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INTRODUCTION

The behavior of hydrogen in metals is a subject of intense
current interest (1,2,3) both for scientific as well as techno-
logical reasons. Recently, a number of practical applications
like hydrogen storage in the form of metal hydrides or hydrogen
as a working fluid in refrigeration devices have been consid-
ered. In particular, the properties of trif.ium in the construc-
tion materials as well as in the lithium blanket of future fu-
sion reactors are investigated currently. This lecture
restricts itself to the fundamental aspects of the metal-
hydrogen systems. Here the large number of anomalous properties
are the reason for continuous scientific effort. For instance,
the time scale of hydrogen motion is extremely short. The
characteristic frequencies of the localized modes of hydrogen in
Ta, Nb, or V are in the order of 1 0 " ^ sec (energies between
0.1...0.2 eV); tije jump frequencies for H-diffusion at elevated
temperatures in those systems are between lO**2 to 1 0 * ^ sec""*.
They are comparable with the correlation times for diffusion in
liquids and more than ten orders of magnitude larger than e.g.
the jump times for nitrogen in Nb. Out of the large number of
experimental data this paper will survey only some recent re-
sults on representative fee and bec metals for dilute H solu-
tions. The first part of this lecture deals with the nature of
the elementary step in H-diffusion. Here the temperature and
isotope dependence of the H-diffusion coefficient gives hints to
the mechanism involved. The experimental results are discussed
in terms of semiclassical and quantum mechanical diffusion
theories.

Hiii report was prepared as an account of work
sponsored by the United Stales Government. Neither the
United States not the United States Department of
Energy, noi any of their employees, nor any of their
contractors, subcontractors, ot their employees, nukes
any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product oi
process disclosed, oi represents that its use would not
infringe privately owned rights.
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Quasielastic neutron scattering reveals microscopic details
of both the time and space development of the diffusive process
on an atomic scale. After outlining the method on the example
PdHx in the second part of thi3 lecture, new results on the jump
geometry in bcc metals with special emphasis on the anomalous
behavior at higher temperatures, where correlated jump processes
are important, are presented. An examination of the Debye-
Wailer-factor shows a point-like localized proton at all tempera-
tures. In part 3 we deal with the problem of H-vibrations in
bcc metals and their possible conjunction to the fast diffusion
mechanism. In particular, the dispersive step in the TA acous-
tic branch in NbHg^jj (4) and the recently discovered energeti-
cally low flat phonon modes in NbDg 35 (5) will be discussed
(6).

The influence of substitutional and interstitial impurities
on the hydrogen diffusion properties is treated in part 4 of
this lecture. The trapping capability of point defects has been
concluded firstly from increasing H-solubility with increasing
amounts of impurities. Resistivity, internal friction and
Gorsky-effect experiments reveal further evidence for the
trapping process. Again, quasielastic neutron scattering gives
insight into the microscopic details of the diffusion process in
the presence of trapping impurities. Results on NbH^ doped with
nitrogen impurities are interpreted in terms of a two-state
model which includes multiple trapping and detrapping processes
(7). In a second step the data are compared with numerical cal-
culations using a realistic potential. The effect of
substitutional impurities is demonstrated in the example of vana-
dium impurities in Nb. NMR and preliminary neutron results are
presented.

Finally, the dynamical behavior of the hydrogen in the
trapped state is surveyed. Internal friction experiments on H
trapped on O-impurities at low temperatures seem to be in accord-
ance with predictions of the tunneling hopping theory (8).
Specific heat experiments on NbNxHy-systems show a Schottky-type
anomaly at about 1 K with a strong isotope effect (9). These re-
sults are explained in terms of tunneling states of the proton
in the neighborhood of the impurity.

TEMPERATURE AND ISOTOPE DEPENDENCE OF THE H-DIFFUSION
COEFFICIENT IN BCC V, Nb, AND Ta AND FCC Pd, Cu, AND Ni

The experimental methods to obtain the hydrogen diffusion
coefficient can be divided into two groups according as it is
measured by studying the relaxation of a nonequilibrium distribu-
tion to equilibrium or it is investigated under equilibrium con-
ditions. The first group contains the commonly used macroscopic



methods like Gorsky-effect, permeation-, resistivity
relaxation-, heat of transport-, outgassing experiments, etc.
These methods have been reviewed elsewhere (3,10) and will not
be described here. The second group comprises microscopic exper-
iments like nuclear magnetic resonance, Mossbauer effect and
quasielastic neutron scattering (QNS). The large number of ex-
perimental results obtained by the various methods have been com-
piled recently and are presented in Table 1 for our examples.
In all cases, the data are represented in the form of an
Arrhenius relation. D » D o exp -Sa/kT where E a is the
activation energy for the diffusive process. In the case of Pd
and Ni, the various methods reveal remarkably consistent values
for the diffusion constant. This can be attributed to the rela-
tively well-defined surface conditions which lead to reliable re-
sults also for the different permeation techniques. In the case
of the other materials, a good consistency of the data only
exists if the results of surface independent methods are com-
pared. For the case of H in Nb, Fig. 1 presents selected data
obtained by the different methods (12-17). Some recent
permeation results on Pd-plated Nb samples are included (18).
Fig. 1 shows clearly the anomalous temperature dependence of the
hydrogen diffusion constant in Nb which exhibits two different
activation energies in the considered temperature region. An
even more pronounced break in the temperature dependence of the
diffusion coefficient has been reported recently for H in Ta
(19). Whereas in Nb for deuterium no change of slope has been
observed so far, there are experimental indications for this
effect also for deuterium in Ta.

In vanadium, however, where the activation energy for
diffusion has the lowest value of all three bcc-metals, no
change of slope has been observed so far. Concerning the
isotope dependence of diffusion coefficient which primarily
gives hints to the nature of the diffusion mechanism we have the
following situation for the 3 bcc-tuetals: H diffuses always
faster than D and T in the whole temperature range investigated
so far. The preexponential factors in the high temperature
range are nearly independent of the isotope and if one corrects
for the lattice constant a the preexponential 1/TO = D o a^/48 is
also independent of the material. For the activation energies
Eg < E D < E T holds. The ratio of the diffusion coefficients of
hydrogen and deuterium are in general far away from the classi-
cal prediction of the Vineyard theory (20): Dfl/DD 3 /mD/mij.

As an example for the temperature and isotope dependence of
the diffusion coefficient in an fee metal Fig. 2 presents the re-
sults for Pd. In contrast to the behavior in the bec metals,
where the jump rates increase with decreasing mass of the
isotope (22), here D diffuses faster than H whereas the values



Table 1. Activation energies E and preexponential factors D,of
the Arrhenius relation for the diffusion coefficient
in the various metals.

