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Hydrogen shows no measurable backscattering for photoelectTrons
in EXAFS. When a H atom is located between an absorber and a
backscatterer, however, it affects the photoelectron wave in
magnitude and phase., This is demonstrated on Ni and Cr hydrides.
The radial and angular information on the hydrogen position
provided by this effect has a wide range of applicabilities

such as the structure of metal-hydrogen systems, the trapping
of hydrogen by impurities and the determination of hydrogen

bonds in molecules.
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The determination of interatomic distances and of coordination
numbers by EXAFS is based on the backscattering of the photo-
electron by the atoms surrounding the absorber. Hydrogen with
its single electron shows.no measurable backscattering. Hy-
drogen manifests itself in EXAFS by the lattice expansion it
produces in a matrix but the lattice site occupied by the
hydrogen cannot be determined from the expansion. We would
like to show in this letter that the lattice site can never-—
theless be determined by EXAFS. It is a well known effect
that e.g. the fourth nearest neighbor in a fcc lattice is
shadowed by the first neighbor. A photoelectron wave which

is backscattered by the fourth neighbor suffers an addi-
tional phase shift and a magnification in amplitude when it
passes through the potential of the first neighbor, which
acts as a lens for the electron wave I. We show that a hy-
drogen atom located between the absorber and the backscat-
terer also acts as a lens., The corresponding changes in

phase shift and the magnification in amplitude are detec-
table and can be used to determine the lattice site occu-
pied by hydrogen. We demonstrate the effect on Ni and Cr
hydride. We then apply this effect to the problem of trap-

ping of hydrogen by impurity atoms in a metal.

All measurements described here were done in transmission at
the spectrometer ROEMO at Hasylab in Hamburg. Ni hydrides
with ratios H/Ni of 0.67, 0.76 and 0.85 were prepared elec-

trolytically. Details of the sample preparation are descri-



bed in reference 2, The samples were stored in liquid ni-
trogen in order to prevent the hydrogen from escaping from
the metal. Figqure 1 shows the Fourier transfarms of the EXAFS

X o i3 for Ni and NiH . The Ni atoms in Ni and Ni hydride

0.85
{which has the NaCl structure 3) both form an fce lattice.

The hydrogen occupies the octahedral interstices of the fcc
lattice. In order to superpose the corresponding shells the
abscissa for the hydride has been rescaled by a(Ni)/a(NiHO.BS).
This removes the effect of the lattice expansion. The values
for the lattice parameters a at 77 K are 3.514 X for pure
nickel : and 3.723 & for NiHO.BS (see below). We were not

able to prepare NiH with x = 0. But samples with x = 0,33,

1-x
0.24 and 0.15 were analysed. A deviation of x from O pro-
duces a strong reduction in amplitude of the EXAFS which

was found to be for the first shell
1n Ax = 1n Ao - 4,12 x (1)

It turns out that the value Ao {x = 0 or NiH) is equal to that
for pure Ni. Therefore we have normalized the Fourier transforms
in figure 1 to equal heights of the first Ni shells. Note that
the third and the fourth Ni shell have equal or slightly re-
duced heights in Ni hydride compared to Ni. But the contri-
bution from the second shell is higher in the hydride than

in pure nickel, This is a consequence of the hydrogen atom
located midway between the absorber and the second neigh-

bors. Note that there are no hydrogen atoms on the lines con-

necting the absorber and the third or fourth neighbors. If

this interpretation is correct we expect an even stronger mag-
nification of the second shell if we replace the hydrogen by

a higher zZ element, This is what we observe in NiQ (NaCl struc-
ture} when oxygen occupies the octahedral interstices as can
be seen in figure 1. Of course, oxygen shows in addition the
usual backscattering. Three oxygen shells are visible in fi-
gure 1, The results of a detailed analysis of the EXAFS of
NiHO.85 are summarized in table 1. The phases and amplitudes
used in the fitting procedure were taken from the correspon-
ding shells in pure nickel. This keeps the error small when
treating the photoelectron as a plane wave rather than a
spherical wave 5. It also allows the analysis of the fourth

{shadowed) shell. The values of Eo for Ni and NiH were

0.85
that of the first inflection point at the K edge af NiHU.HE‘ The
increase in lattice parameter due to H as determined from

the shells 1, 3 and 4 is 5.94 %. The second neighbor gives

a higher increase in lattice parameter. This increase by

0.5 % or 0.018 & is a consequence of the additional phase

shift suffered by the photoelectron wave when it passes through
the hydrogen. Taking into account the reduction in amplitude

for x = 0.15 according to Eg. (1) and a mean free path effect

due to the lattice expansion in the hydride we found the co-
ordination numbers quoted in table 1. Within the accuracy

of the data the values for the third and fourth neighbors

agree with the known values for these shells. But the coor-
dination number for the second shell is too large by about

50 #. This is a conseguence of the hydrogen acting as lens

for the outgoing and hackscattered photcelectron wave.



The analysis presented so far is based on the transfer of
scattering phases and amplitudes from a model compound (Ni)
which is very similar in structure to the unknown system {(Ni
hydride). In a second example, chromium hydride, we show

that the absorber and backscatterer in the model compound

can be chemically different from the system to be analyzed.

