
PHYSICAL REVIEW B VOLUME 50, NUMBER 8 15 AUGUST 1994-II

Range of forces on host-metal atoms around interstitial hydrogen in Pd and Nb
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Forces on the host-metal atoms surrounding a hydrogen atom at different interstitial positions
in palladium and niobium are calculated from Srst principles in the local-density approximation
with a mixed-basis pseudopotential supercell approach. For supercells Pd„H (n = 1,4,8,16,32)
previously reported results are reanalyzed and corrected based on a recently noticed simpli6cation
in the computational method. Results are presented for supercells Nb„H (n = 1,2,4,8,16). In both
elements the displacement forces decay dominantly within the range of one lattice constant. The
elastic force-dipole tensors are determined from the first-principles forces. The results for octahedral
occupation of H in Pd and tetrahedral occupation of H in Nb support the picture of static occupation
of distinct interstitial sites.

For the understanding of many properties of metal-
hydrogen systems information about the microscopic in-
teraction between the interstitial hydrogen atom and the
surrounding host-metal atoms is essential. A wide range
of materials has been investigated, under the viewpoints
of applied technologies such as hydrogen-energy storage
as well as of basic research, with the aim of understanding
microscopic properties such as interstitial site locations,
vibrations, and diffusion of light particles in a transition-
metal host. ' Two of the best known materials are the
Pd-H and Nb-H systems. However, in spite of much in-
formation accumulated in the literature, there are still
open questions worthy of further study.

One of these questions is concerned with the range of
forces on or displacements of the host-metal atoms sur-
rounding the interstitial hydrogen atom. For simplic-
ity it is most favorable to imagine that the forces have a
short range &om the H atom to only the nearest- or next-
nearest-neighbor metal atoms and that the action of the
impurity is well screened from further metal atoms by
the conduction electrons. However, this is an assump-
tion which requires microscopic support.

Experimentally, the direct measurement of atomic for-
ces or displacements is di.fEcult. The 6rst ingredient to
get the forces is the knowledge of the preferred location
of light particles in the metal lattice. This can be rather
well determined, for instance, with the ion-channeling
method: In the face-centered-cubic (fcc) Pd and the
body-centered-cubic (bcc) Nb, the H atoms occupy octa-
hedral and tetrahedral sites, respectively.

Next the directions of forces and relaxation patterns of
the metal atoms are given by the local symmetry of the
interstitial sites. The Beld of the forces can be expanded
in multipoles, ' starting with the second-rank force-
dipole tenser P with the components

p;, =) f, x, . -

ACC
P= C AC

CCA

with C = 0 for 0 and T In Nb P is. given by

TABLE I. Corrected absolute values of forces on Pd atoms
at difFerent neighbor shells around an octahedral H atom in
Pd„H (in Ry/a. u.): d/a is the distance between Pd and H

atoms in units of the calculated equilibrium lattice constant
of pure Pd, a = ao (Pd) = 7.33 a.u. = 3.88 A. Values marked

by an asterisk indicate that these metal atoms are located on
the Wigner-Seitz cell boundary of the hydrogen sublattice.

Shell

Pd
Pd4H
PdaH
Pdg6H
Pd32H

1
2

0.0
0.0
0.013
G.010
0.009

Hat OinPd
(2)
~3

0.0'
0.0
0.0'

0.006
G.O'

0.001

(4)

0.000'

where the x; and f (i,j = 1,2,3) are the ith Cartesian
coordinate and the jth Cartesian Kanzaki-force compo-
nent, respectively, on the mth metal atom. The H atom
is located at the origin of the coordinate system. The
force-dipole tensor is the connecting quantity between
the atomistic and the elastic-continuum description of
lattice distortions due to point defects in crystals. " The
number of independent tensor components is limited by
the local interstitial symmetry. For the octahedral and
tetrahedral sites 0 and T, with cubic symmetry in Pd
and for the triangular saddle point S between them, the
tensor P is given by
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fA C 0)
'P= C A 0