System Ea(meV) Doxl0
(cur/sec)

System Ea(meV)
(cm*/sec)

Nb-H
T>270K(ll)
T<250K
Nb-D (11)
Nb-T(ll)
Ta-H
T>270K(ll)
T<200K(ll)
Ta-D(ll)
V-H(ll)

106
68
127
135

140
40
160
45

5.0
0.9
5.2
4.5

4.4
0.02
4.6
3.1

Pd-H(ll)
Pd-D(22)
Pd-T(23)
Cu-H(21)
Cu-D(21)
Cu-T(21)
Ni-H(21)
Ni-D(21)
Ni-T(21)

230
206
276
403
382
378
409
401
395

2.9
1.7
11
11.3
7.3
6.1
7.0
5.3
4.3

V
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heat of transport: a
neutrons : x,o
resistivity •
Gorsky effect soiid lines
permeation: dashed line

T IK"

Fig. 1. Diffusion coefficient for H, D, T in Nb. Heat of
transport (14), Neutrons (16,17), r e s i s t i v i t y (15),
Gorsky effect (12,13) permeation (18).
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Diffusion coefficient of H-isotopes in Pd, H and D
(22), T (23).

for T are below those of H (23). An extrapolation of the high
temperature data of Katz et al. (21) on Ni and Cu would result
in a similar reversed isotope effect for the diffusion
coefficients at lower temperatures yielding DJJ < DQ < D-j. For
all three, fee metals the preexponentials Do for H and D behave
close to /mj)/mjj. This holds also for T in the case of Ni and
Cu; i.e. Do{j: *Doj): Dox

 s 1: 1//2: 1//3. Contrary to the bee
metals the activation energies decrease in going from H to T
causing the reversed isotope effect at lower temperatures. In
order to obtain evidence whether the hydrogen diffusion is de-
scribed more likely by a classical over-barrier jump process
(20) or by a quantum mechanically tunneling hopping process (24,
25) which are both reasonable for the investigated temperature
and concentration region we shall compare the experimental re-
sults with predictions of both theories. The classical rate
theory modified with respect to the discreteness of the hydrogen



excitations >lu) leads to the following results (21): (i) for kT
« Idol which is relevant for the bcc metals it predicts a
universal prefactor independent of the isotope and with respect
to the jump frequency also independent of the material. The
activation energy is predicted to depend on the isotope. In its
simplest form the isotope effect is only related to the differ-
ent oscillation energies of the isotopes and is given by EQ - EH
=* 1/2 (HuD - tiuH) - 1/2 too (1 - 1//2); (ii) for kT » tfw
the theory becomes identical with the classical Vineyard theory,
(iii) For the intermediate region 2kT J* Xa> which applies to the
fee metals we refer to the full formula in Ref. (21). Concern-
ing the bcc metals, the prediction of an isotope and material
independent preexponential is fulfilled quite well by the experi-
mental data (see Table I), if we do not consider the anomalous
low temperature behavior of H in Nb and Ta. For the activation
energies, we get e.g. for Nb E D - E H » 1/2 tin) (1 - 1//2)

 3 23
meV (using the average value of tfw s 155 meV) which is very
close to the experimental finding. For the change of the
activation energy for H in Nb and Ta this theory has no explana-
tion. For the fee metals, the theory predicts roughly a m~-'^
isotope effect in the prefactor in the temperature region under
investigation which is again in agreement with the experimental
result?. To explain the reversed isotope effect oZ the
activation energies, it was suggested (21) to assume higher fre-
quencies of the localized modes in the saddle point configura-
tion than in the minimum position. An analysis of the diffusion
data of H, D, and T in Cu and Ni in terms of this concept
revealed, however, unrealistic high-frequency values for the
localized mode vibrations of the H atom. (Ni: yiw = 330 meV in
the minimum and Viu = 470 meV in the saddlepoint configuration).

The tunneling hopping theory in. its simplest form (24)
predicts the following behavior: (i) For T « 6Q (9Q: Debye
temperature) the diffusion coefficient should be proportional to
J T , where J is the tunneling matrix element between adjacent
sites and T is the temperature. For T = 9p the theory predicts
an Arrhenius behavior similar to the classical theory. The pa-
rameters, however, have another meaning. The prefactor is
governed again by the tunneling matrix element J whereas the
activation energy Ea is given by the energy necessary to distort
the lattice in such a way that the diffusing particle has the
same energy in the initial and final position. Again, we have
to examine the experimental data with respect to predictions of
the theory. First, we can state that for long-range diffusion
of H and its isotopes a T behavior has never been observed
which is not very surprising concerning the investigated tempera-
ture region. The absence of an isotope effect in the prefactor
found for the bcc metals above 250 K, however, is in contrast to
the predictions of the theory, where the prsfactor is dominated



by a strongly isotope dependent tunneling matrix element. The
observed isotope effect in the activation energy E^ < E D again
is in conflict with theory. For H and D in Hb the double-force
tensors are equal (26) and no isotope effect should be expected.
With respect to the double force tensors of H and D in Ta, a
reversed isotope effect should have been observed (26). Thus,
the tunneling hopping theory at least in its simplest form does
not describe the experimental results for Nb and Ta above 250 K.
An extension of the theory (25) using the concept of extended H
wave functions in order to account for the outlined
discrepancies is in disagreement with proton form factor
measurements by neutron scattering (27). However, a recent
reexamination of the small polaron tunneling hopping theory by
Emin et al. (28) casts new light on the situation. This ap-
proach avoids previously made simplifications like a
perturbation treatment of J, termed nonadiabatic regime, the
so-called "Condon-approximation" which neglects the influence of
the actual position of the host atoms on J, and finally, it
includes excited states of the diffusing particle. Explicit cal-
culations for the diffusion of the H isotopes including the
positive muon in Nb revealed results as shown in Fig. 3. The
following features should be noted: (i) the high-temperature
activation energy of diffusion increases with increasing mass of
the diffusing species; (ii) the adiabatic character of the
high-temperature diffusion behavior manifests itself in the
isotope independent prefactor; (iii) at lower temperatures, the
contribution of nonadiabatic transfers which require a lower
activation energy increases. This results in a change of slope
in the Arrhenius plot of the H diffusion constant. Thus, the re-
sults are in very good agreement with the experimental finding
and are the only theoretical calculations which can account for
the change of slope observed for the H-diffusion constant.

