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Studies are being performed on the crystal structure of rare

earth metal hydrides for use as hydrogen storage systems. As hydrogen
is added to the metal, a face centered cubic hydride is formed.
Additional hydrogen is then absorbed and the metal lattice reduces its
gize. In the lighter rare earths, this reduction in lattice size

appears to a stoichiometry of MH With samarium and the heavier

3.0°
rare eartlls, the face centered cubic absorbs hydrogen and then under-
goes a solid phase transition to a hexagonal structure capable of
abgorbing hydrogen up to the MH?..D 1imit,

The location of the hydrogen atoms within the cubic and
hexagonal phases around the transition is the focus of this project.
These atom positions can best be detected by neutron diffraction
techniques applied to different stoichiometr ies, both cubic amrd
hexagonal, bracketing the transition. The experiments were performed
on samarium-154 deuteride.

My part in this ongoing research involve first designing and

bullding a system of known volume. Then, different stoichiometr ic

samples of samar ium deuter ide, using determined P-T-C conditlons, were



prepared. A neutron diffraction pattern was run on each sanple.
Interpretation of this pattern provided an analysis of the hydrogen

locations in the cubic and hexagonal crystal lattices.
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PREFACE

The characterization by neutron diffraction of the cubic and
hexagonal samarium deuterides is outlined in this thesis. Some back-~
ground of lanthanide hydrides as well as samarium hydr ides is reported.
Some basic crystallography and analysis of diffraction patterns le
presented. The preparation of the samar ium deuterides is deacribed
followed by the procedures used in obtaining and analyzing the
diffraction patterns. Detailed results are provided in graphical and
table form.

The research presented opens up additional questions which will
be analyzed further.
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maintaln the hydr ide preparation system.
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SECTION 1
INTRODUCTION

Hydrogen reacts with the rare earth metals to form dihydride;
with properties very different from the metals. These dihydrides can
absorb more hydrogen to a limit corresponding to the trihydride com-
poeition. Hydrogen's use as a viable energy source would reguire the
use of safer, more compact storage systems than pressurized tanks or

liquid stox:age.l"3

Rare earth metals and alloys can store hydrogen and
release it by dissociation on demand. For this reason, the structure
of the rare earth hydride systems are being characterized in detail.

The light lanthanide dihydrides have cubic structures that
become more dehse as they absorb more hydrogen. The heavier lanthanide
dihydrides also become denser as they absorb additional hydrogen, but
at some poi;t during the absorbtion, they transform from the face
centered cubic structure to a hexagonal structure. The face centered
form of geveral rare earth hydrides have been characterized by x-ray
diffraction and in the case of cesium hydride by neutron diffraction,
Some x-ray diffraction has been performed on holmium trihydride in itsa
hexagonal form.

It is the purpose of this work to try to characterize by
neutron diffraction both the face centered cubic and the hexagonal
phase of the samarium hydrides. It is hoped that this will help lay

further foundations for solid state hydrogen storage systems,



SECTICN 2
LITERATURE SEARCH

2.1 Lanthanide Metal Hydrides

All rare earth metals react exothermally with hydrogen to form
hydrides. These hydrides have very different properties from their
parent metals. Most are black, brittle flakes that crumble easily and
are pyrophoric.

With the exception of europium and ytterbium, all the

lanthanides can form a dihydride of the formula MH X-ray diffraction

2°
meagurements of several lanthanide dihydrides4‘5 and a neutron diffrac-
tion of cerium dihydride6 show the dihydride to have the fluorite
structure shown in Figure 1 with the metal atoms at the positions
(0,0,0) and the face centering positions (0, %, %). The hydrogen is
located in the tetrahedral holes at the positions (%, %, %}.

If the hydrogen pressure is high enough, the dihydr ide
dissolves more hydrogen and can reach a maximum composition of HHB'
The additicnal hydrogen goes into the octahedral holes at the centers
of the edges of the cubes at the (0, 0, %} positions to form the
bismuth trifluoride structure shown in Figure 2.

The first three lanthanides: lanthanum, cerium, and
praseodymium, absorb hydrogen to the trihydride limit keeping the face
centered cubic structure, There iB evidence that neodymium acts as the

heavier rare ea:ths.7 Samarium and the heavler lanthanides, at some

stoichiometry above the fage centered dihydride, transform into a



Figure 1: The fluorite structure. Dark clrcles represent metal
atoms. Light circles represent hydrogen atoms.






Figure 2: The bismuth trifluoride structure. Dark circles represent
metal atoms, Light circles represent hydrogen atoms.






closepacked hexagonal structure. A neutron diffraction study of the
hexagonal structure has been performed on holmium trihydr ide by
Mansmann and Wallace.B They proposed a hexagonal structure of space

group P3c1 (D;d) using a unit cell of six molecules at these positions:

3

6 Ho in (j): (2/3 0 %; 0 2/3 %; 1/3 1/3 %)
12 D in (g): (X y 2: ¥y X-Y 2; Y-X X 2;
Y % M+z; % x-y Mtz;

y-x y %+z)} with x

0.36,
y = 0.03, z = 0,095

4D in (d): + (1/3 2/3 z; 1/3 2/3 %+z)
with z = 0.175

2D 1in (a): + (00 %).

The hydrogen radius is smaller than expected. Therefore, the
tetrahedral hydrogens are slightly displaced from their ideal

positions. ""The actual HoH, structure is obtained by also displacing

3
the octahedral hydrogens from thelr positiona between the holmium
planes into these planes, Only one third actually reach these planes,
the other two thirds stay slightly ocut of these planes" to avoid close
contact with the tetrahedral hydrogens. Mansmann and Wallace suggest
that the other rare earth trihydrides might have this structure,

&s the rare earth metals absorbh more hydrogen beyond the
dihydride limit, the lattice size decreases and the density increases.
This phenomena is known as the lanthanide contraction.9 It has not

been determined whether thils contraction is also present in the

hexagonal phase.



2.2 Samar ium Hydr ides

X-ray diffraction measurements show that samarium hydride forms
a face centered cubic dihydride with the fluorite structure. The
dihydr ide structure has four samarium atoms at (0, 0, 0) and (0, %, %)
and elght hydrogens in the tetrahedral positions at (%, %, %). 3

The lattice size for SmH
10

2.0 28 measured by x-ray diffraction

ls a = 5.376 + 0,003 A. Using this value, the x-ray density is

calculated to be 6.52 g per cc.ll The metal-hydrogen distance calculated

from x-ray diffraction data is 2,328 A,lz

but there is disagreement about
the sizes of the samarium and hydrogen iong. A summary of ionic radii
and metal-hydrogen distances of the dihydride given by various authors
is given in Table 1.

X-ray diffraction shows that samarium dihydride, like the other
rare earth dihydrides can take on additional hydrogen. The hydrogen
goes into the octahedral holes of the fluorite structure., The Sm+3
radius in the trihydride determined by Holley, Mulford, Ellinger,
Koehler, and Zachariesen13 is 1.804 A,

As the stolchiometry increases above 2.0, the lattice size
decreases and interplanar distances decrease. Pebler and Wallaceld
note that the lattice size of SmHL9 is a = 5.376 A but decreases to

a =534 A at 5mi They explain the contraction by proposing that

2.7°
the conduction electrona of the metal ions repel each other, increasing
the metal lattice size and weakening the electrostatic interaction of
oppositely charged components. Then when hydrogen is introduced, the
electrons are tied up and interaction between the samarium and hydrogen

iong increase and pulls the molecule together forming a denser

structure.