(0 0B)
for the tetrahedral and octahedral sites T and 0, with
tetragonal symmetry, and for the saddle point S on the
straight line between two neighboring tetrahedral sites.
C = 0 for T and 0 again. One characteristic quantity
of the force-dipole tensor is its trace Tr P = 3A for H in
Pd and Tr 'P = 2A + B for H in Nb, which is propor-
tional to the H-induced isotropic volume expansion of
the metal. Another quantity is the measure for tetrago-
nal anisotropy, conventionally given by the dimensionless

3(~-a~expression 2&+& . The nonhero oK-diagonal components
are due to the trigonal and orthorhombic local sym-

metry at the saddle point in PdH and NbH, respectively.
The components of the force-dipole tensor can be mea-

sured via diffraction and scattering of x rays. To get
an estimate for the forces f; from the measured tensor
components A and B an assumption is necessary for the
range of nonvanishing forces in the summation m over
host-metal atoms. It is very common in bcc metals to
sum over the first two neighbor shells. The inclusion of
at least the second shell is essential for H in Nb in the
static picture to achieve agreement with the experimental
finding of an almost isotropic (cubic) force-dipole tensor

[,"„+~~ & 0.06 (Ref. 4)].
Recently Dosch et al,. have questioned the simple pic-

ture of H atoms statically occupying individual inter-
stitial sites in bcc metals. They propose a dynamical
model based on the assumption that lattice distorsions
cannot immediately follow H atoms rapidly jumping be-
tween neighboring tetrahedral sites in Nb. The range
of static forces is assumed to be limited to the nearest-
neighbor Nb atoms, but the dynamics of the H atom
leaves sufficient flexibility of the model to obtain a bet-
ter quantitative agreement with their diffuse-scattering
spectra than the static model, including the vanishing
anisotropy of the force-dipole tensor.

The dynamical picture was supported theoretically by
Wahnstrom and Li. In their molecular-dynamics simu-
lations they found very rapid local jumps of the H atoms
between neighboring tetrahedral sites. These motions are
confined mainly to the so-called 4T configurations, whose
local symmetry is equal to the one of octahedral sites,
and less to the 3T configurations with a lower symmetry
suggested by Dosch et at.

TABLE II. Corrected absolute values of forces on Pd atoms
around a tetrahedral H atom in Pd H (in Ry/a. u.). See the
caption of Table I.

Shell

PdH
Pd4H
PdsH
Pdg6H
P13gH

(1)
~3
4

0.0'
0.065
0.066
0.066
0.069

HatTinPd
(2)
~ix

0.000'
0.006
0.005 0.000

(4)

0.001

In the present work we report first-principles supercell
calculations in the local-density approximation for the
forces on the metal atoms on ideal lattice sites surround-
ing one interstitial H atom per supercell in Pd and Nb.
Forces in cubic Pd„H supercells (n = 1,4,8,16,32) have
been reported in our earlier work. However, based on a
recently noticed important simplification ' in our com-
putational method for the forces, the values of these data
were found to be in part inadequate. In the following the
reanalyzed forces are reported and the components of the
resulting force-dipole tensors for three different intersti-
tial sites are compared with experimental results. Results
for forces in cubic Nb„H supercells (n = 1,2,4,8,16) and
the related force-dipole tensors are given subsequently.

A microscopic calculation of the force-dipole tensor
for H in the fcc metals Pd and Pt in the framework of
the effective-medium theory has been reported recently. i4

Our first-principles results confirm those result for Pd
and support the appropriateness of the effective-medium
theory. For H in the bcc metal Nb we are not aware of
any earlier microscopic theoretical determination of the
force-dipole tensor.

It is important to be aware that the forces calculated
from first principles in the supercells containing one H
atom strictly are not the Kanzaki forces f These are.
defined as those forces which have to be applied to the
atoms in the pure metal without H in order to cause the
same atomic displacements as if the disturbing H atom
were present. In our calculations the forces of the H
atoms on the metal atoms at the ideal lattice positions
are evaluated. Hence small contributions to the Kanzaki
forces resulting from changes in the force-constant matrix
of the metal are neglected [cf. Eq. (2.8) in Ref. 15].