Employing tunneling hopping theory beyond the Condon approx-
imation and using pseudopotential results to describe the poten-
tial for H in Cu, very recently Teichler (29) could reproduce
the experimental results for H-diffusion in this fcc-metal
theoretically. For the more complicated transition metals Ni

QUASIELASTIC NEUTRON SCATTERING STUDIES OF HYDROGEN DIFFUSION IN
?d, Nb, Ta, AND V

For the study of the diffusion of H in metals QNS is a
unique tool (30) which allows the simultaneous investigation of
the time and space development of the diffusive process on a
microscopic scale. In the case of hydrogen which scatters pre-
dominantly incoherent such an experiment reveals information on
the behavior of single protons in space and time. Following the
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Fig. 3. Calculated diffusion coefficients for the H isotopes in
Nb (28).

concept of van Eove (31) the observed double differential cross
section 92CT/3w3& is proportional to the Fourier transform of the
self-correlation function Gs(ir,t) of the proton

G3(_r,t)

(1)

where S£ n c
liK

^,w) is the so-called incoherent scattering law,
is the momentum transfer and tfu) » Ef - E£ is the

l l
f ^ f £

energy transfer at the sample. In the classical limit Gg(ir,t)
can be interpreted as the conditional probability to find a
proton at a time t at a site £ if it has been at £ a 0 for ta0.
The results of QNS experiments on H-diffusion are commonly



interpreted in terms of the Chudley-Elliott modeKCL!) (32) which
introduces the following assumptions:

(i) the jump time from site to site is small compared to
the mean rest time of hydrogen on its interstitial site.

(ii) there is no correlation between vibration and jump
processes.

Under these circumstances the self-correlation function can
be obtained by solving a master equation:

l r G ( r , t ) - ^ - 2 (G <r+S.,t) - G (r,t)o t s - zx . m. s - - i s -

where ^ are the jump vectors to the accessible neighboring
sites, z is the number of these sites and T the mean rest time
at a certain site. Eq. (2) can be integrated by a Fourier
transformation yielding in the case of Bravais lattices:

= - fr 2 (1-e "L)G (g,t)
1=1 (3)

-±f (g) G (g,t)

(4)

Gs(2»t) fulfills already the appropriate initial condition.
Finally, Fourier transformation with respect to the time yields

The intensity of the quasielastic line can be described by
a the Debye-Waller - or fora factor exp - 1/3Q^ <u^>, where <u^
is the mean-square displacement of the proton at its site.
Using the diffusion of H in Pd as an example we outline briefly
what kind of information can be obtained from an investigation
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of the 2 and u-dependence of the quasielastic scattering law.
Fig. 4 shows the two possible interstitial sites for hydrogen in
fee Pd together with the jump vectors to nearest-neighbor sites.

Table II summarises some characteristics for the two
possible jump mechanisms.

For equal diffusion coefficients we have To • 2xt. For
both models the functions f((J) can be easily calculated
yielding:

(6)

- cos|Qy -

For small momentum transfers H2 Che width r(2)=T~l f(£) of the
Lorantzian is independent of the jump model F((£) = HDQ2. it
reveals the macroscopic diffusion coefficient measured over
microscopic distances. The 2 dapendence of line width at large
2's is determined by the geometrical details of the jump
mechanism. For fcc-Pd Fig. 5 shows the theoretical 2. dependence
of line width for the models in question. The experimental
points (33) are clearly in favor for H jumps between nearest-
neighbor octahedral sites. With respect to the high barrier and
the large spacing between the interstitial sites this result is
quite reasonable.

For the bec metals with their complicated hydrogen
sublattice (6 sites per unit cellKFig. 6),the situation is much
more complicated. Besides the complication due to the non-
Bravais-H-sublattice, there is experimental evidence that the
diffusion process itself is not as simple as for the fee metals.
Already earlier results on V (34) Ta (35) and Nb (36) showed
systematic deviations from the predictions of a simple nearest-
neighbor jump model. Also, anomalies in the intensity of the
quasielascic line have been reported (34,37). These anomalies
have been attributed to the occurrence of further neighbor jumps
and/or to jumps between different types of institial sites
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Table ,11. Characteristics of tetrahedral ard octahedral jump
mechanism in fee metals

Octahedral model tetrahedral model

Number of nearest neighbors
Jump direction
Jump length
Diffusion coefficient
D = A2/6T

12
(110)
a/2/2

0

6
(100)
a/2
a2/24Tt

2-954-79
Fig. 4. Possible H-interstitial sites in fcc-Pd, 0 Pd atoms, x

octahedral sites, 0 tetrahedral sites, Sî  H jump
vectors.

(34,35) and to the influence of a finite time of flight (38) but
no conclusive picture has been reached.

Very recently, Lottner et al. (27,39) have reexamined the
problem for Ta, Nb, and 7. Quasielastic neutron scattering ex-
periments where performed at NbHg.02' T . I H Q ^ and V H Q % Q 7 single
crystals at temperatures between 290 and 760 K for Q values be-
twean 0.3 and 2.5 A . The data were analyzed in terms of 4
different models always assuming that H jumps occur between tet-
rahedral sites.
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2.0

Experimental results for the quasialastic line width in
PdHx for a (100) (left) and a (110) direction; solid
line octahedral jump model, dashed line tetrahedral
jump model (33).

Model (1): Hydrogen jumps occur only between nearest neigh-
bor sites with jump vectors in (110) direction and a jump rate
1/Ti.

Model (2): In extension to model (1) also jumps to second
nearest neighbors are included. They occur in (100) direction
across the cube face center with a jump rate

Model (3): Assumes that in addition to nearest-neighbor
jumps correlated double jumps are possible. The corresponding
jump rate is /

Model (4): Generalizes model (3). It considers the H alter
natively in a mobile "state" (life time T ) , where it can perform
repeated jumps to nearest neighbors with a jump rate 1/TI> and
in an immobile self-trapped "state" (life time T t ) . The
exchange between both "states" is described by transition rates
given by the inverse life times. This concept is formal identi-
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cal to the treatment of H diffusion in the presence of trapping
impurities (40) which will be discussed later on.

2-957-79
Fig. 6. Hydrogen sublattice for tetrahedral interstitial sites

in bcc models.

Model (1) includes 2 independent parameters, the jump rate
1/Tj and the quasielastic intensity I(Q), models (2) and (3)
have 3 parameters and finally (4) is a four-parameter model.
Fig. 7 shows the results of a data analysis applying model (1).
While at room temperature, all spectra yield the same 1/TJ., at
higher temperatures severe deviations appear. The decrease of
L/T]^ with increasing Q can be understood qualitatively as an
increase of the effective jump length. Fig. 8 presents results
obtained by an analysis of the high temperature data with the
models (2) to (4). The jump rates calculated by a simultaneous
fit of the spectra measured at different Q values for one
crystal orientation $ are plotted vs $. For a correct
description of the data the obtained jump rates should not
depend on the crystal direction. Fig. 8 makes it clear that the
extension of model (1) to jumps to next-nearest neighbors does
not solve the problem whereas the assumption of correlated jumps
leads to a satisfactory agreement between theory and experiment.
Similarly, also for H in Ta and V, the simple jump model (1)
fails to explain the data at elevated temperatures, whereas
model (3) seems to lead to an adequate description of the experi-
mental results also for Ta and V. Model (4) has not been used
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for the data analysis for Ta and V. However, the large ratio
T]/T2 found for the contribution of double jumps makes the appli-
cation of model (4) desirable.