T

TABLE 1

IONIC RADII AND M-H DISTANCES FOR SMH

3

Samar ium Tetrahedral M-H

Radius Hydrogen Radius Distance References
1.751 Q.577 2.328 a

0.97 1.28 2,25 b

1.90 0.43 2.33 c

1.95 0.38 2.33 d

0.96 1.40 2,36 e

valueg in Angstroms

a Holley, Mulford, Ellinger, Koehler, and Zachariesen,
J. Phys., Chem. 59, 1226 (1955)

b Libowitz and Gibb, J. Phys. Chem. 60, 510 (1956)

c Denver Research Ingtitute, "Investigation of Hydriding
Characteristics of Intermetallic Compounds™, Summary Report
LAR-55 USAEC (1961) (Paulinga Method)

d Denver Research Institute, Ibid (Bond Distamnces)

e Gibbk and Schumacher, J. Phys, Chem. 64, 1407 {1960)



8
Pebler and Wallacel® found the cubic to hexagonal transition to

occur at SmH The lattice sizes for the hexagonal are a = 3.72 A

2.59°7
and ¢ = 6.779 A,
Pebler and Wallacel® propose an explanation for the transforma-

tion in terms of the lattice contraction. Pairs of tetrahedral 3

hydrogen ions move closer during the contraction to a separation of

1.5 A, Since the radius of the hydrogen ion is 0.65 A, the ions are
only 0.2 A apart and a strong repulsion occurs. To relieve the stress,
the crystal transforms to the hexagonal phase. This transformation
also results in an additional density reduction of ten percent.

17

Pebler and Wallace locate the boundaries of the two phase

reglon at SmH and SmH Messer and parkl® determine the tran-

2.53 2.59°
sition boundaries to be SmH2 5 and SmH2 7 while Mintz, Hierschler and
I-Iada::il9 record SmH and SmBE

2.4 2.85"

Messer and Park?0 in 1972 performed extensive work on the
decomposition pressure versus temperature of the samarium-hydrogen
gystem. The measured transition pressure was lower as the temperature
agcended and higher as the temperature descended. This hysteresis
loop shown in Figure 3 is found in other hydrides and shows the lower
equilibrium pressure of the hexagonal phase, which is more stable at
the lower temperature. They estimate the "true, reversible” transition
temperature to occur just below the rapid rise in pressure on the
warming runs as shown in Figure 3 and the transition pressure to occur
just below the lowest preasure on the hexagonal side of the plateau as
shown in Figure 4. The transition at 250°C and 300°C ogcur at 70mm and

475mm, respectively, as read from the graph in Figure 4.



Figure 3:

Pressure versus temperature of the samar ium-hydrogen
system. —» ascending temparature;+— descending temperature,
Taken from Mesger and Park, J. Less-Common Metals 26,

235, 1972,
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Figure 4: Disgsociation pressure versus H/Sm. Taken from Messer
and Park, J. Lesa-Common Metals 26, 235, 1972.
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3

B

314 *+ 5°C on heating and 230 + 59C on cooling.

11

Mintz, Hadari and Bixon21

do not estimate the two phase tran-
sition plateau but report the heating plateau at 350°C and the cooling
plateau at 270°C for both pregsures equal to approximately 700mm. These
values were later corrected by Mintz, Bierschler, and Hadar 122 to

Dissociation information was provided by Korst and war£23 for
the dihydr ide between compositions of Srnl-ll.95 and .’:‘:m!iz.l as shown in

Figure 5. Messer amd park24 performed dissoclation experiments for

stoichiometries between SmH and SmH

Their results are shown
2,2

2.8°
in Figure 4, Mint225 produced one curve of the temperature-composition

graph between stoichiometries of SmH and SmH Their work is

2,0 2.8°

shown in Fiqure 6.

Greis, Knappe and Muller 26

performed x-ray diffraction analysis
on the samar ium hydrides and deuterides. Besides the cubic and
hexagonal phases, a new tetragonal phase was reported to exiat between
the cubic and hexaqonal formg. This new phase had a tetragonal
structure of gspace group I 4/m with 2 atoms per unit cell., The inter-
med iate phase occurs at lower room temperature equilibriums while the
phase relationships previously reported occur at high temperatures.
Greis, Knappe and Muller27 determine the cubic to exist for

compositions at SmH for high temperature equilibrium and at

1.95-2.34
SmHl 95-2.28 for low temperature equilibrium. They determine the
lattice parameters for the Sm3H7 to be a = 3,7780 A and ¢ = 5,3647 A

and for Sm307 to be a = 3,7716 A and ¢ = 5,3503 A. The hexagonal
parameters for SmH and SmD are respectively, a = 3,7870 A and ¢ =

6.7926 A and a = 3.7726 A and c = G.7632A.



Figure 5: Diasoclation Pressure Isotherms for some rare earth-
deuterium aystems. Taken from Korst and Warf, Inorg.
Chem. 5, 1719, 1966.

12
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Figure 6:

Temperature-composition graph by thermal analysis of
the samarium—hydr ide system, -+~~~ Pirst cooling; —
Heating from room temperature to 600°C; ----Cooling
from 600°C to room temperature. Taken from Mintz,
"Thermodynamics and Statistical Mechanics of Some
Hydr ides of the Lanthanides and Actinidesa™. NRCN-398
Israel Atomic Energy Commission; 1976, pplo08.
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14
No superstructure reflections were seen in the hexagonal or
tetragonal samples.
The phase dliagrams and pressure-temperature-compoaition infor-

mation far the samarium hydrides have not been fully developed.

2,3 Magnetic Characteristics of Samarium Hydrides
The magnetlc characteristics are considered by Kubota and

28

Wallace“” who found no magnetic ordering for either the cubic and

hexagonal) samarium hydr ides between 4.2 K and 300 K.

2.4 Hydride Preparation Technigues

In genera) all preparative technigues for samar ium hydr ides
invelve direct contact of the metal with the hydrogen in a closed
system, Some means of measur ing the temperature and the pressure in the
system is provided. The stoichiometries are determined using the ideal
gas law and the measured amounts of the samar ium metal.

Samar ium metal is easily oxidized and especially gensitive to
air and molsture. The reaction of the metal with the hydrogen ie
greatly inhibited by any surface film, so the metal surface is cleaned
and prepared under some inert gas or mineral oil and loaded into glase
containers. The metal is weighed accurately in either the inert gas,
the o0il, or in a vacuum. The metal is then degassed in a vacuum system
for several hours with or without heat and then heated to the reaction
temperatures desired. Hydrogen is then admitted to the system for
reaction. In most cases the reaction starts immediately but the
reaction time ias related directly to the surface film. The reaction
will occur at any temperature if sufficlent time ias allowed for it to

diffuse through any film present.
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The hydr ides can be produced by direct reaction to the desired
E stoichiometry or taken to a stoichiometry higher than desired and after
| the reaction is completed, dissociated to the desired stoichiometry.
Whatever the temperatures and pressures of the reaction, all samples
; were left to anneal for hours to days to ensure equilibrium conditiong.
Specific descriptive procedures of several researchers can be

found in their respective workg.29-35



SECTION 3

THEORY

3.1 Crystallography

Constructive and destructive interference takes place when
waves are reflected from a series of planea. Bragg noted that con-
structive interference had its maximum intensity when, for a particular
direction, the parallel rays left the planes at the same angle they
originally entered and when the path difference of the waves reflected
from successive planes was equal to the wavelength or a multiple of
the wavelength of the wave. The path difference for waves reflected
off different planes, shown in Figure 7, is AB + BC or 2AB. This
distance can also be expressed as AB = d{sinf) where 4 is the distance
between the two planes. The full expression for the Bragg equation

becomes

nx =2 d sine {1)

The same interference phenomena can be shown to be true for arrays of
peints in a lattice as seen in Figure 7.

There are fourteen possible point lattices called the Bravais
lattices. In actuality only seven are distinot and are the basis for
the seven crystal systema. The first seven Bravais lattices have
points only at the corners of the lattice; the latter seven have points

elsewhere in the lattice. Each of the latter have the same size,

16



Figqure 7: Bragg reflection from a) planes and b) arrays of points.

17
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shape, and orientation as one of the first seven, thus displaying the
f same conditions as the first seven.

