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The Debye-Waller parameters were determined at room temperature and around 90 K 
for palladium metal powders with different particle sizes. The effective values obtained 
were divided into the dynamic component Bd, which is due to the thermal vibration of 
the constituent atoms and are temperature dependent, and the static component Bs, 
which is probably due to the static displacement of the atoms and is temperature 
independent. The Debye temperature 8D calculated from the component B d decreased 
with the increase in the component Bs, of which the relation was able to extrapolate to 
the 0D-Value determined on single crystals at Bs = 0. The decrease in 0D was qualitatively 
explained by using a simple core-shell model, the shell part having as low a 0D-Value 
as 140 K. 

1. I n t r oduc t i on  
The temperature dependence of X-ray diffraction 
intensities has been interpreted by the thermal 
vibration of constituent atoms [1] and character- 
ized by Debye-Waller parameter B. The diffrac- 
tion intensity of the h k I line at a temperature, 
I (h  k l) ,  is given as follows; 

I (h  k l) = k(LP)IF(h k l)[2pA 

x exp (-- 2B sin20/X 2) (1) 

where k is the so-called scale factor depending on 
the apparatus and its conditions employed, L P  is 
the Lorentz-polarization factor, [ F ( h k l ) [  2 is 
the structure amplitude, p is the multiplicity 
of the h k l  line, A is the absorption factor, 0 is 
the diffraction angle and X is the wavelength 
of the X-rays used. The Debye-Waller parameter 
B is theoretically related to the Debye tempera- 
ture 0D, 

B = (6h2T/mkO~)[4)(x)  + (x/4)], (2) 

odo 
(x)  = e ~ Z  1 ' x = OD/T, 

where h is Planck's constant, rn is the mass, k is 
the Boltzman constant and T is the ambient tem- 
perature. In monoatomic, isotropic crystals, it is 
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related to the mean square displacement (u 2> of 
the atoms, 

B = (87r2/3)(u2>. (3) 

The effective value of the Debye-Waller 
parameter Bee f can be experimentally determined 
as a slope of the line between the logarithmic 
values of the ratio of the observed intensities, 
Iobs(h k l), to the theoretical intensities,Iease(h k l), 
and sin20/X 2 because Equation 1 is written as, 

In [Iobs(h ~ l)/I=ac(h k / ) ]  = in (~) 

- -  2Beef sin20/X 2 (4) 

where I=ac(h k l)  = (LP)[F(h k l)]2pA. 
The observed value of Beff on a material was 

so different from sample to sample, that it seemed 
to depend on the physical state of the sample [2]. 
For example, it increased remarkably with grind- 
ing and decreased with annealing. One of the 
present authors and co-workers [3,4] proposed to 
use the value Bef f as one of the characterization 
parameters of the powder materials, by showing its 
remarkable change with grinding and its exper- 
imental relations to the so-called lattice strain 
determined from the line broadening of X-ray 
diffraction on various materials. It has also been 
shown that the value of the Debye temperature 
calculated from the Bell-value by Equation 2 is 
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T A B L E I Experimental results 

Sample Grain size Ambient Beef 
(gin) temperature (nrn 2) 

(K) 

Debye$ 
temperature 
(K) 

B d 0 D Bs Lattice 
(nm ~) (K) (nm 2 ) strain 

CrystaUite 
size L 
(nm) 

97 0.0108 100 
A 0.1 

297 0.0148 147 

115 0.0077 129 B ~ 0.1 
301 0.0117 167 

98 0.0082 116 
C - 0.3 

299 0.0126 161 

95 0.0099 103 
D - 0 . 7  

301 0.0142 152 

98 0.0063 133 
E 0.2 - 0.7 

301 0.0104 178 

F * 86 0.0018 250 
290 0.0048 258 

86 0.0054 137 
G t 289 0.0093 184 

0.0023 227 0.0085 4.1X 10 -3 14.4 
0.0063 227 0.0085 

0.0028 220 0.0049 4.2 X 10 -3 18.0 
0.0068 220 0.0049 

0.0025 219 0.0057 4.5 X 10 -3 19.6 
0.0069 219 0.0057 

0.0024 221 0.0075 5.7 X 10 -3 19.2 
0.0067 221 0.0075 

0.0024 226 0.0039 5.3 X 10 -3 27.6 
0.0065 226 0.0039 

0.0017 262 0.0001 
2.2 X 10 -3 60.2 

0.0047 262 0.0001 

0.0021 231 0.0033 
0.0060 231 0.0033 

*Annealed at 770 K for 1 h. See Fig. ld. 
tMixture of samples B and F. 
$Calculated directly from Beef-value. 

lower than that  determined from the specific 
heat [5]. 