1/1

g
Oi

"3
a.
3

scattering olor* (1101
moc*l:(1)

T*S81K

0.5-

°0 0,
°O

o oo oo ooo T.293K

2-953-79 CIA'1

Fig. 7. Jump rate 1/Tj of model (1) as a function of |Q| deter-
mined from the measurements at 293 K, 431 K and 581 K
(39).

The authors do not specify the physical origin of the occur-
rence of correlated jumps. Here the relation between the jump
rate and lattice relaxation time Tr, the time the lattice needs
to dissipate the energy necessary to produce the jump, may be
important. For the case of electronic small polaron hopping
Emin has shown (41,42) that for times short compared to T r the
energy required for a successive jump is only 1/3 of the
activation energy in the relaxed lattice. However, the involved
electronic hopping rates were in the order of 10 + 1 4 sec"1. In
view of the much smaller jump rates of the proton 10 + 1 2 - IO + 1 3

sec'1 on the one hand and the differences in the coupling to the
lattice on the other hand, it is not clear, whether this concept
is applicable. Quantitative calculations are necessary.
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NbH002 581K
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2-955-79
Fig. 8. Jump rates as a function of sample orientation <j> ob-

tained by a simultaneous fit of the scattering law for
the models (2), (3), (4), to the QNS result at 581 K
(39).

The Q dependence of the quasielastic intensity evaluated
from this experiment follows a normal Debye-Waller factor (DWF)
behavior with mean-square amplitudes for the H-motion of l/3<u^>
3 0.02 - 0.04 A^ which is near to the value expected from
harmonic calculations (27). For V an anomalous decrease of the
intensity has been observed at larger Q values and high tempera-
ture (T • 763 K) which was attributed to non-negligible jump
times (27,39). The normal DWF evaluated for Nb and Ta even at
high temperatures is in contrast to earlier reports of an anoma-
lous behavior, which was mainly caused by errors in the
integration of the quasielastic spectrum neglecting wing
contributions. The observation of a normal DWF shows that the
proton is well localized at its interstitial site contrary to
earlier speculations about an extended proton wave function
(25).

PHONONS AND H-DIFFUSION

During its rest time at a particular interstitial site tha
proton exhibits vibrational motion around its equilibrium
position. Two types of motion have to be distinguished:
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(i) localized vibrations of the dilute H-atom against its
metal neighbor with frequencies typically a few times higher
than the cutoff frequency of the host vibrations and

(ii) acoustic vibrations where the H follows the motions
of the host atoms. These vibrational properties have been
surveyed recently (43). Here we shall concentrate on features
in the vibrational spectra which might be correlated to the dif-
fusive motion of the proton.

Ultrasonic and neutron experiments reveal consistently an
increase of the bulk modulus (CJI + 2Cj2^/3 and the shear
modulus C44 in Nb, Ta (44, 51, 45). However, with respect to
the shear modulus G1 * (Gu - Cn)/2 both techniques yield dif-
ferent results. In TaDg.02 a 12% increase of the phonon
energies was found for the corresponding (C,5,0) ^1 A branch,
whereas from ultrasonic experiments (£=0) a change of the phonon
frequencies of less than 1% was observed. Similar observations
were also reported for TaHg.is (44»45). From this, at small
wave vectors, a H caused dispersion step in the (£,£,0)TiA
branch has to be assumed. In order to investigate whether this
dispersion step is connected with the diffusive jump motion of
the H-atom, the phonon frequencies in the region of the reso-
nance condition WT -f 1, were measured Jor N b H Q ^ at 350 C where
this condition is reached at q a 0.08 A"1 (4)." The observed
relative frequency shift Av/V = ( V ^ H - 15 ~ vNb^ vNb as a futlc~
tion of the reduced wave vector £ is snown in Fig. 9. For £ >
0.1 a constant value of Av/v = -0.7% is observed, for £ < 0.1
Av/v decreases, and reaches Av/v s - 6% at £ - 0.03.

One is tempted to explain this behavior in terms of a
relaxation process. The H-atom sitting on a tetrahedral site in
the bcc lattice causes a tetragonal distortion field. A jump to
a neighboring site turns this field by an angle of 90°. Such a
rotation of the displacement field couples with the (£,£,0) T^A
mode in question. The sound velocity changes then from a
relaxed behavior at low frequencies to unrelaxed behavior at
higher frequencies. The solid line in Fig. 9 represents the
theoretical curve for such a relaxation process.

Av/v = A/(l + (vqx)2) + C (8)

where v is the corresponding sound velocity. The position of
the dispersion step is directly related to the jump time of the
proton and its shape is well described by the above formula.
However, this explanation contradicts other observations:
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Fig. 9. Relative shift Av/v * (VNbH~vNb^vNb for TA^-phonons in
(110) direction in NbH0#i5 at 350 C. The solid line
represents the calculations based on Eq. (8) 4.

(i) diffuse neutron scattering experiments on NbDx which
probe the elastic distortion fields caused by the D reveal an
essentially cubic displacement field (46).

(ii) internal friction experiments on bcc hydrides show
the absence of the Snoek effect thereby supporting the view of
a cubic displacement field (47).

(iii) the lack of a 1/T dependence of the step amplitude
(44) points also in the direction that the relaxation process
cannot be a normal Snoek effect. In conclusion, it is not
understood how the long wavelength acoustic phonons can couple
to the diffusive jump of the proton.

The acoustical and optical phonons in the bcc-R systems
have been investigated thoroughly (43). Very recently, however,
Shapiro et al. (5) reported the observation of aaw excitations
in NbD(j#35 and NbHg.82* Fig. 10 shows the dispersion curves
measured along the thrae symmetry directions (1,0,0), (1,1,0)
and (ill) at T • 160 C in the liquid-like ex1-phase of H b D Q ^ .
Included are also the dispersion curves in purs Mb (43) and pre-
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Fig. 10. Dispersion curve for NbDQ 35 in Che a'-phase at T*1SOC
and in the 8 phase at T*20 C(5) compound with results
of NbD0,45 (49) and those of pure Nb (48).

vious results on N D D Q ^ (49). The new features are the
dispersionless excitations at 18.4 meV and at 10.8 aeV. The
positions of these frequencies do not depend on temperature nor
do they change witi isotope mass. The line width of the
excitations broadens considerably in going from the ordered g
phase to the a'-phase. In addition, the NbH system shows
broader lines than the NbD sample. The authors argue against an
explanation in terms of a density of state effect - in particu-
lar, there is no structure of the density of states in the 10
meV region - and against a defect mode; but they do not have a
clearcut interpretation for the observed feature.