Bach point lattice has a certain inherent symmetry. Successive
operations about an axis or plane will bring tha lattice points bagck to
their original positions. There are four basic operators: reflectian,
’ rot?ation, inversion, and rotation-inversion. All crystals belong to one
¢ of the seven crystal systems and each crystal must display a certain
number of the symmetry operations characteristic of its crystal system.

Two other operators may also be at work in the crystal: a
screw axis and a glide plane. Continued cperation of either does not
produce coincidence but does produce a pattern repeat.,

when all possible combinations of the six symmetry operators
are coneidered, the number of possible sets of points on a lattice with
partigular symmetry elements totals two hundred and th_irty. These are
called the two hundred and thirty space groups. They are listed in the
International Tables for X-Ray (:r:ysn:.alloangrz'.phy.36

A crystal is a three dimensional regularly repeating pattern
of atoma. The repeating pattern is called the unit cell and can be
described by a section of three dimensional space. The unit cell can
be described by its lattice parameters: a, b, and ¢, the lattice gizes,
and alpha, beta, and gamma, the angles between the axes. Planes of
atoms within the c¢rystal cross the three axis, a, b, and ¢, at distances
X, Y, and z, respectively. To avoid infinte x, y, and z values when
the planes are parallel to an axis and have an infinite intercept, the
reciprocals of the intercepta are taken, reduced to a common denominator
and the numerator is called the Miller indices (hkl). Planes parallel

to each other are of the same set and can be described by the same
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Miller indices. Also, the set of planes in a crystal made equivalent
by symmetry can be described by the same get of Miller indices.
The distance between planes in a set is a function of the Miller
irdices of the set and the lattice sizes of the unit cell. The exact
relationship depends on the geometry of the crystal system., For

example, in the cubic system,

2 2

a2 = a2/ %+ x 2

+ 1% = a%m (2)

where N = h2 + kz + 12. The value of @ in these egquations is

equivalent to the d4/n value of the Braggq equation.

3.2 Neutron Diffraction

Neutrons, like x-rays and electrons, have both wave and
particle properties. A® a neutron passes through a solid, it may be
scattered by the nucleus of the atoms in the crystal in accordance with
Bragg's Law:

In a reactor, neutrons are slowed down by collisions with
water molecules to an average energy of 0.025 ev3? (thermal neutrons).
If the temperature is constant, the neutrons have a root mean aquare

velocity3®

given by the equation
m2/2 = 3kT/2 (3)
The deBroglie wavelength can be calculated from
A= h/mv (4)
Combining these equations gives

2 = hZ/3mkT (5)
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At room temperature the spectrum of wavelengths assoclated with these
thermal neutrons becomes a Maxwellian distribution with its maximum

between 1 and 2 angstroma.39_4°

These wavelengths were on the order
needed to detect the 4 spacings of crystals.

It is necessary for constant wavelength diffraction to have a
single wavelength. To produce this, the beam of neutrons passes out
of the reactor and is reflected from the planes of a monochromating
crystal. Only the neutrons reflected in a single direction are used
to irradiate the sample.

From a powder sample the neutrons scatter in all directions off
the different sets of planes in the crystal., A counter rotates around
the axis of the sample in small steps, sampling portions of the
scattered wave. The 1ntensit§ at each angle is recorded producing a
diffraction pattern.

In x-ray diffraction, the scattering occurs from the electrons.
Thus the lérger the atomic number, the more scattering occurs. A&n
x-ray pattern will therefore show the positions of samarium atoms and
will not detect the deuterium atoms. Neutrons, on the other hand,
scatter primarily from the nucleus of an atom. Within a factor of two

41 Deuterium atoms

or three, all atoma scatter neutrons equally well.
can then be detected with greater ease.

The choice of deuterium rather than hydrogen is made because of
the neutron capture and coherent neutron scattering crossection effects
. . 42
as listed in Table 2.

The choice of the samarium-154 isotope was made on the basis of

isotopic neutron capture crossections and availability of this isotope

as shown in Table 3.



TABLE 2

CAPTURE AND COHERENT CROSSSECTIONS

FOR HYDROGEN AND DEUTERIUM

Capture Coherent Scattering
Element Crosssection Crosssgection
{(barns} (barns)
Hydrogen 0.332 1.76

Deuter ium 0.00052 5.59

;
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TABLE 3

ISOTOPIC ARUNDANCE, CAPTURE AND TRUE ABSORPTION

CROSSSECTIONS OF SAMARIUM

T R R AT T T PR AT

True Absorption Capture .,
Samar ium Percent Crosssection Croagsection
Isotope Abundance {barns} {barns)
144 3,1 - 0.72
146 2 x 10 - -
147 15.1 - 60
148 11.3 - 4.7
149 13.9 114,000 42,000
150 7.4 3,500 104
151 - - 1.5 x 104
152 26.6 6,350 204
154 22.6 3 51
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The x-ray diffraction scattering factors vary with the Bragg

fnqle. In neutron diffraction, the neutron scattering factor, b, does
iut vary significantly with angle.43 The value of the neutron scattering

iactors for samarium-~154 and deuterium are 0.96 x 10“24 cm and 0.667 x

-24 cm, respectively.44

1.3 Calculation of Intensity45

The intensity of the reflections are calculated by

I = F 2 [(1 + 005229}/(891n290059ﬂ pA exp(—ZB(sinB/A)2 (6)

© where p is the multiplicity of the reflection
|F’2 is the geometric structure factor

exp(-ZB(sinG/).)2 is the temperature factor

| R SRR TR S

A is the absorption factor
and [+ coszze)/(ssinzecoaeﬂ is the Lorentz-

polar ization factor,

3.3,1 The Geometric Structure Pactor 1647

The amplitude and phase of a diffracted wave from a single
atom is proportional to be exp{id). The amplitude of the scattering
is determined by the geometric structure factor, {F[. | F| is the
gquantity that determines how the intenaities of the reflections from
the crystal depend on the atomic arrangement within the unit cell and
can be calculated as a function of atomic positions, Miller indices and
scattering factors of the individual atoma. F, the poattering

amplitude for the unit cell, is described by

F = blexp(i¢l) + bzaxp(i¢z) + ...bjexp(1¢j) = % bjexp(i¢j) (N
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The phase difference, {), between the wave scattered from an atom
:t coordinates x, Y, z and the wave acattered from the origin {assume

‘- he origin to be () for the reflection with the Miller indices (hkl) is

. = 271 (hx, + ky., + lz.), 8
9 (hx Y5 z5) ®)

3

fhe equations for the wave can be rewritten as

F = I:)1 exp [iZTI(hxl + kyl + lzlj]
+ b, exp[i2Tf(hx, + ky, + 1z )}
2 2 2 2
(9
+ L 2

H

n

b.exp[izﬂ (hx, + ky. + 1z )]
55 3 3 3 ]

Fakl = 421P3 e*[21T0(hx, + Ky, + 1zj)] (10)

This can be rewritten trigonometrically as

F = 2 bn[cosﬁ(hun + kvn + lwn)

n=1
{l1)
+ isin2Ti(hu + kv + 1w )]
or in the form
F = A+ iB (12}
where
A = 2 b coB2Ti(hu + kv_ + 1w )
n n n n
n=1
and

a + .
B nglbnsimﬁ(hun kvn + lwn)
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B.3.2  Multiplicity?8-4°

The multiplicity factor, p, has a maximum value of 48, The
%-tual value of p depends on the crystal form determined by the Miller
i dices and is equal to the number of equivalent planes in the crystal
%kmm represented by the Miller indices. For example, the (1 1 1) form
E;epresents the equivalent planes (11 1), (-1 -1 -1), (1 1 -1),

;tl -1 -1, (<111, (1 -11), (=1 -11), and (-1 1 -1). 'The {11 1)
‘peak represents reflections from all eight planes and the multiplicity

value is therefore eight.
50

Tables of multiplicites can be found in Mirkin, the Inter-
national Tables for X-Ray Crystallography,Sl Lipson and St.eeple,52 and
{ Cullity.>>

' 3.3.3 Absgorption

! Neutron absorption coefficients for most materials are on the
order of 0.3 cm-1 compared to the order of 1000 cm-l for x—rays.54
These smaller absorption coefficients make it necessary to use larger

35 Reduction of intensities due to absorption is small and is

samples.
normally not included in the intensity calculations unless absolute

intensities rather than relative intensities are desired.

