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Hydrogen hopping rates and hydrogen-hydrogen interactions in PdH„
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Ultrasonic-attenuation measurements have been performed on single-crystal PdH„over the tem-
perature range 80—300 K and for 0.64(x (0.76. The longitudinal and the two independent trans-
verse modes that propagate along the [110]crystalline direction were investigated over a range of
frequencies from 10 to 150 MHz. Evidence was found for more than one type of motion. The as-
sumption of two simple relaxation processes was sufhcient to give a reasonable fit to all of the data.
The attempt frequencies for these two processes were found to depend somewhat on H concentra-
tion and acoustic mode, but the activation energies did not. The activation energies and approxi-
mate attempt frequencies were found to be 0.155 eV and 3X10' s ', and 0.254 eV and 10' s
These values are suggestive, respectively, of tunneling and classical barrier hopping. The relaxation
strengths {5C's) derived from the 6t do not satisfy the Cauchy relation, which means that central
forces do not ful]y describe the H-H interactions. By restricting consideration to nearest- and next-
nearest-neighbor H-H interactions, elements of the force-dipole tensor describing H-H interactions
are found, including a noncentral force contribution.

INTRODUCTION

Metal-hydrogen systems remain of interest because of
their many unusual physical characteristics. ' Among the
striking properties is the very rapid diffusion of H which
includes the possibility of tunneling. A wide variety
of systems have been studied ranging from single crystals
to amorphous materials. Even for the simplest systems
much is not fully explained. Among the techniques
found useful for the study of metal hydrides are ultrason-
ic attenuation and internal friction. " Presented
here are the most extensive ultrasonic attenuation mea-
surements to date on a metal hydride, in this case a rela-
tively simple and well-studied ope, namely palladium hy-
dride. The temperature and frequency dependence of the
attenuation give information about the H hopping rate.
Evidence is presented for two types of motion. The mag-
nitude of )he attenuation is related to the H-H interaction
strength. Results are expressed in terms of a force-dipole
tensor.

THEORY

The attenuation is interpreted in terms of relaxation in-
volving the motion of H atoms under the influence of the
ultrasonic strain. In the case of a single relaxation time ~
the amplitude attenuation coefBcient e is given by '

co 5C co%a-
2v C 1+co~+

where co/2m. is the ultrasonic frequency, U is the ultrason-
ic velocity, C is the elastic constant corresponding to the
ultrasonic mode propagated, and 5C=C"—C" where C"
is the relaxed elastic constant' measured at m~&(1 and
C" is the unrelaxed elastic constant measured at cue ))1.
The symmetry of the octahedral site occupied by H in

V(I ) VAA(l )+ VBB(! ) 2V AB(t ) (2)

where V""(k ) refers to the interaction energy between
two atoms of type A, one located at the origin and one at
(k ), with similar definitions for V (k ) and V" (k ). For

palladium is such that no relaxation occurs for an isolat-
ed H or vacancy. Relaxation occurs due to H-H interac-
tions, a type of relaxation first proposed by Zener. ' For
the dilute case such that one may consider isolated H-H
pairs, calculations' ' show that ~ is approximately
equal to ~D, the mean time of stay of a particle on an in-
terstitial site. Such calculations have not been carried
out for the concentrated case, but a comparison' ' of
internal friction data with diffusion measurements on a
number of alloys indicates that v.=n ~D with n of the or-
der 1 —10. The data are not usually well described by a
single peak as given by Eq. (1), and a distribution of re-
laxation processes is sometimes used. ' A remarkable re-
sult of the present study is that the data for three in-
dependent ultrasonic modes at various frequencies indi-
cate that a simple Gaussian or Lorentzian distribution of
relaxation times does not describe the results. In fact, the
data are approximately described as a sum of two peaks
of the type given by Eq. (I) with the relative peak heights
dependent on acoustic mode.

