen-

dence of the potential, For a nitrogen atom situated
on an octahedral site (0,0, —)" they are given by"
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