3.3.4 The Temperature Factor 2038

The temperature factor, B, accounts for the thermal vibration
that atoms undergo about their mean positions. The amplitude of the
vibrations increases with temperature and changes with the type of atom
and the bonds holding it. The effect i a unit cell expansion causing
the d ppacing to change and thus the two theta positions to increase.

The effect of this temperature factor on the intensity of the profile is
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‘Etnofold: a decrease in the intensities of the lines and an increase in
E'the intensities of the background scattering between the lines.

The temperature factor can be applied in two waye. As the

overall temperature factor, it is assumed that every atom in the cell

' can vibrate thermally in exactly the same way. It is applied as
 written in Equation 6. This is normally used in the earlier stages of
- refinement. Later it is applied to each type of atom in the unit cell

by replacing b with
b = boexp[}B (8in8/» 2] (13)

The value of B ia determined by use of the Wilson plot and is discussed

along with the scale factor.

3.3.5 The Lorentz-Polarization Factor 2961

Some reflection occcurs at angles that slightly deviate from the
exact Bragg angle for a particular reflection, each producing some
intensity. The effect on the profile is a change in height and half-
width of the peak. The Lorentz factor accounts for these effects.

The equation
A® = A /(2Naing) (14)

gives the maximum angular range of crystal rotation over which
appreciable energy will be diffracted in the Bragg angle two theta.
This means that the maximum height of the peak is proportiocnal to
1/ain®. Thus the intensity is larger at lower angles and smaller at
higher Bragg angles.

The changes in halfwidth in the intenslty of the peak is

proportional to
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(1/8ing) (l/cos8) or l/sin2e (15)

The effect is a larger width at higher two theta angles,
In powder patterns the intensity also depends on the number of

_2crystals oriented at or near that angle. This has the form of

AN/N (A9 cos8)/2 (16)

Putting these three effects together the relationship becomas

%

L = (1/8in28) (cos®) (1/31n20)

= cose/ainzza 17
2
= 1/(4 sin"¢ cosé)
This factor is normally constant for any given set of measuremants and
is not included when one is interested only in relative intensities,

X-ray beams are partially polarized and the effect is expresdsed

ag
P = (1 +cos®20)/2. (18)

Usually the Lorentz and peolarization factors are ccmbined into

a single expression:
2 2
LP = (1 + cos 28) / (88in 9 cos8) {19)

Neutron beams are not polarized and thua polarization is not
included in the calculations. However, if magnetic scattering is

gtudied, the polarization factor must be taken into account.
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3.3.6 The Scale Factor
It 18 necessary to £ind a way to relate the observed intensities

to the absolute intensities on the same scale. This is done by use of

¢ the scale factor, k, that relates the two as

[Pl = K IFl oy (20)

i The value of k can be found by use of the Wilson plot.63 The average

value of the observed intensities can be defined as

— _ 2 :
ILgp = (IFl ., ravg (21)

For a unit cell containing N atoma it can be shown that the thearetical

average intensity is given by

- N .2
Iabs = .£ £i (22)
i=]l
Ideally, the ratio
- = _ g2 2
T e/ Yrer = fifi/ (F[)avg (23)

should be the scaling factor required to place the individual
intensities on an absclute scale. However, thermal vibrations directly
affect the atomic positions in the real crystal. For each atom, then,

the equation becomes

I g fioexp(-2a(sin9/j)2) (24)

abs &1

If the temperature factor, B, has the same value for all atoms then

i

) ) 2 2
be = ©XP(-2B(8inb/n) )iglfoi (25)
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c = Irel / abs (26)
- . 2. N 2 '
Irel = C exp(-2B(sind8/aA}") ;g‘ foi (27)
wl
- N 2 2
Irel/ fgl foi C exp(-2B{sind8/3)" ). (28}
Taking the ln of both sides results in
T 2
In ral = 1ln C - 2B{8in8/y) {29)
=1 ol

If the left gide is plotted against (sinG/A)z, the result is a straight
line with intercept 1ln C and a slope of -2B (from which the temperature

factor can be calculated}. C is related to the k of Bguation 20 by

Kk = ¢ (30)

3.4 Profile Analysiss4‘65

The analysis of raw data begins by determining the two theta
values of the observed reflections. S5in 8 and/or sin20 values are
then calculated,

If the lattice parameters are known, the appropriate 4 spacing
equation combined with Bragg's law, can be used to calculate the sin @
and/or sinze values. A comparison of the calculated and observed sin 6
or sinzﬂ values is made. A matching set determines the characteristic

get of N values and thus confirms the validity of the crystal system.
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A copy of the characteristec N values for several crystal systems is
f reproduced from Lipson and Steeple66 in Appendix A. A more complete

i:list can be found in Mirkin.57

If a match is not achieved, another crystal system is chosen
f and the procedure repeated until a match is achieved.

For the cubic system, the appropriate equation to be used is

22/2a2 = (sine) (31)

where N = h2 + k2 + 12.

In the hexagonal case, the equation is
22/(4sin%8) = 4N / 3a° + 12 fe? (32)

where N = h2 + hk + kz. During initial indexing in the hexagonal case,
only reflections with 1 = 0 are considered. If these values match, the
calculated values of 8in?® can then be adjusted for different values of
1l and a more extensive comparison made.

If the lattice parameters are unknown, the integers, N, are
determined by finding the common factor in the sinp values either by
trial and error or by difference methods. The multiples of the common
factor then correspond to the N values and are then matched to the
character istic set of N representing the crystal systems. High two
theta angles should be used for determining the lattice parameters using
the appropriate d spacing equation. 8Since there are two lattice
parameters, the lattice parameters are determined by solving simul-
taneous equations for two peaks. More complete descriptions of these

methods can be found in Lipson and Steeple,63 uirkin,69 and Cullity.7°
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The more unknown parameters there are, the more difficult it

i.:“-‘t:;mes to index the pattern. Several graphical methods have been
ivveloped to help solve the more complex problems. Hull-Davey71*72
-g--k the logs of the plane spacing equations and after rearranging them
;nd incorporating the c/a ratio into the equation, he subtracted the -
i‘?‘-,Lla,'t:i.ons for two different plane spacings. The resultant eguation
depends only on h, k, 1 and the ¢/a ratio. By solving thesge two
equations simultaneously for different e/a values, a graph is obtained
suitable for indexing any pattern.

To use the graph, log d values or the d spacings of the pattern

. are calculated and marked on a piece of paper using the scale of the

graph., The strip is placed on the chart ard moved around to find a

A
3
]
:
.

¢/a ratio that matches. The {(hkl) indices are then read Erom the
curves. Any systematic absence and peaks containing more than one
reflection can be determined. This furthur helps identify the space
group to which the structure belongs.

The lattice sizes are then determined by solving simultaneous
equations for the high angle reflections.

Bunn,73 Schwartz and Summa,-M Harrington,Ts and Bjurstrom.?6
are also credited with graphical methods that work in the same way as
a Hull-Davey chart. Graphs for each crystal system can be found in
Mirkin.’7

The next step involves the determination of the number of

8

atoms in the unit ce11.7 The equation

A = V' /p1.66042 = nM (33)
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’re v' is the volume in cubic angstroms and rho the dengity in g/cc,

_f the molecular weight of the molecule, A the sum of all the atomic
ights in the unit cell, and n is the number of molecules in the unit
711. The number of atoms per unit cell is then calculated from n.

