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Model for the structural changes occurring at low temperatures in PdD
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A structural model for the short-range-ordered state in PdD„, with 0.7 (x «0.78, observed

at low temperatures, is proposed. The model describes the complicated diffuse intensity con-
tours with "mixed" microdomains consisting of cells of the Ni„Mo type. A simple distortion,
i.e., a relaxation of the D atoms towards vacant sites, is introduced in the "mixed" micro-
domain and accounts for the measured intensity asymmetry. Furthermore, a measurement of
the intensities of the superlattice reflections in the long-range-ordered Ni4Mo structure is

presented, and its result is reproduced by calculation, when the same relaxation towards the va-

cancy, is assumed. Finally an important Debye-Wailer factor for the superlattice reflections is

found.

I. INTRODUCTION

Phase diagrams of metal-hydrogen systems general-
'ly show phases where the hydrogen is ordered on its
interstitial sublattice. In PdD„only recently experi-
mental evidence has been obtained for the existence
at low temperatures of an ordered state of D.'

Neutron diffraction investigations have shown, in a

temperature region corresponding to the region of the
"50-K anomaly, " a drastic increase of short-range or-
der of D on octahedral interstitial sites." The
short-range order, for all concentrations between
x =0.63 and 0.78, is characterized by a broad diffuse
intensity around the (1,—, ,0) reciprocal-lattice point

and its shape depends rather strongly on concentra-
tion. At lower concentrations, i.e., x ~0.68 the dif-

fuse intensity is centered around the (1,—, , 0) point'

but at higher concentrations the intensity distribution
shows, in the vicinity of the (1, 2, 0) point, maxima

whose positions cannot be described by simple ratio-
nal numbers; e.g. , a maximum observed in PdDO 75 is
located at (1.14,0.48,0). Moreover, the intensity dis-
tribution is asymmetric with respect to a (100) re-
ciprocal plane; i.e., the intensities at reciprocal-lattice
points (h, k, l) for h ( 1 are in the order of 30% lower
for all concentrations. ' Furthermore, for x & 0.76
after some aging time, a superlattice reflection ap-

pears at the (-,—', 0) point and increases in intensity

whereas the broad diffuse distribution disappears.
This ( 5, 5, 0) superlattice reflection'shows the pres-

ence of a long-range-ordered D phase described by an
interstitial Ni4Mo structure. "

The long-range-ordered Ni4Mo structure corre-
sponds to an ordering process of D on (420) planes,
where four consequent (420) planes are filled with D
and the fifth is vacant. The short-range order inten-

sity has also been ascribed to ordering of D on (420)
planes in microdomains, 3 but no structural model has
been proposed for the microdomains responsible for
the complicated- shape and for the intensity asym-
metry of the isointensity contours observed experi-
mentally in PdD„, with x from 0.71 to 0.78.

In the present communication we propose a struc-
tural model for the short-range-ordered state in

PdD„, with x from 0.71 to 0.78. Conceptually the
model starts from some ideas on a mixed state of or-
dered microdomains, which have been put forward in
a recent publication. In Sec. II, we show the struc-
ture of microdomains which are able to describe the
observed intensity pattern and we introduce a simple
distortion of the D sublattice which accounts for the
observed intensity asymmetry.

In Sec. III we present an experimental investigation
of superlattice reflections in the long-range-ordered
Ni4Mo structure and we show that the results can be
explained by the distortion field introduced in Sec. II.

II. MODEL FOR THE SHORT-RANGE-

ORDERED STATE

Ordering on (420) planes has been discussed by
Okamoto and Thomas4 for the ¹iMosystem and
more generally by de Fontaine. ' In Ni-Mo a short-
range-order intensity appears at the (1,—,0) and the

formation of the long-range-ordered Ni4Mo structure
(Strukturbericht symbol D la) is revealed by the ob-
servation of a superlattice reflection at the ( —, , 5, 0)
point. Both authors describe the short-range-ordered
state by "partially ordered" microdomains with the
Ni3Mo structure (Strukturbericht symbol DO22)
creating intensity at the (1.—, , 0) point.

For PdD„a simple analogy with the ¹iMo system
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is not adequate as the diffuse intensity in the vicinity
of the (1,—,', 0) point has a complicated shape and

shows maxima outside the (1,—, , 0) point.

