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The authors report x-ray measurements of the attenuation of integrated Bragg inten-
sities which is attributed to the static Debye-Waller factor, exp(—2L), due to hydrogen
in Nb single crystals in the homogeneous o phase. For small hydrogen concentrations,
the dependence of 2L versus the scattering vector, I—{',‘ can be explained by the nonline-
ar coupling between static and thermal displacements around point defects. Detailed in-
formation about both types of displacements of the Nb atoms nearest to the interstitial

hydrogen atom has been obtained.

PACS numbers: 61.70.Bv, 61.55.Hg

Hydrogen dissolves in the bcc lattice of Nb in
tetrahedral interstitial sites, which are occupied
randomly at low concentrations or high tempera-
tures (o phase). Besides a homogeneous lattice
expansion,' the four Nb atoms closest to the H
impurity will be strongly displaced and thus the
equilibrium position of their thermal vibrations
is removed from the average lattice position, as
determined by lattice parameter measurements.
As the static displacements around point defects
are known to decrease like 1/72 with the distance
v from the defect, this coupling effect between
static and thermal displacements can also be ex-
pected to decrease rapidly for the Nb atoms be-
yond the first coordination shell of the interstitial
hydrogen. The influence of this nonlinear coup-
ling, between static and dynamical displacements
around point defects, on the reduction of Bragg
diffraction intensities as described by a Debye-
Waller factor (DWF), has been treated by Kriv-
oglaz.*® It has been predicted that static DWF
measurement will give information on the local
structure around point defects: The static dis-
placements of the host lattice atoms closest to
a point defect can be determined* and the mean
square thermal displacement of these atoms, vi-
brating in a different potential from the rest of
the atoms, can be obtained. Although static DWF
measurements of various defect systems have
been reported in the literature,® ™ the authors
were not aware of this coupling effect which
eventually could change the evaluation of their
data in cases where local atomic displacments
rather than the mean square static displacement
has been deduced.’®

In this Letter we report x-ray measurement of
the static DWF, exp(-2L), from NbH, single
crystals in the homogeneous « phase at 200 °C.
2L as a function of the scattering vector K has

been measured up to the (10 00) reflection. The
information about the coupling of static and ther-
mally activated atomic displacements close to
point defects can only be received from the meas-
urement of 2L at high K values. Using the theory
of the nonlinear coupling between static and ther-
mal displacements?® 3 we were able to fit the de-
pendence of 2L on K with two parameters: the
displacement of the first four Nb atoms around
the H atom on a tetrahedral site and the change
of the thermal vibrations of these Nb atoms.

Nb single crystals oriented along (110), (100),
and (111) directions have been used after a purifi-
cation at 2100 °C under UHV conditions. The
hydrogen doping has been performed at 650°C on
the x-ray spectrometer,® with the actual concen-
tration determined from simultaneous lattice pa-
rameter measurements using the calibrating val-
ue® (Aa/a) per at.% H of 5.4x10"% The integrated
Bragg intensities for different concentrations and
scattering vectors have been measured by both an
angle-dispersive and an energy-dispersive meth-
0d.®!% The hydrogen-induced attenuation of the
integrated Bragg intensities is attributed to the
static DWF which is given by 7¢ = I°exp(-2L),
where /° and /¢ are the intensities from the pure
and the H-loaded crystals, respectively, 2L has
been reported to increase linearly with the H con-
centration in NbH, for ¢ <0.2.>® The slope of the
corresponding straight line 2L/c for each reflec-
tion is plotted versus K? in Fig. 1 [the scattering
vector K is the reciprocal lattice vector é(hkl)].
Open symbols stem from the angle-dispersive
method, filled symbols from the energy-dispers-
sive method. It is clearly demonstrated that 2./
c is isotropic and deviates from the linear in-
crease with k2 for K =8 A"!. For completeness
it should be pointed out that 2L is not simply given
by the logarithm of the measured intensity ratio
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FIG. 1. The static DWF 2L per unit concentration vs
the scattering vector K2, Open symbols from angle-
dispersive method, filled symbols from energy-dis-
persive method. Circles, (R00); triangles, (#20);
squares, (khh). For further details see text.