These experimental  results suggests that the 
effective value of  the Debye-Wal le r  parameter 
determined by  X-rays is larger than that  expected 
from the specific heat, in other words, the mean 
square displacement detected by X-rays in 
Equa t ion3  contains an additional component  
in addit ion to the displacement due to the 
thermal vibrations of  atoms. The component  
due to the thermal vibration can be called the 
dynamic component  of  displacement and this 
depends on t ime and temperature.  The additional 
component ,  on the other hand, is supposed to be 
related to the static displacement of  the atoms 
from their equilibrium positions in the crystal 
structure, which is probably associated with 
various defects, including the crystal surface. It 
is independent of  t ime and temperature well 
below the annealing temperature of  the defects. 

If  we calculate the mean square displacement 
(u 2) by averaging over all atoms and t ime, which 
can be observed through X-ray diffraction, it is 
expressed by a simple sum of  the mean square 
displacement of  the dynamic and the static 
components ,  u a and Us, 

<u~> = <u~> + <u~>. (5) 

Therefore, the effective Debye-Wal le r  parameter 
Befe observed must be composed of  the dynamic 

component  B d and the static component  Bs, 

Bee I = (87r2/3)[(u~> + (Us~>] = B d + B s. (6) 

The presence of the static component  B s seems 
to make the Beef-value larger than that expected 
from thermal vibration and also sensitive to the 
physical state of  the sample. 

In the present work, the values of  Bee f were 
determined on different samples of  the palladium 
metal powders and then divided into two com- 

ponents,  B d and B s. We were able to successfully 
determine B d and B s on each sample, and a 
definite dependence of the Debye temperature 
0D on B s was found. The extrapolat ion of  0D to 
B s = 0 gave the same value of  0 D as that reported 
on the single crystal. 

2. Experimental details and results 
Palladium metal powders were prepared by precipi- 
ta t ion from palladium chloride in an aqueous 
solution with an organic reducing agent, such as 
hydrazine.  Palladium metal was selected because 
of  its monoatomic crystal, ease of  preparation,  
simple face-centred cubic crystal structure, its 
stabili ty in air and high atomic number.  Seven 
samples with different grain sizes were prepared. 
The grain size determined from SEM (scanning 
electron microscopy) micrograph is tabulated in 
Table I and some of the SEM micrographs are 
shown in Fig. 1. The sample F was prepared by 
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Figure i SEM micrographs of palladium metal powders used. (a) A, (b) D, (c) E and (d) F. 

annealing sample A at 770K for l h  under a 
vacuum of 4 x l 0 - 6 t o r r .  The sample G was a 
mixture of samples B and F. 

Eight diffraction lines were chosen in a wide 
range of sin20/X 2, each of which did not overlap 
with neighbouring lines. On each line, the integrated 
intensity Iobs(h k l) was calculated by summing up 
the diffraction intensities measured in every 0.05 ~ 
step in 20 by the fixed time (40 sec) method and 
subtracting the background intensity. CuKc~ 
radiation filtered by nickel foil and a scintillation 
counter with a pulse height analyser were used. 
Diffraction intensity measurements were carried 
out at room temperature and at around 90 K. 

The theoretical intensity for each line, 
Ieeae(hkl), was calculated from the structure 

amplitude IF(h k l)l 2, the Lorentz-polarization 
factor, the multiplicity p and the absorption 
factor A evaluated from the bulk density of each 
powder sample. Because of the high bulk density 
(~ 1 g cm-3), the high mass absorption coefficient 
(206 cm 2 g-l)  and the thick specimen (1 mm), the 
absorption factor was constant over the range of 
sin20/X 2 used. 