In addition to information about the hopping rates, the
fit of the experimental data to a sum of relaxation pro-
cesses gives values for the 5C's. Theoretical expressions
for the 5C's for Zener relaxation in concentrated binary
alloys have been developed by Le Claire and Lomer,
and Welch and Le Claire. ' The results are described in
terms of short-range order parameters a(k ), ordering en-
ergies V(k ), and the dependence of these quantities on
the strain. Here V(k) is the ordering energy for the site
in the kth neighbor shell, along the positive direction l
relative to an atom at the origin,
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the present case it is more convenient to use the concept
of the force dipole tensor. We find that the Welch —Le
Claire theory may be expressed in terms of the force di-
pole language by defining

dvAA(l )

where P;""(k) is an element of the force dipole tensor
describing the dependence on the strain e; of the interac-
tion between a pair of atoms of type 3, one located at the
origin and the other located at (k ). With this change the
Welch —Le Claire results may be written as

Xm~m~ d cxk
5C;;- = ggp;, (k)

dk

(4)

The sum over I for shell k ranges over zk/2 positive
directions where zk is the number of atoms in shell k. We
now restrict ourselves to the high temperature limit
where the short-range order parameters are small and use
the Welch —Le Claire results expressed in the present
language,

1

d" kTE,J

Equation (4) becomes,

k

We now specialize to the case of H on the palladium
fcc sublattice so that X/V=4/ao, where ao is the lattice
constant, and mz =x the fraction of the octahedral sites
occupied by hydrogen atoms H and m~ =1—x the frac-
tion of sites occupied by vacancies V. We limit the sum
over k to the first two neighbor shells. Then

5C;,,l=, g [P~)(I)] + g[p;, (2 )]
ao m

where the sum over l is over half the atoms in the first-
neighbor shell (the zl /2 positive directions) and similarly
the sum over m is over half the atoms in the second
neighbor shell. Formally,

p pHH+ p VV 2pHV
lJ EJ ij ij

but we interpret p; =p; =0 in which case p;. =p;J
which characterizes the interaction between H atoms.

First-neighbor pairs

where X/V is the number of sites per unit volume, m~
and mz are the atom fractions of A and B atoms, respec-
tively, in the binary alloy, and

p (! ) pAA(l )+pBB(l ) 2pAB(l

110
110
101
101
011
011

110
110
101
101
011
011

001
001
010
010
100
100

Pi 0 0

0 Pq 0

0 0 P3

We take the six positive directions for the first-neighbor
pairs as shown in column 2 of Table I. Table I also gives
the principal axis system for these six dipoles. [The six
negative directions have been taken care of by a factor of
two in the derivation of Eq. (4)].

Second-neighbor pairs

The six second-neighbor pairs constitute tetragonal
elastic dipoles lying along [100] type directions. Table II
gives the principal axis system and column 2 of that table
gives the three positive directions. We let Q denote the
dipole due to second-neighbor pairs. In the principal axis
system Q will have the form

Q, 0 0

0 Qp 0

0 0 Q2

Transformation to the measurement frame

We propagate ultrasonic waves along the [110]crystal-
line direction and we take as our reference frame (the
primed frame) [110],[110],and [001] for the x', y', and
z' directions. For 5C,"," in the primed frame we need p,.'.
Therefore it is necessary to transform the P; (and the

Q;l ) to the primed frame. There are six dipoles to be
transformed for first neighbor pairs and three for second
neighbor pairs as indicated by the principal axes systems
of Tables I and II. This transformation can be carried
out' ' using the standard transformation for a second-
rank tensor,

TABLE II. The principal-axes system for next-nearest-
neighbor H-H dipoles. The notation is similar to Table I except
that m labels the various dipoles.

Principal axes

TABLE I. The principal-axes system for nearest-neighbor
H-H dipoles. The first column merely labels the various. dipoles
I; the next three columns give the x, y, and z directions of the
principal axes in terms of crystalline directions.

Principal axes

The 12 first-neighbor pairs constitute orthorhombic
elastic dipoles lying along [110]-type directions. In the
principal axis system p will be diagonal and of the form

100
010
001

010
100
100

001
001
010
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3 3

P,'= g g a,„a,P„, , (10)

[—.'(Pi+P2 —2P~ )'+ —,'(QI —Q2)']
ao T

[ —,', (P, +P2 2P ) + —'(P—, P~)—
ao

+—', (P, +P~+P~) + —,'(Q, Q~)—
+ —,'(Q, +2Q2) ] . (13)

Equation (11) shows that second-neighbor interactions do
not a6'ect 5C for the symmetry considered here.