The space group and atomic positions of the atoms must then be

fetermined by trial and error.79 The presence or absence of some

}liller indices eliminates gome space groups. The pattern of relative

‘intensities can be compared to already existing patterns in Mirkin8°

and the cholce of a space group can be made., Mir kinal alsc containg

 1ists of compounds and their structures, The space group of a similar

2

compound can be applied to a substance, M:l.x:kinB also provides a table

i indexing space groups and coordinates using the number of atoms in the

unit cell.

Once a space group is chosen, the corresponding symmetry
operators are located in the International Tables for X-Ray
Crystallogréphy.s:l' Numbers are chosen for the atomic positions and
inaerted into the general coordinates of the space group. The structure
factors and the intensitieg are determined at each angle. This cal-
culated pattern is then compared to the observed pattern. Adjustments
can then be made on any or all parameters (including positions and
lattice sizes) and the pattern is refined until the best fit is obtained.

84-86 a3 algo trial and error and it is

The refinement process
made easier by use of the computer. Each facility has its own programs,
but most are based on the weighted least squareg program formulated by
R.M. Riet:v.ve].d.87 A description of the least squares analysis is given

in Appendix C.



Reliabllity factors or R f.a:.v::i:.t:u:u88 are normally used to

jdetermine the goodness of fit between the experimental and calculated
fdiffraction profiles. Several R values are defined by Rietveld and
‘-ililson and are discussed in Stout and Jensen. Most R values are

‘var iationa of one of two basic forms:

R - £laF] -f“l?of i Fc” (34)
215 Z1%]

or

2
R o= £14% Fyl - JF4
£ % |Fal® (33)

1
3



SECTION 4
EXPERIMENTAL

The Hydriding Apparatus

The gtoichiometr ies of the samarium hydr ides prepared were
determined using the pressure-temperature-volume relationship of the
ideal gas law. Careful measurements of pressure, volume, and
temperature of the gas, and the mass of the samarium are needed. A
schematic of the hydriding apparatus used to prepare the samples is
shown in Figure 8.

The volume of the system was determined by taking a standard,
known volume, and measuring ite temperature and pressure after filling
it with deuterium. The rest of the system was then closed off and
evacuated, The standard volume was then opened, flooding the systen.
When equilibrium was re-established, the temperature and pressure of the
syatem were measured and the volume calculated using the ideal gas
law. The volume of the system was 16.16 liters and includes the hashed
lines, the standard volume, the ballast tank and the quartz tube.

Temperatures were determined using chromel-alumel thetmocouples.
The temperature of the reaction vessel (quartz tube) was measured by
placing the thermocouple in the bottom end of the quartz sample holder
againat the reaction vessel. The gas temperature in the manifold was
measured by a thermocouple placed on tha copper line leading to the
quartz tube, fTemperatures ingide the quartz tube were much hotter than

the temperature of the gas in the manifold, but because the qQuartz tube

34



Fligqure 8:

The hydriding apparatus for preparation of samarium
deuteride. 1. Standard volume 2, Raw deuterium
3. Hastings Vacuum gauge 4. Baratron pressure
manometer 5. Ballaat tank 6, Temperature readout
7. Temperatute controller €. Lindberg tube
furnace 9, Quartz tube 10, Uranium bed

1l. Diffusion (Veeco) pump with Phillips~Granville
Ionization gauges.

35
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 has a volume (0,04 liters) that was negligible when compared to the

volume of the entire syatem, the gas temperature was recorded as the
reaction temperature.

Pressure was measured by means of an MKS model 170M baratron

" capacitance manometer.

4.2 The Diffraction Apparatus

A schematic of the Omega West Diffractiometer at the Los Alamos
National Labaratory is shown in Figure 9. BA copper crystal set to
reflect from its (220) planes is used as a monochromator. The s8ix foot
cylindrical shield around this crystal was filled with iron fillings
and oil and lined with uranium, The shield was capable of rotating in
order to change the beam direction from the reactor and the wavelength
of the neutrons, but was normally left in a fixed position. The
gpecimen table rotated independently. The counter contained gaseous
boron trifluoride and revolved around the axis of the specimen table by
tenths of a degree. The neutrons enter the counter and react with the

boron-10 isotope according to the reaction:

10 1 7., 4
5B + 0n 3L1 + zne + 2.8 MeV {36)

The lithium and helium nuclei produce on the average 7 x 104 ion
pairs.89 The electrons are accelerated to the anode producing a current
that can be recorded as a count., Additional electrons are produced by
the collisions of the ion pairs with the gas molecules but these usually

measure less than one percent of the total.90



Figure 9:

A schematic of the Omega West Diffractometer.
Control and Recording System 2. Reactor
Shield 4. Monochromating Crystal

1.
3.
5.

Specimen Table 6.

Boron Tt iflucride Counter

Y

s
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54.3 Wavelength Determination

The wavelength of the diffracted beam was determined by

: diffraction from a niobium oxide standard. The wavelengths were

; determined for each reflection in the profile. A weighted average was

- calculated by multiplying the peak wavelength by its intensity and

averaging these. The wavelength thus determined was 1.275 angstroms.

4.4 Deuter ium Reagent

Impurities in the deuterium can produce surface reactiona that

inhibit the hydriding of the samarium metal. A uranium bed was
designed and used to reduce this possibility and to purify the
deuterium. Uranium and deuterium were allowed to react. AsS necessary,
the uranium hydride was heated, driving off the deuterium and leaving

the unwanted uranium compounds behind.

4.% Samar ium Reagent

The samar ium-154 isotope was separated from the raw metal on
the Calutron at the Oak Ridge National Laboratory. To protect it from
impurities, it was loaded into a glass container, evacuated, sealed and
placed in a second can, and again evacuated and sealed. Analysis shows
the samarium to be 98.69% samarium-154. The detailed analysis of the
sample is recorded in Appendix E. Since samarium jis very sensitive to
contamination, it was opened and prepared for use under an inert argon
atmosphere. A continual influx of welding grade argon flowed into a
glove box. DBy mass spectrographic analysis, the oxygen level in the
box was determined to be less than 0.1% oxygen after a minimum flushing

time of two hours.
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The sample was sawed, using kerosene as a lubricant, into slices
?ind then cut into small pleces, washed twice with anhydrous ethanol and
loaded into a gquartz tube that had previoualy been cleaned, cutgassed

at 450 C, and carefully weighed. The tube was then placed on the

system for hydriding.

4.6 Samar ium Deuteride Preparation

When the ayatem was evacuated to a base pressure of 2 x 10_7
torr deuterium from the uranium bed was allowed to £ill the aystem to a
:'- pressure between 700-1000 torr. The initial temperature of the quartz
tube and the gas were recorded. The stopcock was opened and the
temperatures and pregsure were again recorded. Reaction usually

gtarted immediately and proceeded very quickly with an exothermic heat
of reaction. It was impossible to record these temperatures due to the
rapid rate of the increase, although maximume were recorded. Once the
reaction slowed and the tube started to cool the temperature was
adjusted to 250 + 5°C. Reaction was allowed to proceed in most cases
over days and sometimes weeks until equilibrium was established. The
temperature was then lowered or raised and equilibrium was re-established
at each new temperature. In cases where the higher stoichiometries were
made, the tube was then allowed to take on more hydrogen as the tube was
allowed to cool to room temperature.

Due to the limited amount of samarium-154 isctope available,

the SmD and SmD

2.89 samples were made as previously described. fThe

2.99

and SmD samples were prepared by dissoclation of one of the

SmD, 38 1.97

previous samples. The SmD sample was placed on the evacuated system

2.89

and opened to the aystem. The temperature was increased. Dissociation

occurs in the manner shown in Figure 5. As a H/M ratio of 1.8 is
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;mproached, the equilibrium pressures are small. This necessitated the
'emoval of deuterium in successive steps until a stoichiometry of
mD1‘97 was reached. After diassociation was performed, this same sample
fwas again placed on the system and opened to a measured pressure of
fﬁeuterium. The association process was halted at a stoichiometry of
;BmDZ.BB' Table 4 provides the information used to calculate the

 stoichiometry of the samples.