TABLE III. Corrected absolute values of forces on a H atom located at a triangular saddle point in Pd H and on the Pd.
atoms around it (in Ry/a. u.). See the caption of Table I.

Shell

PdH
Pd4H
Pd8H
Pd16H
Pd32H

0.0
0.002
0.001
0.000
0.000

(1)
~6
6

0.0
0.098
0.100
0.100
0.105

0.014
0.015
0.020
0.020

0.005
0.009
0.009

0.000
0.005
0.006

0.003
0.003

H at S in Pd
(4) (~)
~6 ~30

0.002 0.001 0.001 0.001

~66

0.001
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Shell
PdH
Pd4H
Pd8H
Pdg6H
Pdg2H

(1)
0.0
0.0
1.30
0.98
0.94

Hat OinPd
(2) (3)

0.0
0.0
0.0
1.38

0.0
-0.40 -0.13

A
0.0
0.0
1.30
0.98
1.79

TABLE IV. The force-dipole tensor component A and its
contributions from the diferent neighbor shells of Pd atoms
around an octahedral H atom in Pd„H (in eV).

Pd8H
PdI. gH

Pd32H

HatO
Tr p
3.9
2.9

7.0 (5.4)

H at T
Tr P
11.4
16.9

17.3 (16.5)

HatS
Tr P C
14.0 -1.6
18.3 -1.3

19.4 (18.4) -1.2 (-1.4)

TABLE VI. Traces Tr 'P = 3A and nonzero ofF-diagonal
components C (in eV) of the force-dipole tensors for H at the
octahedral and tetrahedral sites and the saddle point in Pd.
Values in parentheses contain force contributions from shells
with d/a ) 1.

In supercell calculations of absolute values of the force
acting on the mth metal atom

TABLE V. The force-dipole tensor component A and its
contributions from the difFerent neighbor shells of Pd atoms
around an tetrahedral H atom in Pd H (in eV).

Shell
PdH

Pd4H
Pd8H
Pdg6H
Pd32H

(1)
0.0
3.75
3.77
3.82
3.98

Hat Tin Pd
(2) (3)

0.02
1.81
1.80 -0.11

(4)

-0.17

A
0.0
3.75
3.79
5.63
5.50

).(f, )'
) j=i

and components P;~ of the force-dipole tensor from the
Cartesian components z, and f one has to check care-
fully whether the mth metal atom is located on a bound-
ary wall of the hydrogen-sublattice Wigner-Seitz cell.
In this case the force components perpendicular to the
wall vanish identically by symmetry. In comparison with
forces expected around an isolated H atom the compo-
nents parallel to the wall may be reduced as well by su-
perposition. Additionally the value of such a force com-
ponent is to be divided by the number of Wigner-Seitz
cells sharing the atom on a common wall. This ensures
the correct symmetry weight of the force in the summa-
tion over all equivalent metal atoms of a neighbor shell
for the calculation of the force-dipole tensor. In Tables I—
III and VII—IX such forces are indicated by an asterisk.
For the forces on the atoms located within the cell the
effects of superposition can only be reduced by increasing
the supercell size.

For the calculation of the forces on the metal atoms in
Pd„H supercells (n = 1,4,8,16,32) from first principles a
mixed-basis pseudopotential method has been used.
The formalism and the computational details are given in
Refs. 11 and 19. Recentlyiz'is it was found that one con-
tribution to the forces, originating from changes in the
fractional occupations of the one-electron Bloch states,
exactly cancels out because of the variational property
of the particular energy functional used in these calcula-
tions. This contribution [cf. the last sum in Eq. (17) of

TABLE VII. Absolute values of forces on Nb atoms at dif-
ferent neighbor shells around an octahedral H atom in Nb„H
(in Ry/a. u.): d/a is the distance between Nb and H atoms
in units of the calculated equilibrium lattice constant of pure
Nb, a = ao (Nb) = 6.11 a.u. = 3.23 A.. Values marked by an
asterisk indicate that these metal atoms are located on the
signer-Seitz cell boundary of the hydrogen sublattice.