It is interesting to note that if we take P2 =P~ =Q2 =0,
then Eqs. (11)—(13) give

6C =26C+ 6C . (14)

Equation (14) may also be written as 5C&&=5C44 a Cau-
chy relation for the 5C's. The Cauchy relation for the
ordinary elastic constants is well known to follow from
the assumption of central forces and inversion symmetry.
Taking only one element for the force-dipole tensor is
equivalent to the assumption of central forces. (It is
sometimes stated, incorrectly, that the central force as-
sumption is equivalent to taking only one element of the
A. tensor. )

EXPERIMENTAL DETAILS

The preparation of the samples has been described pre-
viously. BrieAy, a single crystal of palladium, approxi-
mately 1 cm in diameter and 0.75 cm long, was prepared

where a;, is the direction cosine between the rth axis in
the principal axis system and the ith axis in the primed
system.

One of the required elastic constants corresponds to
elastic waves propagating along [110]and polarized along
[001] and is 5CI&&& =5C5& =5C44=5C44=5C, where we
have first changed to the condensed Voigt notation and
then to the conventional notation for one of the shear
elastic constants in a cubic crystal. The required ele-
ments of the force-dipole tensor are P4 (first-neighbor in-
teractions) and Q4 (second-neighbor interactions) again in
Voigt notation. The P4 for each of the six I and the Q4
for each of the three I are substituted into Eq. (7) to cal-
culate the contributions to 5C.

Another required elastic constant corresponds to elas-
tic waves propagating along [110] and polarized along
[110] and is 5C)q)2 =5C66 =5(CII —C)2)/2=5C'. The
required elements of the force-dipole moment are P6 and
Q6.

Finally, longitudinal elastic waves along [110] corre-
spond to C'»» =C'» =(C»+C,z+2C44)/2=CL. The
appropriate elements of the force-dipole tensor are PI
and Q', . The results are

(11)
aokT

with Aat and parallel faces for propagation of ultrasonic
waves along the [110] direction. The sample was an-
nealed in vacuum at 800 C for one hour and then
charged with hydrogen in a pressure cell and furnace.
Temperature and pressure were controlled so as to avoid
both the mixed phase region, and hydrogen concentra-
tion gradients greater than 1%. The sample was first
charged to a hydrogen concentration of x =0.72. Hydro-
gen was allowed to evolve for several days at room tem-
perature and atmospheric pressure until the concentra-
tion reached 0.67 at which point the measurements were
made. To prevent further escape of hydrogen, the sample
was stored in liquid nitrogen when measurements were
not being made. After the x =0.67 measurements were
completed, the hydrogen was removed, again by avoiding
both the mixed-phase region and large concentration gra-
dients. Careful records were kept of the weight of the
sample using a microbalance with a resolution of 0.1 mg.
To a sensitivity of 20 ppm the weight of the sample be-
fore charging and after discharging the hydrogen was the
same. The same sample was then charged to a concentra-
tion of 0.76 using the same process. The x =0.76 sample
was first treated with a potassium-iodide solution to slow
the escape of hydrogen and then plated with a copper
film which reduced the escape rate to a negligible level.
The sample was always stored in liquid nitrogen when
not used in the experiments. After the 0.76 measure-
ments were finished, the copper film was removed. The
sample was kept at 47 'C for 35 days after which time the
hydrogen concentration was 0.72. The sample was re-
plated with copper and ultrasonic measurements were
performed. The copper film was removed and the sample
lightly polished with 0.05 pm powder to allow the hydro-
gen to evolve more freely. After the concentration
reached 0.64 another series of ultrasonic measurements
were made.

Ultrasonic waves were propagated along the [110]
direction. Longitudinal waves, transverse waves polar-
ized along [001], and transverse waves polarized along
[110]were investigated. These correspond to the elastic
constants

CI = 2(C11+C12+2C44),

C=C44,
C' =—,'( C„—C, 2 ) .

The standard ultrasonic pulse-echo method was used to
measure the attenuation. The heights of two echoes were
measured to minimize eA'ects of losses in the bonding ma-
terial used to attach the quartz piezoelectric transducers
to the sample.