De Fontaine has pointed out that different ordering
possibilities may appear in the ordering on (420)
planes. For PdD„ these ordering possibilities can be
described by the following structures:

(a) Two (420) planes filled with D and two (420)
planes with vacant interstitial sites, corresponding to
a 50 at. % D concentration and producing intensity at
the (1,—, , 0) point.

(b) Two (420) planes filled with D and one vacant,
corresponding to a 67 at. % D concentration and pro-
ducing intensity at the ( 3,—, , 0) point.

4 2

(c) Three (420) planes filled with D and one va-
cant, corresponding to a 75 at. % concentration and
producing intensity at the (1,—, , 0) and the (1,0,0)
point.

(d) Four (420) planes filled with D and one va-
cant, corresponding to 80 at. 'k D and producing in-

tensity at the ( 5, —, , 0) point.
4 2

For the concentration range under investigation in
PdD„, i.e., 0.7 (x-~0.78, microdomains correspond-

ing to the structures described above in (b), (c), and
(d) should be the most favored. (Figure 1 shows
these structures. ) Each structure alone cannot ac-
count for the observed experimental facts, but the
structures have some similarity and locally their unit
cells can be transformed mutually into each other by
simply exchanging one or two filled and vacant sites.

The simple transformation between the different
structures, as a result of a few diffusive D jumps,
may favor a short-range-ordered state produced by an
"ensemble" of microdomains, where each domain
consists of differently ordered cells with the structure
described above. Many such microdomains can be
constructed by arranging the unit cells of Fig. 1 like
"mosaic stones. " Two examples for the composition
of such a "mixed" domain are shown in Fig, 2. The
observed short-range-order intensity around the
(1,—, , 0) point may therefore be produced by the con-

1

tribution of many "mixed" structures. The oc-
currence in the composed domain of the individual
ordering possibilities should depend on the overall D
concentration of the crystal. The diffracted intensity
by each composed domain is characterized by the
Bragg intensities of the corresponding "mixed struc-
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FIG. 1. Projection on a (001) plane of the structure and

the unit cell for the (a) Ni2Mo, (b) Ni3Mo, (c) Ni4Mo su-

perstructures of the fcc lattice. Filled symbols represent D
atoms, open symbols vacancies; circles are corresponding to

1
level 0 and triangles to level 2,

FIG. 2. Examples of mixed microdomains constructed with
Ni„Mo "mosaic stones. " The unit cell of the structure is

depicted by broken line. The unit cell contains (a) 12 fcc
sites and 9 D atoms; (b) 21 fcc sites and 16 D atoms,
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FIG. 3. (a) Calculated reflections for a number of mixed structures and isointensity contours. All valuable reflections occur-

ring in this triangle for the considered structures are represented. + means half intensity of ~. (b) Measured diffuse intensity
[

distribution near the (1, 2, 0) point in PdDp75 (Ref. 3).

ture, "which have been calculated. Figure 3(a)
shows the results of 20 different domains, construct-

. ed similarly to those depicted in Fig. 2, with an aver-
age D concentration of 75 at. %. Figure 3(a) shows
all reflections occurring within the depicted triangle.
The figure shows the presence of intensity away from
the (1,—, , 0) point, with an accumulation of reflec-

tions in a region near a (1.15,0.5,0) point. Possible
intensity contours of such a distribution of reflections
from an "ensemble" of mixed domains are drawn
and the results are in rather good agreement with the
experimental facts' [Fig. 3(b)]. The measured inten-
sity contours show some concentration dependence,
which can qualitatively be reproduced by composing
the "mixed domains" in a way to obtain for the "en-
semble" of all domains an average concentration
consistent with the macroscopic one.

The calculated results of Fig. 3 are still symmetric
with respect to a (100) plane, in contradiction to the
experimental results, where the intensities on the
left-hand side of the figure are lower by 30%.

By introducing a distortion in the "mixed"
domains, i.e., the D-atom neighbors of the vacancy
are shifted by -1% of the lattice parameter towards
the vacant site, an intensity asymmetry similar to the
experimental results can be obtained.