E 4.7 The Diffraction Procedure

The quartz tube shown in Figure 10 containing the sample was
placed in an aluminum cyclinder pictured in Figure 1ll. The cylinder was
: then evacuated and placed on the specimen table of the diffractometer.

A diffraction pattern for two theta values ranging from 2 to %20 degrees
wag performed,

The raw data was indexed by hand and computer to determine the

crystal structure and lattice sizes indicated by the data. This was
then fed intc the program CWPREF which indexed the experimental data and
prepared the experimental diffraction profile, A data file containing
the proposed gpace group information was then created and fed into the
program CWLS. This program calculated a profile and then compared it
with the experimental profille proiuced in CWPREF. The calculated
profile was then refined in steps by changing the CWLS parameters until
a best fit was obtained.

R values were used to determine the extent of the best fit
batween the experimental and calculated patterns. Three R factors were

uged in this analysis:



TABLE 4
STOICHIOMETRIC DETERMINATION

;sample Gr ams Moles Pressure H/M Tube

*
No. Sm 9m Difference Ratio No,

1 15.797 0.1026 171.93 2.89 86
2 18.681 0.1213 210.40 2.99 75
3 15.797 0.1026 112.69 1.97 86

4 15.797 0.1026 136.61 2.38 865

* pressures in torr
Volume = 16.16 lliters

Tempetature = 27.2%



Figure 10: The guartz tube used as the reaction veasel for
samar ium-deuter ide preparation.
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Figure 1l: The aluminum cyclinder used to hold the samarium
deuter ide during neutron diffraction.
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2
R profile = 100 £ IFobl N Fcalcsl (37
£I Fobal
21 %
R weighted = 100 k\g (IFobi_Fca__lcSI) {38}
2
s-w ‘Fobsl

R expected = 100 [no. of degreces of freedg:jl" (39)
iw‘FoblP

Standard deviations for the refined parameters were calculated during

}

the refinement as outlined in Appendix D.



SECTION 5

DATA AND RESULTS

The raw data for each sample appears in Appendix F. The
}txperimental profiles are gshown in Figures 12-15, Sle 97 and Ssz 1

are both face centered cubicg. SmD2 99 is hexagonal. Ssz 89 contains

both the cubic and hexagonal phases.

5.1 The Cubic Analysis
The proposed cubic space group for samarium hydride ia F 4/m

3 2/m or 05

h (see Appendix G) with

3Sm at 0 &
l1Smat 000
8D at ik kX
and 4 D at 0 4 0.
Calculations by hand and by computer analysis using CWPREF,
CWLS, and CWPLOT (Appendix B} confirm this is the correct structure.
The refined profiles for the cubic samarium deuterides are shown in
Figures 16-18. Cubic positions determined in this study are listed in
Table 5. The determined lattice siZes are listed in Table 6. A com

par ison of experimental and calculated intensities are listed in Figures

19"‘21-

5.2 The Hexagonal Analysis
The peaks were indexed both by hand and by use of the CWPREF

program, Table 7 compares the two sets of calculationas. Peaka numbered

45



E‘?. 13, 17, 22, and 24 were found to match the hexagonal N pattern
El 42, 73, 9A, 12A, and 13A where A = k2/3a2. The lattice parameter,
g is determined to be 3.7638 A. The log d values were calculated and
i%otted along the scale on a Schwartz and Summa grap;"for indexing
jeagonal crystals. A match was made along the line representing the
f?h ratio of 1.79, Each line was indexed accordingly. The (0 0 1)
fines are either absent or too weak to observe.

The relative intensitieg of these peaks were compared to those
£ known hexagonal structures in Hirkin?1 An approximate match is made
or Hl5 structure representing X, Bi and Na_As. The structure correlates

3 3

ith the P 63/m meg or D4 h aspace group {(see Appendix G) with these

6
?coomdinates:

2 Smat 1/3 2/3 %

2 D at 00Xk

4 D at 1/3 2/3 z ard

2/3 1/3 z+%

where z = 0.583, This information was used in the CWLS program to
refine the calculated hexagonal profile. The best £it between the
exper imental and calculated profiles is shown in Figures 22-23 for
S

and SmD The refined coordinates and parameters are shown

2.99°
in Table 8 for both samples. A comparison of the exper imental and

™D, 89

calculated intensities is shown in Figure 24-25. The lattice sizes are

listed in Table 6. R values for both refinements are shown in Table 9.



Pigure 12: Raw neutron diffraction profile for Smnl 97
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Figure 13: Raw neutron diffraction data profile for SrllD2 38
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Figure 14: Raw neutron diffraction profile for Ssz 89
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Figure 15: Raw neutron diffraction profile for SmD, o4
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Figure 16: Comparigon of the experimental and refined profiles

for cubic -SmDLg.’
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Figure 17: Comparison of the experimental and refined profiles

of cubic stZ.EIB

52




Al €. 930

.0

T YYTTYTY

™
0.0 "o




Figure 18: Comparieon of the experimental and refined profiles

of the cublc SmIJz-39
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TABLE 5

ATOMIC POSITIONS IN THE CUBIC SAMARIUM DEUTERIDES

Cublic : x Y z N Nl
1.97 1 Sm 0 0 0 0.04355 + 0.00339 1.04520
3 Sm 0 X i 0.12689 + 0.00339 1.01512
8D 5 ] K 0.35268 + 0.00339 1.05805
4D X 0 0 £.00000 # 0.00339 6.00000
2.38 1 Sm 0 0 0 0.04071 + 0.00602 0.97704
3 Sm 0 i i 0.15411 + 0.00602 1.23288
8D k i kX 0.33287 + 0.00602 0.99862
4D L 0 0 0.16656 + 0.00602 0.99932
2.89 1 Sm 0 0 0 0.00889 + 0,00280 0.21336
3 Sm 0 L] i 0.12229 + 0.00280 0.97832
8 D i k L 0.30105 + 0.00280 0.90316
4D | 0 Y 0.15069 + 0.00280 0.90423

1 471

N, represents the ratio; calculated site occupation factor/expected site oocupation factor. The ratio
should = 1 if the site is filled as expected for the structure.



2.89¢cub

2.39hex

2,99

a and ¢ in Angstroms

5.3274
5.2975
5.3215
3.7600

3.7493

TABLE 6

I+

0.0008

0.0059

0.0042

0.0156

0.0038

6.7874

6.7212

LATTICE SIZES OF EXPERIMENTAL SAMARIUM DEUTERIDES

+ 0.0156

+ 0.,0045
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Figure 19: Comparison of the cuble intensities of SmD

POSN is the 20 angle, 1.97

INUC ip the calculated intensity, and
I10BS is the observed intensity.
ESD is the estimated standard deviation.