RESULTS AND DISCUSSION

Figures 1 —3 give attenuation data for the three in-
dependent acoustic modes as a function of H concentra-
tion for a frequency of approximately 10 MHz. The peak
shifts to higher temperature as the H concentration is in-
creased for all three modes. It is also seen that at the
lower concentrations the peak occurs at a lower tempera-
ture for the C mode than for the other two modes. This
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FIG. 1. Ultrasonic attenuation vs temperature for longitudi-
nal waves propagating along the [110] direction (Cz mode) in
single-crystal a'phase PdH for variousx values. The ultrason-
ic frequencies are listed in the figure.

FIG. 2. Same as Fig. 1, except transverse waves propagating
along [110]polarized along [110]{C' mode).

efFect has been seen previously. (The 10.7 MHz data for
longitudinal waves in the x =0.76 sample show a strong
temperature dependent background. Such a background
was not observed for any other case, e.g. , higher-
frequency longitudinal waves in the x =0.76 sample did
not show this eftect. A special relationship between the
thickness of the copper film and the ultrasonic wave-
length may have led to high losses in the copper film or
ultrasonic bond for this particular data set. These data
were not used in the following analysis. )

At each of the four concentrations and for each of the
three modes, measurements were performed as a function
of frequency. An average relaxation time may be found
by taking co~=1 at the attenuation maximum. The fre-
quency dependent data may be displayed in an Arrhenius
plot to determine an activation energy and attempt fre-
quency associated with the peak position. The results for
longitudinal waves are given in Fig. 4 for each concentra-
tion. The thermally activated relaxation time determined
in this way may then be used in Eq. (1) to calculate the
attenuation over the entire temperature range. From
such a calculation it is clear than a single Debye peak is
too narrow to fit the experimental results.

The usual approach to fit such data is to use a distribu-

where

CO%

2pv; t 1+Pi) r;
5C;

r; =ro; exp(EO; /k T),
agd we assume

tion of relaxation times. Indeed, we found that such an
approach with an asymmetric Gaussian distribution of
activation energies, gave a reasonable fit to the CL
mode and C' mode data for the various frequencies and
concentrations studied. In addition, an approach using g
symmetric Gaussian distribution of activation energies
apd the Zener relation between activation energy and
attempt frequency was also capable of fitting the CL and
C' mode data. However, the results for the C mode,
especially at the higher concentrations, are very poorly
described by such approaches. The data suggest a bimo-
dal distribution.

We take the simplest approach and attempt to fit all
the data as a sum of two simple Debye peaks. Using
C=pv where p is the sample density, and Eq. (1) we take
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FIG. 3. Same as Fig. 1, except transverse waves propagating
along [110]polarized along [001] (C mode).

FIG. 5. Ultrasonic attenuation at various frequencies for lon-
gitudinal waves along [110]in PdHO 76. The points represent the
data while the solid lines represerit the sum of two Debye peaks.
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FIG. 4. Average relaxation times (determined by setting
co~=1 at the attenuation maxima) vs inverse temperature. Lon-
gitudinal waves were propagated along the [110]direction.

The fitting parameters are then Eo;, ~o,., and A, , giving
a total of six parameters to fit the frequency and tempera-
ture dependence of each mode at each concentration. We
require, however, Eo; to be independent of acoustic
mode. In addition, we do not expect ~o, to depend
strongly on acoustic mode. A strong mode dependence
would be dificult to understand. These parameters may,
of course, be concentration dependent. For a given con-
centration and acoustic mode we fit all frequencies simul-
taneously over the entire temperature range. The results
for all the longitudinal data at x =0.76 are given in Fig.
5. Figures 6 and 7 give results for the C' and C modes,
respectively.

The overall features are reasonably well described by
this fitting procedure. These features include the shift in
position with concentration shown in Figs. 1 —3, the fact
that at lower concentrations the C mode attenuation
reaches a maximum at a lower temperature than the oth-
er modes, and the strong mode and concentration depen-
dence of the peak shapes. The theoretical peaks obvious-
ly show more structure than the data. Although we do
not show the results here, the addition of a small distribu-
tion of activation energies to each subpeak largely elimi-
nates this structure. Nevertheless, the calculated peaks
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and vz is the vibrational frequency of H in its potential
well calculated from neutron scattering to be 1.4X10'
sec '. It is remarkable that the classical expression
agrees within a factor of 2 with the experimental results
for all three acoustic modes for the high-temperature
component. Although the agreement may be fortuitous,
the result at least suggests that the high-temperature
component corresponds to classical barrier hopping.