Thereafter, Lottner et al. (6) reported the observation of
a strong peak at 15.7 meV in NbHg.Qs (Fig. 11). It appears at
the position of the peak in the density of state for the
transverse acoustic modes. The absence of a peak corresponding
to the longitudinal cutoff frequencies (J*23 meV) is against an
explanation simply in terms of protons mirroring the acoustic
phonons of the lattice. The authors propose an interpretation
of this feature as a resonant-like mode of the protons vithin
the acoustic modes of the Nb host. The local density of state
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for the H in the low frequency limit was calculated by standard
Green-function techniques. Already the most simple approach
using only one longitudinal coupling constant between the H and
its nearest neighbors reveals a pronounced peak at 15.7 meV
(curve 1 in Fig. 11). The H-atom vibrates with enhanced ampli-
tude in phase with the surrounding host lattice atoms avoiding
thereby a strain of the strong spring to the next-nearest
neighbors. In a more sophisticated model, which describes more
experimental data like the absence of Snoek effect and the
change of the elastic constants, the calculations were repeated
using now 6 parameters (curve 2 in Fig. 11). Although
qualitatively the picture does not change, quantitatively, the
intensity is even more enhanced. 3ecause of the strong coupling
of this resonant motion to the host lattice, only a very small
isotope effect is expected (50). Whether the flat new modes,
found by Shapiro et al. (5) in the high concentration regime,
can be interpreted in the same way, is an open question.
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THE INFLUENCE OF DEFECTS ON H-DIFFUSION

Numerous investigations have demonstrated that the physical
properties of H dissolved in bcc-transition metals are strongly
changed by the presence of small amounts of impurities. Vapor
pressure data show deviations from Sieverts law at low concentra-
tions which increase by introducing oxygen impurities into Ta or
due to cold working of V (51,52). Solubility data reveal a
shift of the phase boundary between the a- and B-phase in the
presence of 0~, N or C-impurities (53). Applying very low cool-
ing rates in Ta-H the phase boundary of the pure material is ob-
served (54) whereas in Nb-N (55) a shift independent of the cool-
ing rate is found. Resistivity experiments on Nb-H doped with
N (55) yield a reduced residual H-resistivity at temperatures
well above the phase boundary to the S-phase. Furthermore,
Gorsky-effeet measurements in NbNxHy samples (56) showed a
strong decrease of the H-diffusion coefficient in particular at
lower temperatures. Finally, in the presence of 0- and N-
impurities in the Nb-H system additional relaxation peaks in in-
ternal friction experiments are observed (57). AIL these
features are naturally explained in terms of H trapping at the
impurities. In their vicinity they lower the ground state
energy for the H. This gives rise to deviations from the
Sieverts law at low concentrations due to an increase of the
enthalf.ie of solution. If the binding energy at the trapping
center is larger than the enthalpie of formation for the ordered
S-phase, the solubility in the dilute phase increases. Resistiv-
ity measurements suggest that in NbN each N-impurivy is capable
of keeping one H from precipitating into the 3-phase, whereas in
TaH oxygen impurities do not prevent precipitation. Trapping
implies the formation of impurity hydrogen pairs. They are
assumed to scatter conduction electrons with a smaller probabil-
ity than the two single scattering centers and they give rise to
relaxation processes in internal fraction experiments. Their re-
sults will be treated in more detail in the next chapter. Such
trapping processes also slow down the long range diffusion. The
significance of the trapping processes will increase with
increasing ratio of binding energy and thermal energy kT.

On a microsopic level, the influence of interstitial
impurities on the H-diffusion process was studied recently by
quasielastic neutron scattering on Nb-H samples doped with
nitrogen impurities (7). The trapping capability of
substitutional defects was investigated for the Nb-V-H system by
means of NMR (58). For this system also preliminary neutron
scattering results are available (59). Both will be discussed
in the following section.
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For low concentrations of trapping impurities, where
trapping regions and regions of undisturbed host material are
present, relatively simple arguments can be given, in order to
explain what kind of information can be obtained from a
quasielastic neutron scattering experiment. For small momentum
transfers, the scattering process averages over large volumes in
space (of the order (2TT/Q)J). Therefore, a long section of the
diffusive path of the proton will be probed by the neutron wave
packet. This path consists out of periods of undisturbed
diffusion as well as of portions where the proton is trapped.
Under these circumstances, the scattering law is expected to be
a single Lorentzian whose width is given by the effective or mac-
roscopic H-diffusion coefficient Dej-£ in the system. At large
Q's, however, the average occurs over short distances and the
scattering law depends on the single diffusive step. In this
case, the scattering law contains information about the mean
trapping time and on the fraction of protons being trapped.

Quantitatively, the scattering law has been calculated in
terms of a phenomenological two-state random walk model (RWM)
thereby approximating the complicated structure of the trapping
region around the impurity by a single escape rate 1/TO. This
approach was confirmed later using the average T-matrix approxi-
mation in the limit of dilute concentration of traps (60). We
shall survey briefly the RWM approach. Here it is assumed that
the proton diffuses in a crystal with randomly distributed
traps. The proton diffuses e.g. through the undisturbed parts
of the lattice for an average time -q exhibiting jumps with the
jump rata of the undisturbed lattice 1/T. Thereafter, it is
trapped at the impurity for an average time To. Thus l/x^ is
the trapping rate and l/xo the escape rate. The self-
correlation function is easily calculated using the self-
correlation functions of the proton in the undisturbed lattice
and in the trapped state. The mathematical procedure is
outlined in detail in Ref. (7). The result for the incoherent
scattering law is a superposition of two Lorentzians with width
A\ and A2 and weights R^ and R2. A(£) is the line width in the
undisturbed lattice.

(9)

, , -1 -1 -1 -1 2 t-,
A = I ( T + T + A(Q) ± (T + T + A(Q)) - 4A(Q)/T ) Z)
1/2 2 0 1 * o 1 * * o
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Tha typical properties of the scattering law are shown in Fig.
12, where the widths A^ and A2 of the two components are plotted
together with their weights vs. DQ^. .Included also is A((£) of
the undisturbed lattice. For the sake of simplicity the calcula-
tions are made for a simple cubic lattice. Using the average
T-matrix approach, explicit expressions for 1/T^ and l/x0 were
found (60). The leading term of the escape rate l/t0 is
independent of the trap concentration whereas the trapping rate

is proportional to the concentration as expected.