InZ°/I¢, but a correction has to be applied be-
cause of the hydrogen-induced change of the ther-
mal DWF exp(-2M). The total reduction of the
measured Bragg intensity is caused by static dis-
placements around the H atoms and by the change
of the thermal vibrations. The separation of
these two effects can easily be performed by the
measurement of integrated Bragg intensities
either keeping the temperature constant and vary-
ing the hydrogen concentration (static DWF) or by
keeping the H concentration constant and varying
the temperature (thermal DWF). In the latter
case the mean square thermal displacement

(u ,2) is obtained by use of the harmonic approx-
imation in the high-temperature limit (k7 per
normal mode) where 2M = K*(u p?) and (u ,2)~T
holds.'* 2M or (u.;?) can then be normalized to
200°C, the temperature at which the static DWF
has been measured. The two contributions can
thus be compared and turn out to be of the same
order of magnitude and therefore have to be
measured with the same accuracy. Figure 2
shows the thermal DWF exponent 2M at 200 °C

as a function of K%, For pure Nb (open symbols)
and NbH, , (filled circles) the obtained straight
lines prove the validity of the harmonic approxi-
mation and show that the corresponding mean
square thermal displacement (u,,?) decreases
with the hydrogen content in the sample. For pure
Nb (u.,2)="7.8+0.3 A2 at 200°C has been found
and from other measurements we obtained a line-
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FIG. 2. Thermal DWF 2M at 200 °C as a function of
K? for (open circles) pure Nb and (solid circles) NbHj ,.

ar decrease of (u,,2) with the hydrogen concentra-
tion (details of the method and further results are
published elsewhere®'?), Other corrections to

the integrated intensities are negligible. For in-
stance, the contributions of thermal diffuse scat-
tering to the temperature-dependent integrated in-
tensity (thermal DWF) and of Huang diffuse scat-
tering in the case of the concentration-dependent
measurement (static DWF) are less than 1%.%1!2
Before we further discuss the K dependence of
2L/c, we want to emphasize that the above men-
tioned correction of 2M is proportional to K% and
thus does not influence the nonlinearity of the in-
crease of 2L/c with K2.

In order to explain the observed K dependence
of 2L/c in Fig. 1, we compared it with Krivo-
glaz’s theory of the coupling between static and
thermal displacements. This theory is based on
the fact that in a crystal with point defects the
averaging in the general expression for the DWF,
exp(-K Gﬁs), has to be performed both by a
time average and a configurational average. Here
bﬁs is the total displacement of the atoms due to
static and thermal contributions. The main dif-
ference with respect to a defect-free crystal is
that the mean square thermal displacements are
no longer the same for all atoms in the crystal,
but depend on the distance from the defect. There-
fore the configurational average over a binomial
defect distribution of point defects induces a coup-
ling between static and thermal displacernents;
Quantitatively the exponent 24s* of the total DWF
is given by (small concentration c)* 3

2% =2M +2¢); ([1 —cos(K -4 )]

X(1-3K2A02). (1)
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Here 2M = (u ;%) K? is the average thermal effect
of all Nb atoms, where (u,,?) decreases with the
H concentration (Fig. 2).'? The second expression
in Eq. (1) represents the static DWF and the coup-
ling term. ffs St is the static displacement of the
atom s and Av? is the difference between (u,?)
for all atoms and the actual mean square dis-
placement of the atom s. The summation in Eq.
(1) has to be carried out in principle over all lat-
tice atoms around the H atom. It has been pointed
out, however, that 95% of this summation is tak-
en care of if only the nearest neighbors around
the defect (displacements #, **) are considered.*
Within this approximation we therefore obtain for
the static DWF of H in Nb from Eq. (1)

2L/c:-§-[1—cos(ﬁ~ﬁls‘)](1—%K2AK2). (2)

For K2AV,? «1 we can fit the K dependence of 2L/
¢ for small K only (dashed line in Fig. 1), using
for the displacement of the first atomic shell
u,°'=0.1 A (see also Refs. 4 and 8). For higher
K we have to take the coupling term into account,
which is approximately a function of K% The full
line in Fig. 1 shows the complete fit with z, "
=0.1 Aand AV,2=1.6X10"% A2 at 7=200°C. In
order to get a feeling for the meaning of AV,%, we
want to compare it with the mean square thermal
displacement (u ;) of all Nb atoms at 200°C as
determined from Fig. 2. We obtain AV,%/(u 2)
=~0.2 which means that the mean square vibration-
al amplitude of the Nb atoms nearest to H differs
by about 20% with respect to (u.;2). As can be
seen from Eq. (1), the coupling effect should in
principle appear in the measurement of 2M also.
Here it can be neglected, however, because the
number of nearest-neighbor atoms is much small-
er than the rest of the host-lattice atoms, which
mainly determine the average thermal DWF 2.
Therefore the thermal DWF is rather insensitive
to the coupling effect.

We have shown here, for the first time, that
the measurement of the static DWF in a crystal

with point defects is a sensitive method to de-
termine static and vibrational displacements of
host-lattice atoms nearest to the defects. It
should be pointed out that the coupling of static
and thermal displacements can only be obtained
from the measurement of the static DWF at high
orders of reflection. The large anharmonic
change of the vibrational amplitudes for the Nb
atoms directly adjacent to the H impurity must
eventually be taken into account in considering,
for example, the diffusion behavior of these sys-
tems.
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