As mentioned above, the low-temperature subpeak has
a much lower attempt frequency than the high-
temperature subpeak. It has been shown that hopping
may occur by a transition to an excited state in the well
followed by tunneling from the excited state. ' The
effective attempt frequency for this process may be much
lower than that characteristic of classical hopping.
Therefore, it may well be that the low-temperature sub-
peak corresponds to tunneling. In this connection it is in-
teresting to note that tunneling may be especially sensi-
tive to strain in the material. The samples used in the
present study were large single crystals carefully prepared
to avoid internal strains. These samples have a relatively
high density which is associated with low strains.

Each subpeak for each mode is characterized by a 5C.
The ratios of the low temperature subpeak to the high-
temperature subpeak 5C's are given in the bottom part of
Fig. 8. It is seen that, relative to the high-temperature
peak, the low-temperature peak decreases with increasing
concentration. (It is this decrease which causes the
overall peak to shift to higher temperature as the H con-
centration is increased. ) Interpreted as tunneling, this de-
crease means, of course, that tunneling is more likely at
lower hydrogen concentrations. This trend is opposite to
what would be expected if tunneling only occurs between
sites for which the H atom has the same number of
nearest-neighbor sites occupied by H before and after the
transition (assuming random-site occupancy).

Figure 8 also shows that the ratio has a definite depen-
dence on ultrasonic mode. We now make some specula-
tive remarks about that dependence. We assume that the
relaxation strength may be described in terms of 6rst-and
second-neighbor interactions. (For the concentrations
considered here it is convenient to think of vacancy pairs.
Rather than H-H interactions we can think of effective
V-V interactions. ) In a central force description, 5C is
not at all affected by second neighbor interactions, 5C' is
strongly affected by these interactions, and 5CI is
affected, but not nearly so strongly as 5C'. This result is
well known for the ordinary elastic constants, has been
derived previously for the 5C's, and follows from Eqs.
(11)—(13) in the central-force approximation. Figure 8
shows that the low temperature component is inversely
correlated with second-neighbor interactions. For relaxa-
tion strengths dependent only on first-neighbor interac-
tions the low-temperature component is relatively prom-
inent. For relaxation strengths dependent relatively more
strongly on second-neighbor interactions, the low-
temperature peak is much weaker relative to the high-
temperature component. If the low-temperature peak is
indeed due to tunneling then this correlation with
second-neighbor interactions must be related to the mi-
croscopic environment in which tunneling occurs.

TABLE III. The relaxation strengths, 5CL, 5C, and 5C' for
different H concentrations x in units of 10' N/m'.

0.64
0.67
0;72
0.76

5CL

8.17
6.95
5.04
3.94

1.78
1.58
1.27
1.01

5C'

2.33
1.99
1.54
1.32

0.61 .

0.56

V
rQ

V

0.18

0.10
O.el

I

0.6
x (Hrpd)

0.72 0.7e

FIG. 9. The Cauchy ratio 5C444/5C» vs H concentration.
The dots represents results derived from the two-peak fit to the
data described in the text. The triangles result from a three-
peak fit to the data.

By fitting the entire attenuation versus temperature
curve for various frequencies, we derive values for the
5C's. The accuracy of these values depends on the quali-
ty of the fit to the experimental curve, and does not de-
pend on the detailed physical interpretation of the origin
of the two subpeaks. Results are shown in Table III for a
temperature of 200 K.

If central forces describe the H-H interactions, then
the 5C's should satisfy a Cauchy relation, just as for the
ordinary elastic constants. The usual statement is that
C,2=C44 for central forces. We can extract 5C,2 from
the measured 5CI, 5C', and 5C44. Figure 9 shows the ra-
tio 5C~4/5C, 2 as a function of concentration. The re-
sults are similar to the ratio C44/CI2 for the ordinary
elastic constants in both pure Pd and PdH which is ap-
proximately 0.4. Although not described in the present
paper, we have also used a three-peak approach to fit the
results. The 5C's derived from this approach are about
20% higher than those resulting from the two-peak ap-
proach, but the relative values are essentially the same for
the two approaches. The results from the three-peak fit
are also shown in Fig. 9. Central forces do not give a
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TABLE IV. Force-dipole elements for various H concentra-
tions x. P denotes nearest-neighbor interactions and Q denotes
next-nearest-neighbor interactions.