If D atoms have vacancies in their first neighbor-
hood, this should break the equilibrium of the D-D
interactions and local distortions can be expected.
Each D atom has 12 nearest neighbors. Let
d;(i =1, 12) be the unit vectors pointing from an ori-
gin at the D atom towards its nearest neighbors. If
o.(i) (i = 1, . . . , 12) is the site occupation operator
[a(i) =1 if there is a D atom at the site i, =0 other-
wise), the local symmetry will be respected if the dis-
tortion has the direction d defined by

d = g [1 —a(i) ]d;.
d is, within the symmetrization, directed towards the

nearest-neighbor vacancies. The displacement of the
atom will be «d. If «) 0 it is a shift toward the va-

cancies, if «( 0 in the inverse direction.
The atomic displacements in the unit cell and the

resulting structure factors have been determined for
the structures reported on Fig. 3(a) with different
values of «. Calculations for «=+0.05 A sho~ed
that for h ( 1 the intensities were in the order of
30% lower than for h ) 1 which is a good description
of the experimental result, For «(0 the inverse ef-
fect (intensities higher for h ( 1) has been observed.
This may indicate that the asymmetry with regards to
the (100) plane3 can be interpreted by a simple rela-

tively small distortion, respecting the local symmetry
and directed towards the vacant planes.

III. LONG-RANGE-ORDERED STATE

A. Measurement of superlattice reflections

The intensities of the superlattice reflections of the
interstitial Ni4Mo phase were measured in PdDp78.
The measurements were done on a conventional tri-

ple axis spectrometer at a 8-M% swimmir]Ig-pool
reactor. As monochromator a Zn(002) crystal was
mounted and a Ge(111) crystal was used as analyzer
to suppress the second-order contamination. The
collimations were 30' and the incident neutron wave-

0
length was 1 A. As a sample a cylindrical single crys-
tal of PdDp78 was mounted into a cryostat and cooled
down to 75 K. After 50 h at 75 K'the ( —, , —, , 0) su-

perlattice reflections were well developed and the
temperature was then lowered to 10 K.

Due to the lower symmetry of the tetragonal struc-
ture the Ni4Mo phase appears in six variants. The
superlattice reflections ( —, , —, , 0) and (——, , —, , 0) are4 2 4 2

representatives of the two different variants which
can be observed in the plane I =O. The intensities of
the superlattice reflections. were measured along
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A FIG. 5. In (001) reciprocal plane of fcc lattice (0
represents Bragg reflections of Pd) are reported the mea-
sured points of Ni4Mo superlattice reflections by a filled tri-
angle. Open triangles indicate a nearly vanishing of struc-
ture factors which has been experimentally verified.

FIG. 4. Ni4Mo structure is represented with the same
conventions as in Fig. 1. Broken line shows a unit cell
and the vector d is represented by an arrow for the 4 atoms
(Dl —D4) in this unit cell. Calculation of d is done in Table I.

several crystallographic directions of the tetragonal
unit cell in two variants. No noticeable difference
between equivalent reflections in the two variants has
been observed.

B. Distortion field of the Ni4Mo structure

The structure factors for the ( —, , —, , 0) and the
4 2

( —,—, , 0) reflections should be equal. However, as
6 2

already found in Ref. 3 the ( 5, 5, 0) is higher then

the (—,—,0) peak by a factor 2. This experimental

fact can be reproduced by the calculation, when a dis-
tortion similar to that found in Sec. II is introduced
in the perfect interstitial Ni4Mo structure, i.e. , D-
atom neighbors of the vacancies are shifted towards
the vacancy.

The vector d (introduced in Sec. II) can be calcu-
lated for the 4 atoms in the Ni4Mo-unit cell as sho~n
in Fig. 4 and Table I. For e the value of 0.063
+ 0.006 A has been fitted to the experimental data.

For several crystallographic directions intensities have
been measured at the points indicated in Fig. 5 and
the structure factors calculated. The measured inten-
sities have been normalized by structure factors and
both (measured 0 and normalized k) have been re-
ported in Fig. 6, The result is, that the normalized
intensities can be represented by a simple curve.
Moreover this new distorted structure has nearly van-
ishing structure factors for reflections at ( —, , 5, 0)24 8

and other points (see Fig. 5) which, indeed, have not
been found experimentally, even after an extensive
investigation.

Furthermore the normalized points have been fit-
ted to the expression

2 ln[ h. exp( —o.~02/2) + ( I —k) exp( —o.2g'/2) ]

This represents an extension of the usual Debye-

TABLE I. Calculation of d for each of the 4 D atoms in the Ni4Mo unit cell. Each D atom (D1,
D2, D3, D4) has three nearest-neighbor vacancies (see Fig. 4). Therefore the three unit vectors
d&, d2, d3 directed toward nearest-neighbor vacancies are indicated with their coordinates in

columns 2—4.