Linear relations between In [Iobs(h k l)/ 
Ieaac(hkl)] and sin20/X 2 were observed on all 
samples, as shown in Fig. 2. The Bell-values deter- 
mined from the slope of these lines are summar- 
ized in Table I. The accuracy in the Bell-value 
seemed to be about -+0.0002nm 2 and that in 
0D-Value calculated from Bell-value was about 6 ~ 

On each sample, the lattice strain e and 
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Figure 2 Plots of In [lobs(h k l)/lcale(h k l)1 against sinZO/M, 

crystallite size L were determined from half- 
widths • of the diffraction profiles of the lines 
according to the following relation [6], 

/3 cos 0/X = 0.89/L + 2e sin 0/X. (7) 

The results are also shown in Table I. 

3. Discussion 
3.1. Determination of the components 

Bd and Bs 
The Beef-values spread over a wide range; at room 
temperature, for example, from 0.0048 for the 
annealed sample F to 0.0148 for sample A with the 
smallest grain size. The grain size determined 
under SEM (Table I) is the apparent size of 
secondary particles, aggregates of small crystals 
as shown by the crystallite size determined from 
X-ray line broadening. Samples D and E have 
similar size, the latter containing the grains with 
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the smaller size, but the Beef-values for these 
samples are quite different. The latter shows 
smaller Bell-value and a much larger crystallite 
size L. The Debye temperatures calculated directly 
from the Belt-value , by neglecting the static 
component Be, are different at two ambient 
temperatures. On the annealed sample F, the dif- 
ferences in these 0•-values is 8 ~ which is within 
the experimental accuracy for 0D. For the other 
samples, however, the differences are 40 to about 
50 ~ , largely beyond the accuracy. All of the %.  
values observed in the present work are much 
smaller than the value 276 K reported on the single 
crystal [7]. These results strongly support the 
presence of the static component Bs in addition to 
the dynamic component B a in Bet f . 

Because the static component Bs in Be~ is 
assumed to be independent from temperature, 
the difference between Beff-values Be~f(Ta) and 
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Figure 3 Relation between effec- 
tive value of Debye-Waller para- 
meter Beff and the dynamic 
component B d on palladium 
metal powders. 

Beff(Tb) measured at two different temperatures 
T a and Tb equals the difference in the dynamic 
component B d which follows Equation 2. By 
taking account of Ta/T b = n and from Equations 2 
and 6, the following equations can be written 

Beff(Ta) -- Be~f(Tb) = Bd(Ta) -- Bd(Tb) 

= (6h2/Tamk){f (Xa)--nf(r tXa)} , (8)  

1 [~b(x) + x/4],  x = OD/T. 
; ( x )  = x 

By using the measured difference of Beff(Ta)-- 
Beff(Tb) , therefore, we can solve Equation8 
numerically and determine the Xa-Value , that is, 
the Debye temperature 0D. From 0D thus deter- 
mined, Ba-values at different temperatures and 
then Bs-values can be determined. 

In Fig. 3, the dynamic component B a at room 
temperature, thus determined, is plotted against 
Bell. The deviation of the Bell-value from the 
line Bet e = B  a (that is, B s = 0) corresponds to 
the value of B s. The present relation shows that 
the increase in Beff is largely due to the increase 
in the B a component. Up to 0.013 nm 2 for Bell, 
the Bs component is less than the B a component, 
but above 0.013nm 2 the Ba component remains 
almost constant and the increment in Bet s is 
largely due to the increase in B s. 

3.2. Debye temperature of  powders 
The value of the Debye temperature determined 
from Equation 8 is less than that reported on the 
single crystal, 276 K [7], the annealed sample F 
having the nearest value (Table I). It is widely 

known that the surface layer has a much smaller 
value of 0D than the bulk. With palladium metal, 
the surface Debye temperature was determined as 
140 K by LEED (low energy electron diffraction) 
[8]. In the present work, the smaller crystallite 
size tends to correspond to a lower value of 0 D. 
The smallest 0B-Value observed, however, is 220 K 
because the 0D-Value determined here is the value 
averaged over all the atoms, either at the surface 
or the inside of the crystallites. 