Shell

NbH
Nb2H
Nb4H
NbsH
Nbg6H

(1)
1
2

0.0
0.0'
0.147
0.151
0.145

H at 0 in Nb
(2) (3)

~5

0.0'
0.0

0.021
0.020

0.0*
0.003' 0.004' 0.003'

Ref. 19) was taken into account approximately in Ref. 11
in the erroneous expectancy to improve the accuracy of
the forces. It turned out to change the values of the
forces by less than 10 Ry/a. u. (1 Ry=13.6 eV, 1 a.u.
= 0.529 A), which is negligible for many cases, but now
we noticed that it became significant in the case of rather
small forces in the Pd„H supercells. In particular, it did
not decrease with increasing distance from the H atom,
suggesting a long range of the distortion field. The result
of Refs. 12 and 13, that these force contributions vanish
exactly, caused us to reanalyze our force results in Pd„H
by omitting the corresponding term.

The corrected data are given in Tables I—III for H at
the three sites 0, T, and S (they replace the less accurate
data given in the Tables 3—5 of Ref. 11). The forces de-

cay within the range of the PdszH supercells below 10
Ry/a. u. , which is less than our estimated limit of accu-
racy of about 5 x 10 Ry/a. u. Furthermore, the change
of the force on the first neighbor shells with increasing
supercell size is less drastic now in the octahedral case
and the directions of the forces on the second neighbor
shells in Pd32H are found to be repulsive. These are very
important improvements because the forces can be inter-
preted more consistently and the resulting force-dipole
tensor turns out to be physically reasonable. (With the
old data the attractive forces of the second neighbor shells
had lead to negative force-dipole components. ) Conse-
quently, the forces on more remote atom shells can be
used now in the construction of a Pd-H pair potential,
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as has been done in our recent model calculation for the
stability of self-trapped states of H isotopes in Pd.

The components A of the force-dipole tensors for H
at the octahedral and tetrahedral sites are compiled in
Tables IV and V, together with their individual contri-
butions &om the different neighbor shells of Pd atoms.
These contributions are obtained by only summing over
the equivalent Pd atoms of each shell. Traces Tr 7 and
nonzero ofF-diagonal components C for H at all three sites
are given in Table VI. Comparing the results for the dif-
ferent supercells we notice that the force-dipole contribu-
tions as well as the forces (cf. Tables I—III) on the inner
atom shells are reasonably converged for the Pd3 2H su-

percells. The neighbor shells with d/a & 1 dominantly
determine the force-dipole tensor. Contributions from
shells with d/a ) 1, which are only present in the PdsqH
cells, have to be considered with caution because the cor-
responding forces are well below our estimated limit of
numerical significance. Taking them into account results
in the values listed in parentheses in Table VI. Com-
pared to the experimentally found trace of the tensor Tr
P = 3A = 10.5 eV, 2 the calculated value of 7.0 eV (or
5.4 eV when adding the spurious force contributions from
the more remote shells) for the octahedral site agrees
somewhat better than about 17 eV and 18 eV for the
tetrahedral site and the saddle point, respectively, in ac-
cordance with the well confirmed knowledge of octahedral
occupation of H in fcc Pd.

Forces in the cubic Nb„H supercells (n = 1,2,4,8,16)
have been calculated with the mixed-basis pseudopoten-
tial scheme mentioned above, continuing previous total-
energy calculations for the three smaller cells. 2~ The cal-
culated magnitudes ~f

~

are listed in Tables VII—IX for
the H at the tetrahedral and octahedral sites in the bcc
lattice and at the saddle point connecting two neighbor-
ing tetrahedral sites. With increasing cell size the forces
on the first neighbor Nb shells converge satisfactorily.
The decay of the forces towards the outer shells is some-
what slower than in Pd, perhaps because of a weaker
screening of the defect by the smaller number of valence
electrons in the less closely packed bcc crystal. However,
in NbqsH the forces on the shells with d/a ) 1 are again
close to our estimated limit of numerical significance, as
in Pd32 H.