Quasielastic neutron scattering experiments were carried
out on Nb samples doped with N and H. The N-concentrations were
CJ!J = 0.7% and C§ =* 0.4%. The corresponding H concentrations
were cjj = 0.4% and C§ = 0.3%. The experiments have been per-
formed in a temperature range 180 £ T £ 373 K for 0.1 £ Q 1.9
A . The measurements were made, using the high-resolution
back-scattering spectrometer at the ILL Grenoble. The energy
resolution (FWHM) was between 0.7 and 1.5 peV the scanning range
AE = ± 5.3 eV. As a consequence of the small value of AE, at
larger Q's only the narrow component could be measured. The
integrated intensity of the quasielastic line, as observed
within AE, as a function of Q and the temperature is shown in
Fig. 13. The intensity has been normalized to the total inten-
sity I obtained at 73 K. For small Q nearly the full intensity
is concentrated within the energy window. This demonstrates the
existence of only one line which falls entirely within the
instrumental energy range. However, at larger Q's, only a
fraction of the intensity appears in the integration window
which decreases with increasing temperatures. This behavior
reflects the reduction of the trapped fraction of protons with
the temperature. The experimental spectra for Q £ 0.9 A
below) were fitted with the scattering law of the RWM, T o and Ti
being the only disposable parameters. The result is presented
in Fig. 14. Compared to typical jump rates T~* of 1 0 + ^
jump/sec xo and TJ are two orders of magnitude smaller. At
higher temperatures X± > T o holds; the protons are mainly in
undisturbed regions. At lower temperatures, we have Tj < T 0,
che protons are predominantly trapped. x 0 as a local property
of the traps does not depend on the N-concentration justifying
che assumption of well-separated trapping and undisturbed re-
gions in che lattice. From the activation energy of l/t0 (166
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Fig. 12. Line width of the two components Ai and A2, (solid
lines) and their spectral weights (dashed lines) R^,
S.2 ia the scattering law for the RWM description of
diffusion in the presence of traps. Dashed dotted
line: line width for an undisturbed lattice (7).

meV) a binding energy of approximately 100 meV for the N-H pair
can be deduced. The capture rate 1/T^ depends on the N-
concentration. The ratio of \l\\ for the two N-concentrations
of 1.8 ± 0.2 compared to the ratio of N-concentrations of 1..9 ±
0.2 is in agreement with theory (60). According to the average
T-matrix approximation as well as to results of simple reaction
theory for trapping (61) which yields

1/T, 4TT R DC (12)

where Rt is the trapping radius and C t is the trap concentra-
tion, the activation energy for 1/T^ should agree with the
activation energy for the self-diffusion coefficient D. The re-
sulting higher values (94 tneV) can be explained by the
assumption that the nitrogen impurities are saturated as soon as
they have trapped a single hydrogen (see also Ref. 55). After
correction for saturation effects Eq. (12) allows the evaluation
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Fig. 13.
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T

Intensity of the observed quasielastic spectrum at the
^^0.007^0.004""samP^-e withia c^e energy window ±AE as
a function of inverse temperature for different Q.
The intensity is normalized to the total intensity de-
termined at 73 K (7).

of the trapping radius Rt. Values in Che order of 5 A result
which are in good agreement with calculations using anisotropic
continuum theory. Furthermore, the mean-free path between two
trapping events can be calculated. It decreases with increasing
temperature demonstrating the saturation effects of the traps.
Its absolute value is slightly larger than the mean distance be-
tween the nitrogen impurities. Summarizing, the simple two-
gtate RWM represents the experimental results below Q = 0.9
A"** very well. It has been shown that it is also applicable to
muon diffusion in the presence of traps (62). Also problems of
chemical reactions implying hydrogen atoms might be treated with
such a model.

At large Q values a direct determination of the escape rate
1/T O should be possible. Fig. 15 presents the width of the nar-
row components of the quasielastic line for two larger Q values.
The activation energy of an Arrhenius law for V (T) at Q a 1.9
A is only 115 meV, compared with the expected value of «/* 170
meV. Thus the connection between F(T) and the escape process is
more intricate than expected. It is obvious that the detailed
structure of the disturbed region around a nitrogen interstitial
affects the scattering law at larger Q. Thus, a model has been
investigated which takes into account the lattice distortions
created by the nitrogen interstitials (63). The nitrogen atoms
were located at tetrahedral sites in a niobium lattice. The
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Fig. 14. Escape rate 1/T 0 and trapping rate 1/TJ as a function
of inverse temperature and nitrogen temperature. For
1/T-: A: C N - 0.7%, x = C N = 0.4% (7).

lattice distortion was calculated from the Kanzaki forces of the
nitrogen atoms, fitted to lattice expansion and Snoek effect
measursments, and from the niobium force constants, determined
from phonon spectra. The equilibrium energies were determined
from the lattice distortion and the Kanzaki forces of a proton.
The potential maxima were assumed to be equal. Electronic con-
tributions to the hydrogen-nitrogen interaction were approxi-
mated by a hard-core potential. The self-correlation function
for diffusion of a proton Gs(_r, t) was calculated by numerically
solving the rate equations. A cube with 16 000 niobium atoms
and 128 nitrogen atoms was used. The results for D Q f f and the
width F of the narrow component for large Q are shown in Fig. 5
as two lines. One obtains good agreement between the calcula-
tions and the experimental points for Deff and I

1. Especially
the activation energy of F was found to be similar to the experi-
mental one. This relatively low activation energy can be
understood from the combined effect of different small jump
rates near the trap (64).
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The influence of substitutional defects on H-diffusion in
Nb has been investigated recently by NMR (58) and later by
quasielastio neutron scattering (59). The NMR experiments have
been performed on N b ] ^ VxHy - powder samples (x = 0.05 and
0.08) with varying H concentrations Cg. investigated were: (i)
the line width TJJJ, of the Mb93 absorption line as a function of
H concentration. The observed line width decreases sharply with
increasing H-concentration, At the hydrogen concentration,
where C H reaches the vanadium concentration Cv, a break in the
concentration dependence of Fjqj, occurs which leads to a weak
dependence of T^ or Cg for CJJ > Cv. (ii) the hydrogen line
width FJJ as a function of temperature. In the temperature re-
gion 150 < T < 200 K rH decreases to its high temperature value
which does not change up to 310 K, the highest temperature inves-
tigated. This result does not depend on the H-conceneration.
(iii) the Knight shift at the V nucleus as a function of H-
concentration and temperature. Fig. 16 shows the observed sharp
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^*V Knight shift as a function of H-concentration in
(a) Nb(3.095v0.05Hx and (b) Nb(). ?2v0.08Hx systems at
room temperature. The dotted line shows the
solubility limit of hydrogen in the Sbg 55VQ 05-alloy
(58).

increase in the Knight shift K̂ . for CJJ/CV < 1. At C v * CJJ again
a break in the concentration dependence is observed. For Cg >
C v Ky depends only weakly on CH. Both the Knight shifts Kv in
a H-free Nb^_x Vx sample and in Nbj_x Vx Hy increase with temper-
ature. However, the rate of increase observed for the H-
containing sample is much weaker than in the H-free sample.