Atom Jrd,

D1
D2
D3
D4
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FIG. 6. In a logarithmic scale 'the measured and normalized intensities of superlattice reflections have been represented (by

circles and triangles, respectively) vs (a /4m )Q =h +k +I (a is the lattice parameter). Full line indicates the calculated

curve and broken line the slope corresponding to thermal vibrations.

%aller factor approximation, which would be reob-
tained for A. =1. The upper expression can be ob-
tained as follows: The amplitude of the diffracted
wave can be written

A =IC /exp[ —iQ (r&+Sr&)]
J

where r, are the mean atom positions (equal to the
octahedral site corrected by the distortion described
before) and 5rj are the differential random positions
around the equilibrium. It follows A =Ao(e 'o'~).
Let p(u) be the probability for Sr to be equal u,
then

(e 'o'~) = p ( u) e 'o' " du = F(p)
R

where F stands for Fourier transformation. Conse-
quently

ln(1/10) = in(F(p) [F(p) }'}

As the standard distribution for p would be a Gauss--' 22
ian, therefore F(p) would be a Gaussian e ~& i' and

ln(1/10) = —o.o' which means the linear dependence
in Q' predicted by the Debye-Wailer approximation.

If one choses for p(u) a sum of two Gaussians, 0.5 u(A)
Llp(u) = it(2'(r, ) 'i'exp—

201,

0+ (I —Z) (2mo2) exp—
202

FIG. 7. Full line indicates the fitted distribution p of a

mean D atom around its equilibrium position. Broken line
indicates p&, the part of p corresponding to thermal vibrations,

and dotted line is the Gaussian p2, the remaining part of p.
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It follows by Fourier transformation

Q2/2 Q2/2
In(1/Io) =21n[ h. e ' +(I —X)e 2 j

This curve is represented in Fig. 6 with

a&=0030 A2 a =0 146 A2 g=03

It can be seen that for greater Q2 the slope is nearly
constant and equal to —a-~. This means that for
greater Q' the Debye-Wailer-factor approximation is

0
valid and one obtains (u') ~

= 3o~ =0.09 A2, which
corresponds to the value for thermal deuterium vi-

brations already found. '

The distribution p is depicted in Fig. 7 together
with the two Gaussians p~ and p2 of which it is com-
posed. pt (broken line) describes the behavior at
higher Q' and leads to the standard description in

terms of thermal Debye-Wailer factor. However, p2
represented with dotted line, is responsible for the
rapid decrease of intensity at lower Q2. This may in-

dicate the presence of a random static distortion in

PdD„, but even a dynamic origin cannot be excluded
by this method.

IV. DISCUSSION

The content of the present paper is centered
around two points. (a) A structural model is pro-
posed for the short-range-ordered state which is able
to describe the observed diffuse intensity around the
(1,—, , 0) point in PdD„with 0.71 «x «0.78. The

model describes the short-range order by "mixed"
domains consisting of ordered cells of the Ni„Mo
type. Moreover a simple distortion, i.e., a relaxation
of the D atoms towards the vacant site explains the
observed intensity asymmetry. (b) The same relaxa-
tion of the D atoms towards the vacancy has been in-
troduced in the long-range-ordered Ni4Mo structure.

The calculated intensities of the superlattice reflection
in this distorted structure are consistent with the
measured intensities reported in this paper. Further-
more, the experimental investigations have revealed
the presence of a relatively large (u'), when the iso-
tropic Q dependence of the superlattice intensities is
described by a Debye-Wailer factor.

In view of these structural models the ordering in
PdD„with 0.71 ~x ~0.78 at low temperatures may
be described in the following form. When the tem-
perature is lowered in the region of the "50-K ano-
maly" the D atoms become ordered in the "mixed"
microdomains of the Ni„Mo type. The mixed state is
favored by the easy local transformation possibility
between different Ni„Mo structures. At lower con-
centrations the system remains "frustrated" in the
mixed state, at higher concentrations, however,
where the Ni4Mo structure is favored by its concen-
tration the long-range-ordered structure appears.

The present model for low-temperature ordering in

PdD„has been based on experimental results found
in a concentration range from x =0,71 to 0.78, We
have shown that the model may explain these results.
We have not tried to extend the validity of the model
to concentrations below x =0.7, where the intensity
distribution is centered at the (1,—, , 0) paint and

shows a considerable time dependence, ' i.e., the peak
increases in intensity and is narrowing with time so
that the observed phenomena are even qualitatively
different when compared to those of the high-
concentration range. '
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