TABLE VIII. Absolute values of forces on Nb atoms
around a tetrahedral H atom in Nb„H (in Ry/a. u.). See the
caption of Table VII.

Shell

NbH
Nbg H

Nb4 H
Nb8 H
Nbg6H

(1)
~5
4

0.0'
0.018'
0.041
0.050
0.05 1

H at T in Nb

(2)
~i3

0.008
0.005

(3)

4

0.001'

(4)

0.003'

The tensor components of the force dipole for the
three interstitial sites in the three larger supercells are
listed in Table X. As in the case of Pd they are dom-
inated by the forces of the shells with d/a ( 1. Con-
tributions &om the further shells in Nbq6H should be
taken with caution again because there the uncertainty
in the values of the small force components is enlarged
for the values of the force-dipole tensor by the multi-

plication with the increasing distance components. Re-
sults by including these are given in parentheses in Ta-
ble X. With respect to the experimental observation
of the trace Tr 'P = 2A + 8 = 10.1 + 0.3 eV and the
anisotropy J&+&~ ( 0.06 (Ref. 4) of the force-dipole ten-
sor we find astonishingly good quant itat ive agreement of
the calculated values of about 11 eV and 0.1 for the tetra-
hedral site. For the other two sites both the traces and
anisotropies are considerably larger.

To summarize, we have calculated the forces on Pd and
Nb atoms surrounding a H atom on di8'erent interstitial
sites in fcc Pd„H and bcc Nb„H supercells &om Grst prin-
ciples. We find that the forces decay reasonably quickly
within the range of one lattice constant. In the compar-
ison of the force-dipole components with experimental
results we find the best agreement for the experimen-

tally well confirmed occupied octahedral and tetrahedral
sites in Pd and Nb, respectively, both for the traces of
the force-dipole tensor and in the bcc metal for the very
small anisotropy. Based on these results we think that

TABLE IX. Absolute values of forces on a H atom located at a saddle point between two tetra-
hedral sites in Nb H and on the Nb atoms around it (in Ry/a. u.). See the caption of Table VII.
The numbers separated by a vertical bar denote forces on Pd atoms on symmetrically inequivalent
positions, but with the same distance to the H atom.

Shell

a
NbH

Nb2H
Nb4H
Nb8H
Nbg6H

H

0
0.0

0.021
0.022
0.021
0.020

(l)
~i8

8
0.0

0.07610.026*
0.085i0.087
0.077i0.086
0.087' 0.087

~34
8

0.004*
0.015
0.013

H at S in Nb

(3)
~5O

0.006
0.004

(4)

0.000
0.003

(5) (6) (7)
Qf&4

8

0 001* 0 003* 0 003 10.004'
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TABLE X. Traces (in eV), anisotropies, and nonzero off-diagonal components C (in eV) of the
force-dipole tensors for H at the octahedral and tetrahedral sites and the saddle point in Nb. Values
in parentheses contain force contributions from shells with d/a ) 1.

Nb4H
NbsH
Nbg6H

HatO
3JA —BI
2A+B

12.2 3.0
17.4 2.4

16.8 (13.3) 1.7 (2.0)

3(A —H)
2A+ B
0.4
0.0

0.1 (0.2)

H at T
Tr 7

7.6
11.6

10.9 (10.5)

Tr P
11.5
13.3

iS.S (i3.7)

HatS
3IA —BI
2A+B
1.2
0.8

0.8 (0.5)

C
2.4
1.4

1.8 (2.8)

the small anisotropy of the force-dipole tensor in Nb can
be quantitatively explained by static forces of reasonably
short range. However, since the small anisotropy of 'P

is only one of several arguments in favor of a dynamical
model, we do not want to rule out its necessity to ex-
plain more properties of the local defect structure of H
isotopes in Nb, as proposed by Dosch et al.s and sup-
ported by Wahnstrom and Li.s
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