In fact, in CrH the Cr atoms form a hexagonal lattice wherec-
as metallic Cr has a bcc structure. On the other hand, me-
tallic Co which differs in atomic number % from Cr by 3 is
also hexagonal, Therefore we will use metallic Co as the
model for CrH. The CrH used in the present investigation was
prepared in a way described by Knodler 6. The atomic ratio
H/Cr determined by heat extraction was 1 within 1 %. The CrH
was also stored and measured at 77 K. Figure 2 shows the
Fourier transform of the EXAFS X'k3 of CrB and of Co. The peak
heights of the first shells are normalized to the same height.
It is again obvious that the second shell for CrH is increased
in amplitude by about 60 % compared to Co whereas the third
and fourth shells are slightly reduced in height, According

to neutron diffraction CrH has the NiAs structure 7 (Cr on

As and H on Ni sites). X-ray diffraction, on the other hand,
is not able to distinguish between the NiAs and the Wurzite
structure. Our values for the lattice parameters determined
by X-ray diffraction which match both structures equally well
are a = 2.719 & and ¢ = 4.430 R, In the NiAs structure with
Cr on As sites, a hydrogen is located in the middle between

an absorber Cr atom and its 6 second neighbors. This is just

where the B is located according to figure 2. In the Wurzite
structure, on the other hand, there is no H atom between an
absorber and its second neighbor. Note that the interatomic
distances and coordination numbers for any Cr shell are iden-
tical in both the Wurzite and the NiAs structure. Therefore
the usual EXAFS does not allow to distinguish between these
two structures. An analysis of the EXAFS of CrH with the am-
plitudes and phases from Co shows that the second shell gives
a lattice expansion by the hydrogen which is 0.7 % larger
than that determined from the first and third shells. This
second example shows that the stringent condition of using
appropriate model compounds in our analysis can easily be
relaxed by taking into account that the scattering phases

and amplitudes are only weak functions of Z B.

In a third example we apply the new method to the problem

of trapping of hydrogen by impurities in metals. The system
analyzed is PdZr with 2 at% Zr. One sample was loaded elec-
trolytically with H up to a ratio H/Pd of 0.72. Figure 3
shows the Fourier transform of the EXAFS x-k2 for the loa-
‘ded and unloaded samples. The measurements were done at 77 K.
At the present hydrogen concentration the lattice is expan-
ded by 4.1 %. In this example the unloaded sample is the mo-
del for the loaded one. Again the Fourier transforms are nor-
malized to equal heights of the first shells., All the higher
neighbor contributions are smaller in the hydrided sample,
This is also true for the second shell which should be en-

hanced if the H werc trapped on an octahedral site. The pre-



sent analysis shows that H is not trapped by 2r in Pd at 77 K.
Obviously the tendency of the hydrogen to precipitate into

a hydride is stronger at this temperature than any tendency
for trapping. This must no longer be true at some higher
temperatures. In principle, a measurement of the temperature

dependence of the EXAFS can reveil this possibility.

The present letter has shown that the lattice site of hydrogen

in metals can be determined by EXAFS although the backscattering

from hydrogen is not observable. The method is based on the
magnification of the amplitude and the shift in phase when a
photoelectron passes through the hydrogen potential located on
the line joining the absorber and the backscatterer. A great
advantage of the technique is to give radial and angular in-
formation on the lattice site occupied by the hydrogen, It is
a very useful extension of X-ray diffraction by which the me-
tal atom positions can be detected but which is hampered for
the determination of the hydrogen sites by the weak scattering
power of hydrogen. The technique is especially interesting

in disordered system and in dilute metal-hydrogen systems

in connection with the trapping of hydrogen by impurities.

We feel that it can also be applied favorably in the deter-
mination of hydrogen bonds in certain organic compounds.
Finally we would like to emphasize that the technique is

not limited to hydrogen or other low Z elements, By using
suitable model systems the change in scattering amplitude

and phase can be detected for any type of atom, The angular
information inherent in the effect is a very useful exten-

sion of the normal EXAFS technique.
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Figures captions

Fourier transforms of the EXAFS at the K edges of Ni in Ni
{full line), NiHO.BS (crosses) and NiO {stars). The
abscissa have been rescaled to the lattice parameter of
Ni in order to align the different shells. Note the in-
crease in magnitude of the second shell when H or O are

located between the absorber and backscatterer.

Fourietr transforms of the EXAFS of CrH (full line) and
Co {crosses). The Cr and Co atoms form hcp lattices.

The second shell contribution is enhanced in the hydride
because hydrogen atoms are located between the absorber

and its second neighbors,

Fourier transforms of the EXAFS at the K edges of Zr

in Pd2r (full line) and Pd2rH (crosses) with 2 at%

0.72
Zr. The abscissa of the hydrided sample has been reduced
by 4.1 % in order to correct for the lattice expansion.

No hydrogen atoms occupy the six octahedral interstices

next to a Zr atom in the fcc Pd lattice.
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