56




Vi WU s W W N e T

WP W NN WO N MNG - X

HOWKRMNOFONKEOO =

POSN
2378
2756
3644
4664
4E86
5708
6277
6460
7158
7680
7680
8512

9005

INUC
1388

132
bobk

1180

4B
1171
715%

1)
3174
535
179
1230
- 893

1083

1329

4890
1126
165
1257
905
301
3049
598
199
1338
918

ESD
49
79
50
37
53
55
51
71
40
13
57
75



Figure 20: Comparison of the cublc intensities of :’-‘num2 18
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Figure 21: cComparison of the cubic intensitiesg of SrrLD2 89
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TABLE 7

INDEXING HEXAGONAL SMD

24 ainze sinze d hkl reflection
cal exp calc avqg.
25,00 .0468 10l 1
31.70 .0746 102 2
39.60 .1153 .1147 1.879 110 3
40.80 .1192 .1215 1.847 103 4
i 41.20 .1238 111 5
| 45.90 112 6
- 46.00 46.10 .1527 .1533 1,633 200 7
' 47.40 47.60 .1616 .1628 1.587 201 8
50, 80 51,20 .1840 .1847 1.487 104 9
52.50 53.00 .1956 .1991 1.442 113 10
58.00 58.30 .2350 .2373 1.316 203 11
61.90 .2645 114 12
62.60 .2679 210 13
63.80 63.80 .2792 1.207 211 14
66.80 .3030 204 15
67.40 67.30 .3078 3070 1.150 212 16
72,40 72.20 .3488 .3472 1.080 300 17
73.00 .3338 213 18
73,50 73.90 .3580 .3572 1.066 301 19
76.20 76.70 .3807 .3830 1.034 302 20
80.80 4200 214 21
82.20 .4321 303 22
85.70 85.40 .4625 .4643 0.938 220 23
89.50 89.80 .4999 .4982 0.906 304 24
A = 2% wherea =3.76 A% ana = 1.275 A°
2
3a

Common factor for ainza values was 0.0383



Figure 22: Comparison of the experimental and refined profiles
of hexagonal Ssz 89
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Figure 23: Comparison of the experimental and refined profiles
of hexagonal SmD2 39
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Hexagonal

TABLE 8

ATOMIC POSITIONS IN THE HEXAGONAL SAMARIUM DEUTERIDES

1

2.89 2 Sm 1/3 2/3 K 0.06267 + 0.01004 0.75207

2D 0 0 Y 0.06267 + 0.01004 0.75207

4D 1/3 2/3 0.57714 0.09884 + 0.01004 0.59306
+0.00301

2.99 2 Sm 1/3 2/3 Y 0.09201 + 0.00982 1.10412

2D 0 0 % 0.09201 + 0.00982 1.10412

4D 1/3 2/3 0.59630 0.18871 + 0.00982 1.13226
+0.00275

[4:]



Figure 24: Comparison of tpe hexagona]l intenaities of SmD
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Figure 25: Compariscn of the hexagonal intensities of s|:|D2 99
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H/M

1.97
2,38
2.89¢cub
2.89%hex

2.99

TABLE 9

RELIABILITY FACTORS

R profile

16.74
37.89
47.58
51.43

41.72

R weighted

13.17
25.98
32.84
40.74

28.17

expected

8.99
9.18
12.44
10.67

19,32
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SECTION 6
DISCUSSION

Sle.97 and Ssz-3a are both face centered cubic and belong to
the proposed space group F 4/m 3 2/m, The site occupation factors for
the SmD1.97 sample shown in Table S indicate the deuterium to be
located in the tetrahedral positions. Any additiocnal deuterium goes
into thé octahedral positions as shown by the site occupation factor
for the Ssz_38 sample. st1.97 shows good agreement between the
exper imental and calculated profile as indicated by the R factors in
Table 9.

The agreement between the experimental and refined profiles

represented by the R values in Table 9 for the SmD “sample 18 not

2,38
good. Greis? claims that at a E/M of 2.34 a phase ¢hange occurs. Any
stoichiometr ic determination was an average over the entire sample. It
is plausible that some of the additional phase ig present. A further

indication of this is the doublet peak shown in the SmD raw profile

2.38
in Figure 13.

The lattice parameters for the deuterides should be smaller °
than the a = 5.34 A for the hydrides. They should also movide evidence
for the contraction of the lattice, The values a = 5,3274 A and
a = 5,2977 A for SmD1_97 and SmD2.3a respectively, are reasonable values
and support the contraction.

The hexagonal space group determined disagrees with that of

L 11
Mansmann and Wallace. The R factors representing the agreement between
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 the exper imental and calculated profiles for the hexagonal space group

P 63/m mc of the SmD sample are not the beat, but no other

2.99

tefinement resulted in better agreement. It should also be noted from

Figure 15 and Figure 22 that the two larger peaks at two theta values

. equal to 34.1 and 83.0 are not indexed. These probably represent two

of the superlattice peaks that have been found to ogcur in some of the
hexagonal forms. Since the CWLS program trles to account for all data
in the calculation of the R factors, the R values will reflect this
problem. There is good enough agreement to conclude this space group
represents the structure. No superlattice analysis has been made at
this time,

The literature lattice parameters for the hexagonal unit cell are
for the hydride a = 3,78 A and ¢ = 6.79 A?b The values determined in this
work are a = 3,7493 A and ¢ = 6.7212 A and are in reasonable agreement
gince the deuteride parameters are generally smaller than the hydride
parameters.

Both the cubic and hexagonal analysis were applied to stz.BQ'
Both patterns can be detected but neither can be refined to an
acceptable agreement. There are no provisions in the computer programs
avallable to refine a set of data using two different space groups. It
is proposed that if these programs are written, the SmD2.89 pattern would
be a combination of the cubic and hexagonal. Because the present pro-
grams will not differentlate between the peaks of the two space groups
and tries to incorporate all data in each refinement, neither the lattice
sizes or any other parameters are valid. The site occupation factors

for this sample from Table 8 show the Sm at(0, O, 0)in the cublc

refinement to be lower than expected and the Sm in the hexagonal to be
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jslightly lower than the expected(ﬂ, %, %). This may be an indication
5; that this sample is on the average more hexagonal than cubic. The site
?occupation factor of 0.009 instead of the expected 0.04 in the Sm(0, o0,
50)pOSition i.e., the origin of the unit cell, would indicate that the
samar ium atoms have moved. The only plausible explanation is a change

to a different structure, i.e. the hexagonal, where the origin is

lecated in a different relative position.



SECTION 7
SUMMARY

The purpose of this work was to determine the ocublc and
hexagonal space groups of the gamarium hydr ides and the positions of the
atoms in the unit cell, This has been accomplished, but not to the
best extent possible. This work was performed only as a preliminary
effort in a project which will continue until the entire systen is
characterized. Samples will continue to be made at H/M stoichiometric
ratios between 1,90 and 3.00 by 0.05 increments. Each sample will be
analyzed with the structures determined here. In addition, super-
structures will be determined and a tetragonal analysis will be
performed.

It appears that there is some change occcurring in the range of

to Smp It ia not known whether this was from cuble to

SmD, 34 2.38°

hexagonal or tetragonal and should be further investigated.
A computer program should be developed to handle two separate
structures and to determine the extent to which each structure is

present,
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: Cubic Tatragone! Maxsgonel Cubic Tatragone! Mexsgond
E Nm h3+ k340 Nah*4 k' Ne b bkt it N NP4 k34 N+ k" NupP+h
. F I p F i
hkl  hkl  hikd hk hk hki A hd hk M
%
- 100 10 10 34 530 530 53
110 110 n 34 433 433
111 119 1" 35 531 5N
200 200 200 20 20 36 600 600 600 &0 [
210 21 36 452 442 442
211 211 37 610 61 43
21 3B 611 611
220 220 220 22 38 532 532
300 : 30 30 as 52
221 40 620 620 620 62
310 310 31 41 62
N N 41 540 54
222 222 212 22 41 443
320 32 K} 42 543 541
n K3l 43 533 533 61
&4 622 622 622
400 400 400 40 40 «5 830 63
410 41 45 £42
322 a6 631 631
411 411 47
330 330 33
48 444 444 443 &4
331 33 32 49 700 ' 70 70
420 420 420 42 49 632 53
an 41 50 710 710 A
332 332 50 550 550 55
50 543 543
422 422 422 51 711 711
500 50 50 51 551 6551
430 43 52 €40 640 640 64 62
510 510 51 53 720 72
LX) 431 B3 641
511 511 33 54 21 721
333 333 54 633 €33
42 54 552 552
520 52 55
432 56 642 B42 B42
s21 521 57 722 ral
51 57 544
440 440 440 68 730 730 73
522 44 58 731 731
441 59 563 583