All these results have been interpreted in terms of H-
trapping at the V substitutional atom. The large Nb line width
in Nbi_x V x can be understood as a result of second order
quadrupolar interaction. The V-atotns introduce internal strains
which create an electric field gradient acting on the Nb nuclei.
The sharp decrease of line width with increasing H concentration
was attributed to a relaxation of the internal strains by the
dissolved H atoms. In this picture V-H pair formation
compensates for the lattice deformation caused by the small V-
atom (atomic radius rv 8.52 smaller than rjjjj). The observed com-



plete motional narrowing of the proton line for temperatures T
> 200 K independent of C H led to the assumption of high H
mobility near the V impurity. Fig. 6 shows that around a
substitutional V-atom, which can be assumed to sit in the center
of the cube, are 24 equivalent tetrahedral H sites. Rapid
motion between these sites does not require a dissociation of
the pair and can account for a similar line narrowing as ob-
served for free H atoms.

Already earlier Knight-shift experiments (65) on VHJJ com-
pounds have shown an increase of K̂ . with increasing H concentra-
tion. This has been interpreted in terms of a H-atom donating
its electron to the conduction band. Thereby the increase of Kv
is due to the decrease of the negative core polarization contri-
bution, Kc. Kc is related to the d-den3ity of states at the
Fermi energy, which decreases with increasing H concentration.
The rate of increase in Kv above CJJ/CV • 1 is in accordance with
the results found in the earlier measure measurements on VHX.
For CJJ/CV < 1, however, the increase in Kv is considerably larg-
er than at higher concentrations. This has been attributed to
a local change in the electronic structure at the V-nucleus due
to V-H pair formation. Assuming that the electron of the
hydrogen forming the pair contributes only locally to the change
of the electron density in the d-states, a consistent
description of the results on VHy and Nbi_x VxHy evolves. In
this picture a V-H pair gives rise to a local H concentration of
25% (1 H atom/4 surrounding atoms). The observed Knight shift
corresponds to the value obtained in V H Q # 2 5 « The temperature
dependence of the Knight shift provides information on the
thermal occupation of the trapping sites. The weaker increase
of the Knight shift with temperature compared to H-free Nbi-X Vx
is then a consequence of the partial decomposition of the V-H
pairs with increasing temperature. This tends to diminish the
temperature effect on Ky. A quantitative evaluation of the
binding energy yields S^ = 90 ± 50 raeV.

Again, quasielastic neutron scattering could provide direct
insight into the trapping mechanism as well as in the dynamics
of the protons in the trapped state. Preliminary results on
NbVo.002 H0.004 have been reported (59). The quasielastic
spectra were measured in the temperature region 178K <, T £ 247K
for Q's 0.13 £ Q < 1.8 A"1. Fig. 17 shows the width ? of the
spectra for the two smallest Q-values as a function of inverse
temperature. Assuming that in this Q-range the line width is
still proportional to the effective H-diffusion coefficient of
the system, Deff was evaluated. For comparison, the temperature
dependence of the line width for a pure Nb sample (16) is
indicated as a dashed line. In theonext step of data
refinement, all spectra with Q £ 1 A~* (see above) were fitted
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simultaneously with the scattering law of the RWM (Eq. (8)).
Thereby an exponential temperature dependence of the two rates
Tg* and Ti* was assumed. The activation energy for T^* was
taken equal to the energy of migration in the undisturbed
lattice (68 meV). Under these circumstances, the fitting
process yields an activation energy for X^ of E a * 163 ± 10
meV. From E a a binding energy Z^ = 95 ± 10 meV can be derived.
This value is in agreement with the Knight shift result. The
evaluated prefactor for 1/T X of T"

1 » (3.6 ± 0.3) x 10" 1 0 sec
corresponds to a trapping radius of Rt

 a 3.2 A. Due to the
very low impurity concentration, however, this experiment did
not yield information on the local dynamics at the trap.

DYNAMICS OF THE H-AT0M TRAPPED AT AN IMPURITY ATOM

In order to explain the observed concentration independent
motional narrowing of the NMR-proton lins in Nbj^_x V xH y, rapid
H-motion around the substitutional V-atora had to be assumed
(58). However, nothing is known about details of this motion.
In contrast to the situation at substitutional impurities a larg-
er number of experiments on the dynamics of the proton in the



vicinity of an interstitial impurity like oxygen or nitrogen in
Nb are available (8,57,9).

Already early experiments revealed a low temperature inter-
nal friction peak in Nb-H systems which was ascribed to H and D
Snoek relaxations (66). Later Baker and Birobaura (57) showed
that these peaks only appear in the presence of 0 and N
impurities in Nb. Consequently, they were explained by a
reorientational relaxation of the Q-H or N-H pairs. For a tem-
perature independent concentration of defects the condition of
maximum internal friction is fulfilled for COT * 1, where U) is
the incident frequency of the acoustic wave and T is the
relaxation time of the system. Thus varying the temperature at
different frequencies allows a determination of the temperature
dependence of the relaxation time. The relaxation strength A is
proportional to the number of relaxing species. Therefore, the
temperature dependence of A yields information on the binding
energy at the trap. Baker and Birnbaum found relaxation rates
T which changed with the impurity concentration. This concentra-
tion dependence was attributed to a possible super position of
different relaxation processes caused by N-H or 0-H pairs (the
0/N ratio varied with sample purity). The evaluated parameters
for the relaxation rate and the binding energy are shown in
Table III. More recently these experiments have been repeated
and extended on better characterized samples using H a3 well as
D (67). Single crystalline UHV purified Nb-samplas were doped
with controlled ataounts of 0 and H or D. The experiments were
carried out in the temperature range 80-350 K and in the fre-
quency range 30-210 MHZ. The longitudinal wave propagation
direction was (100). The most interesting feature of these
measurements is the pronounced isotope effect in the H-
relaxation as well as in the binding energy of the 0-H pair.
The resulting parameters for the relaxation rate and the binding
energy are shown in Table III.