If  we assume a simple model of spherical 
crystallites which consists of  two parts, a core and 
a surrounding shell, and characteristic Debye 
temperature for each part, 0core and 0shin, the 
observed dynamic component Ba is expressed by 
the sum of the dynamic components for the core 
Bde and that of the shell Bds as follows, 

B d = aBds -I- (1 - -  ~ ) B d e .  (9) 

If the atomic fraction in the shell a is approxi- 
mated by the volume fraction of the shell, 

B d = Bdc + ~ - ( B a s - - B d c ) ,  ( 1 0 )  

where r is the radius of the spherical crystallites 
and Ar the thickness of the shell. This relation 
B a against 1/r gives the value of Bat by extra- 
polation to l / r = 0 ,  which gives 0core from 
Equation 2. Either ~r  or Oshel I through Bas can be 
evaluated from the slope of this relation by 
knowing 0shen or Ar, respectively. 

The linear relationship between Bd and 1/r is 
confirmed on the present sample by using half of 
the crystallite size as r, as shown in Fig. 4. The 
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Figure 4 Dependence of the dynamic component B d o n  the inverse of crystallite radius 1/r at 95 and 300 K. 

dynamic component for the core, Bae , obtained 
by the extrapolation gives the Debye temperature 
of about 280 K, which coincides with that for the 
single crystal. On the surface of the palladium 
metal, the Debye temperature of 140 K has been 
reported [8]. By assuming the value calculated 
from 140K a s  B d s  , the thickness of the shell part 
Ar was determined as about 0.8 nm. This thick- 
ness roughly corresponds to that of 3 to 4 atomic 
layers. The fraction a of the shell is about 27% 
for the sample B with the average radius of 9.0 nm, 
for example. 

The atoms on the surface layer of crystallites 
are reasonably supposed to have larger static dis- 
placement, which causes the increase in the value 

of B s. In Fig. 5, 0D is plotted against B s. The 
value of 0 D is found to be closely related to 
the value of B s. This relation can be extrapolated 
to the value of 276 K at B s = 0, which coincides 
with the value reported on the single crystal. A 
similar relation was obtained on another material, 
PbS powders [9]. 

The core-shell model employed here is evidently 
oversimplified; perfectly spherical crystallites, 
clear boundary between core and shell parts, etc. 
not being expected in practice. However, the 
present discussion strongly suggests the importance 
of the static component B s in Bef f and the remark- 
able lowering of the Debye temperature at the 
surface layer of the crystallites. Harada et  al. [10] 
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Figure 5 Relation between the static component B s and the Debye temperature 0 D on palladium metal powders. The 
arrow shows the Debye temperature on the single crystal [7 ]. 
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measured the low value of Debye temperature on 
fine gold powders, the lower values being for the 
smaller particle size, and explained the result by 
using a core-shell model. 

3.3. Mean square displacement of 
atoms and melting 

For palladium, the Debye temperature of 276 K 
and the melting point of 1823K have been 
reported. By combining Equations 2 and 3, the 
mean square displacement of the atoms at the 
melting point was calculated at about 0.001 nm 2. 
This corresponds to about 0.032nm of the root 
mean square amplitude of vibration, being about 
12% of the interatomic distance. This means that 
we recognize the melting of palladium when the 
mean square displacement is over 0.001nm 2, 
in other words, when the r.m.s, amplitude of 
vibration exceeds 12% of interatomic distance. 

The surface layer of the palladium metal which 
has a much lower 0D, as low as 140K, gives the 
mean square displacement (u~) of 0.001nm 2 at 
470 K, that is, it seems to have as low a melting 
point as 470 K. On the sample F, which was pre- 
pared from sample A by annealing at 770K for 
1 h, the coagulation of the grains was observed, 
as shown in Fig. 1. This indicates a local melting 
of the palladium metal at the surface layer of the 
particles. This observation agrees qualitatively 
with the above discussion; the surface layer, 
shell part, has a lower Debye temperature and a 
lower melting point. 

The mean square displacement due to thermal 
vibration at 300K, which is calculated from 

B d by Equation 3, is about 0.00023 to about 
0.00026nm z, except 0.00018 for the annealed 
sample F. These values correspond to the r.m.s. 
amplitude of vibration of 0.015 to about 0.016 nm, 
about 5% of the interatomic distance. The mean 
square displacement (us 2) calculated from the 
static component B s is from 0.00 for the annealed 
sample F to 0.0003nm 2 for sample A. The 
influence of this static displacement on the melt- 
ing phenomena needs to be studied in further 
detail. 
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