TABLE V. Nearest-neighbor force-dipole elements with the
assumption that {P &

—P2 ) and (P
&
+2P2 ) have the same sign.

fP, f (eV)

0.64
0.67
0.72
0.76

IPi —P. l (eV)

0.109
0.107
0.105
0.104

fP, +ZP, f (eV)

0.152
0.146
0.132
0.125

fQ, f (eV)

0.098
0.093
0.089
0.094

0.64
0.67
0.72
0.76

0.123
0.120
0.115
0.111

0.014
0.013
0.009
0.007

good description of the results, although the ratio tends
toward unity as the H concentration is increased. An
earlier measurement at a single concentration and for a
single-frequency indicated that the 5C's did obey a Cau-
chy relation. The present results are felt to be much
more reliable.

Equations (ll) —(13) give the 5C's in terms of the ele-
ments of the force-dipole tensor describing H-H interac-
tions for Arst and second neighbor pairs. It is seen that
five elements of the force dipole element are involved
while there are only three independent 5C's. Some sim-
plifying approximations are necessary. Neutron scatter-
ing measurements ' shows that second neighbor interac-
tions are important, thus we want to keep a contribution
from this source. We simplify the noncentral force con-
tributions by taking P2 =P3 Q2 0.

With this simplification the force-dipole elements given
in Table IV are derived from the data in Table III using
Eqs. (11)—(13). From the experimental results we can
only determine absolute values for the quantities listed in
Table IV. If (P, P2) and (P—&+2Pz) have the same sign,
then it turns out that P, and P2 also have the same sigp
for all cases and fP2 f

(( fP& f. ~ith opposite signs fPzf is
considerably greater than fP& f. It seems likely that the
same sign situation applies. Table V gives results under
the assumption of same signs. It is seen that the Cauchy
ratio is a sensitive test for central forces since a small P2
contribution causes the Cauchy ratio to deviate markedly
from unity. The weak concentration dependence of fP, f

and fQ& f
is in accord with neutron scattering measure-

ments of the dispersion curves in palladium deuteride
which show very little concentration dependence.
McKergow et al. have used a spherically symmetric po-
tential to fit the dispersion curve measurements on
PdD0 8. Their potential gives P, =0.41 eV, P~=O, and

Q& =0.16 eV. These values are somewhat higher than
our values as shown in Tables IV and V. It was pointed
out, however, that substantially dift'erent sets of force
constants have been used to describe the dispersion curve
measurements.

We have also calculated the force-dipole elements from
the three-peak fit to the data. The various elements are
about 10% higher than those found from the two-peak

approach, but the results for the concentration depen-
dence and the relative magnitudes of the various elements
are essentially the same as for the two-peak fit. This is in
accordance with the earlier statement that the results for
the 5C's should depend on the quahty of the fit to the ex-
perimental data, and not on the detailed interpretation of
the relaxation processes involved.

CONCLUSIONS

Extensive ultrasonic measurements on single-crystal
PdH show evidence for two types of motion. A simple
model incorporating two Debye peaks allows us to fit the
data over a wide range of temperature, H concentration,
and ultrasonic frequency for all three independent ul-
trasonic modes. The activation energies and attempt fre-
quencies derived from the fit are suggestive of tunneling
and classical barrier hopping. The relative contribution
of the peak associated with tunneling decreases as the H
concentration increased. Also, this peak is less pro-
nounced for those ultrasonic modes sensitive to second
neighbor interactions. It is suggested that the large, low-
strain, single crystals used in the study may be especially
favorable for tunneling. The violation of the Cauchy re-
lation for the 5C's indicates that central forces are an
inadequate description of H-H interactions. This con-
clusion does not depend on any restrictive assumption
about the range of the interaction. By restricting con-
sideration to first and second neighbor H-H interactions,
elements of the force-dipole tensor describing H-H in-

teractions are found, including a noncentral force contri-
bution. With a simple assumption about relative signs, it
is found that the noncentral force contribution is only
about 10%%uo of the central force contribution, and de-
creases with increasing H concentration. The central
force contributions are only weakly concentration depen-
dent.
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