A detailed site occupancy of the 0-H pair has not yet been
established (channeling experiments on NbOxHv samples are
underway (63). However, the coupling of the longitudinal acous-
tic wave in (100) direction with the strain field of the pair re-
quires a (100) pair symmetry. Octahedral sites for the 0 as
well as for the H have been proposed but also tetrahedral site
occupancy is possible for this symmetry. On the ot^er hand,
also a (111) pair symmetry for the 0-H pair has been reported
(69). Various mechanisms for the reorientation process, which
involve partial dissociation of the pair, have been discussed.
But, as long as the actual position of the proton is not known
those discussions remain speculative. Also, the large isotope
effect in the relaxation rate as well as in the binding energy
is not understood. From the absence of an isotooe effect in the
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double-force tensor for H and D in Nb similar binding energies
for both species are expected in the framework of elastic
theory. Th* ratio of H and D jump frequencies i3 far away from
the prediction of the classical jump theory TJ)/TH • /MJJ/MH •
•^ ( T D / T H ( 2 6 0 K ) - 2.3; T D / T H ( 1 0 0 K ) = 200). Also the tunneling
hopping theory in its simplest form (24) cannot account for the
observed isotope dependence. It would predict a large isotope
effect in the prefactor due to the smaller tunneling matrix
element for D and no isotope effect in the activation energy due
to the absence of isotope effect in the double-force tensor fo-
D and R.

Table III.

Defect

Relaxation rates T~1 • T
energies for 0-H and 0-D

*;»<.-»>

0-H (57) (7.3 ± 5) 1011

(low purity)

O-H (7) (8+10) ± 10 1 2

(int. purity)

0-H (8)

0-H (8)

+1.2 ,_
1.3 1012

-0.4

2.5+2'5 1012
-0.8

-1 exp(-E/kT)
pairs in Nb.

E(meV)

170 ± 25

165 ± 25

160 ± 10

200 ± 20

and binding

EB

90

90

130

(meV)

± 25

± 10

± 20

Recently, the internal friction measurements on O-H(N-H)
pairs in Nb were extended to low temperatures and long
relaxation rates (3). Strain relaxation experiments allowed to
monitor jump rates down to 10"^ Hz. The experiments were per-
formed on U.H.V. purified polycrystalline Nb samples doped with
controlled amounts of 0 or N. The observed relaxation frequen-
cies were equal for H-N and H-0 clusters. Fig. 18 presents the
observed relaxation frequencies as a function at inverse tempera-
ture. Included are results from earlier experiments at higher
temperatures. Fig. 18 clearly shows strong deviations from an
Arrhenius behavior at low temperatures. The authors attributed
this behavior to a tunneling hopping process of the proton
around the impurity. The data were fitted with the expression
of the small polaron theory for the jump rate in Debye approxima-
tion (25) (dashed line in Fig. 18). It depends on three
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Fig. 18. The logarithm of the hopping frequency of H around a
0 impurity vs 1/T. 0 Mattas (67) j | Schiller (69),
o Chen (8), A Canelli (66).

independent parameters: the distortion energy necessary to
equalize adjacent potential wells, the Debye temperature 9Q and
the tunneling matrix element J. They were evaluated to: S a =
211 meV, J = 53.4 meV and 0 D = 263.6 K. However, considering
the presumable multistep reorientation mechanism involving
partial dissociation in a highly distorted lattice near the impu-
rity (67), the application of the tunneling hopping theory in
its simplest form seems not to be adequate for the problem, as
already demonstrated by its failure to explain the isotope
effect for the reorientation rate. Therefore the resulting pa-
rameters might not have a direct physical meaning, e.g. a value
in the order of 200 meV for E a would imply an extraordinary deep
potential well due to polaron formation. This has to be com-
pared with an expected value of 26 meV calculated by Wagner and
Homer (70) for pure Nb on the basis of elastic lattice theory.
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A few years ago, Sellers et al. (71) reported the observa-
tion of a low temperature specific heat anomaly in Nb. The
strong isotope effect made it clear, that the observed feature
was caused by the H or D atoms. Birnbaum et al. (72) ascribed
this phenomenon to proton tunneling among tetrahedral and trian-
gular interstices on a cubic face within a polaron like
distorted lattice region. Very recently £he relation between
the specific heat anomaly and the presence of N-impurities in Nb
has been investigated systematically (9). The specific heat of
UHV purified Nb, Nb doped with N or H and Nb doped with N and H
or D was measured in the temperature region 0.07 - 1.5 K. Fig.
19 shows the obtained specific heat data together with the re-
sults reported by Sellers et al. They clearly demonstrate (i)
that pure Nb as well as Nb doped either with H or with N exhibit
essentially the same low temperature behavior which is very
close to the expected calculated curve*; (ii) that samples con-
taining both N and H or D show a large isotope dependent
specific heat anomaly. Thus, the anomaly is related to the pres-
ence of both the N-impurity and the H-atom which at the low tem-
peratures in question is trapped at the impurity. From the re-
ported low residual resistivity ratio (100) it can be concluded
that Sellers et al. already observed the same phenomenon.
Because nothing is known about the geometry of the N-H pair, how-
ever, it is impossible to calculate the specific heat anomaly
and the underlying system of tunneling levels. Also a correla-
tion between the specific heat anomaly and the low temperature
relaxation mechanism observed with internal friction is not
obvious. The time scale of motion for both processes differs by
more than 10 orders of magnitude (10~3 Hz and 35 K lO+^S" 1 at
1 K). Therefore, even a knowledge of the sites involved in the
relaxation mechanism would not provide necessarily the geometry
of the tunneling process. In this connection the authors
speculate about (i) additional Low energy sites around a
nitrogen atom which are populated at low temperatures and (ii)
that the reorientation in internal friction might occur between
systems of tunnel split sites. The relatively low size of the
anomaly (entropy increase due to the specific heat anomaly is
only 0.055 k B and 0.087 k B per trapped H and D respectively) was
attributed to stress induced interaction effects among
neighboring N-H pairs. On the of basis elastic continuum theory
the potential disturbance due to the neighboring defects was es-
timated to = 1 meV in the average which is larger than the
thermal energy of the anomaly. Their influence on the experimen-
tal result, therefore, is quite understandable. These blocking
effects are also the reason that neutron scattering experiments,
performed to reveal detailed microscopic information on the
tunneling process, have been unsuccessful so far (73).

'for pure Nb.
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Fig. 19. Specific heat of Nb-samples partially doped with H,D
and N in a log-log plot. 0 pure Nb, j | N D N Q ^ O S J A
^ ^ . O O Z A ^ ^ . 0 0 6 ' A ^ 0 . 0 0 3 D0.002' ^^ solid
lines are guide lines for the eye. The dashed line
represents the results of Sellers et al. (71). The
dashed pointed line gives the calculated specific
heat for pure Nb (9).
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Note added in proof

A reinvestigation of the "new excitations" in NbDg.85 has

shown that the 10.8 meV feature is a false peak. The 18.9 iaeV
remains real.
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