X

Cuble

Cubie

Tetragona! Hexaponal Tevaponsl Hexage
N-h'ql;k'+lt' Numhd 4 kb Nupd4 bk i® N N;h'+Fk'+f Na b4 k* Nu=p? 4 bk
, P )
L bkl hkl bkl hk hk hkl bkl hK hk hk
:
82 910 210 91
650 &5 54 82 833 833
643 83 811 M
732 732 83 753 753
651 651, 84 842 B4z BA2 82
63 85 920 92
800 800 800 80 8O 85 780 76
810 81 -1} 921 821
740 74 . B6 761 761
652 86 655 655
811 an 87
741 741 g8 664 654 664
554 554 89 922 85
733 733 72 89 B5D
820 820 B20 82 89 843
644 644 644 89 752
821 S0 830 930 a3
742 [0 851 851
B53 653 a0 754 754
81 231 83 65
822 B22 822 3 1
650 660 €60 66
830 83 81 92
661 93 852 74
£31 831 84 932 832
750 750 75 84 763 763
743 743 :11
751 751 55 96 Ba4 B44 B44
555 555 97 840 94 83
662 6652 662 64 97 665
832 88 841 941
654 98 853 853
752 752 98 770 770 77
73 99 533 833
B40 340 B840 84 ) as 71N
200 80 Q0 99 755 755
Ba1 100 10,00 10,00 10,00 10,0 10,0
744 100 860 860 BEO 86
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APPENDIX B

The Computer Programs: CWPREF, CWLS, and CWPLOT



CWPREF

The CWPREF program handles the raw data, indexing each reflection

ard drawing the raw profile.

Input Parameters: Wavelength
Unit Cell Parameters
Background Profile
Miller indices of the reflections
Multiplicities of indices
Gaussian peak parameters: U, V, W
Two Theta Values and their corresponding

neutron count, i.e. raw data

After sybtracting off the background, the counts at each
position are welghted bi’ the factor l/a-i where g~ is the estimated
gtandard deviation, The program then determines the halfwidth paramsters
and the shape of the peaks. Then it determines which reflections con-
tribute to each peak and its corresponding two theta values. The

exper imental profile is then stored on a tape for use in the CWLS and

CWPLOT programs.
CWLS

The CWL5 program calculates a profile by least squares methods

and then compares this profile with the experimental profile.

79
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Input Parameters: Wavelength

Centrosymmetry

General equivalent pogitions of the space

group in matr ix form

Tranalation Vectors in matrix form

Neutron scatter ing factors

X, ¥, Z values for the general positions

Cell parameters

u, v, w

Site occupation J‘Eamc:i:cw:"r

Scale factor

Overall and individual temperature factors

Zeropoint

Codewords used to indicate the parameters to

be rafined and the order of refinement.

CWLS calculates the observed and calculated atructure factors
and then rescales them in the next cycles by use of the linear rescale

factor

LRs =g |F.| / £(F,]|

First, initlal values are chosen and inserted in the data
program (CWINS2). By using a series of codewords, the analyst will
have the program adjust in successive steps, any of the parameters

designated by the codeword, After each series of refinements, the

*site occupation factors represent the number of atoms to be found
at each location. It is usually determined by dividing the number of
atoms in each position by the total number of symmetry operators.



8l

new values are then placed into the input file and used in the next
series of refinements. After each cyg¢le the R values are determined
and their effect on the refinement noted,

The order of parameters can be varied. The usual arder succeeds
as 1) scale factor, 2) zeropoint, 3} cell sizeas, 4) owverall
temperature fagtor, 5) atomic positions, 6) U, V, W, alte occupation

factors, individual temperature factors, etc.

CWPLOT

The CWPLOT program plots the raw data and the calculated profile
on the same axis, Unfortunately, it plota only the portiona of the
profile it is comparing, not the entire profile. It does not, therefore,
account for all the peaks in the raw profile nor allow for misasing
peaks. CWPLOT also draws a difference profile that is not included on

the graphs presented in this thesis because it reduces the clarity of

the graph.
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The Method of Least Squares
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METHOD OF LEAST SQUARES

The method of least squares is a method that determines the
best values of the parameters by minimizing the sums of the squares
of the weighted differences between the cbserved and calculated values
of all the points.

In diffraction, the quantity to be minimized is

D= % Ma %] - |"Fc|’2 (1)

where thl is the weight of the observation and hfi 1s the summation
over all points for the observed reflections.

Minimization is achieved by taking the derivative with respect
to each parameter and equating it to zero, This leads to the n number

of normal equaticns:

hzl:l ey UFo] = | % Fotey Py ceepg)]) 3]”‘]:‘?1"'%” = 0

oPy

(2)

for 3§ = 1,2..n.

The function IFc | is expressed as a Taylor series and neglects

second and higher orderes so that

[k £ tpyeeep)] = [k E @ ccan]| +3 ke, ] ap +...
3 (3)

+ 3w ae,
P,



84
vhere PyeeeP, is any scale, position, thermal parameters, ete. and Apj
= pj - aj. Substituting equation 3 into equation 2 and expamding
and rearranging produces a series of equations called the normal
equationgs. These equations can be solved simultanecusly for the most
probable values of the parameters. The normal equations can be written

in matrix form as

+ a0t A b 4 = 1u

11 "1 12 ™2 lIn n 1
a0 X tay, X, teet oa, X *ou,

. . (4)
a, % ta,x, +..+a x = U

where ay = ; Wr ach,] aIFcLI__
r=1

We (AF) 3 (F_ )

1l api

If these equations have a solution, then there exists an
inverse matrix such that multiplication of the two matrices = 1. Then

the diagonal of the inverse, b = l/aﬂ, can be shown to be a measure

ii
of the correlation of the parameters 1 and j. The correlation

coefficient is defined as

K K

J'” = b/ Bt By



The correlation matrix is used by the CWLS program to determine the
solution to the normal equations and thus determine the best value for

the parameters refined.
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Estimated Standard pDeviations



87
ESTIMATED STANDARD DEVIATIONS

The equation for calculating the standard deviation, 0, Eor

any parameter, p, is

o1 - bﬂtz’" w A2y / (mn) |¥

rml
where b 1is the ith diagonal element of the inverse matrix
(See Appendix C),
Wr is the weight of the rth AP,
m ls the number of observations,
n is the number of parameters,
2
and w = 1/d‘f° .

Dur ing the least aquares refinements, the estimated standard deviations

are also calculated for each parameter refined.
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Samar ium Metal Analysis
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ANALYSIS OF SM 154 ISOTOPE

Iaotopic Analysis

Isotope Percent Precision
144 0.02 + 0.01
147 0.14 + 0.02
148 0.12 + 0,02
149 0.17 + 0.02
150 c.12 + 0.02
152 0.74 + 0.05
154 98.69 + 0.10

Rare Earth Analysis

Element Percent Element Percent
Yb 0.002 G4 <0.02
Y <0.005 Tb €0.,05
La <0.02 Dy <0.1
Ce <0.2 Ho £0.02
Pr <0.05 Er €0.005
Nd <0.05 Tm <0.03

Eu <0.005 Lu <0,005



Spectrographic Analysis

Element Percent Element Percent
Ca 0.01 Mn <0.02
Ag < 0,01 Mo €0,02
al < 0,05 Na <0.01
B <0.01 Ni <0.05
Ba £0.01 Pb <0.02
Be <0.001 Pt <0.05
Bi <0.02 Rb <0.02
¢b ¢0.05 Sb <0.05
Co <0.05 si <0.01
Cr <0.05 sn <0.02
Cs 4£0.05 Sr <0.01
Cu <0.01 Ta <0.05
Pe <0.02 Ti <0,01
Ge <0.05 v <0.02
Hg <0.05 W <0.05
K <0.01 Zn <0.2
Mg <0.01 Ir <0.05
Li <0.005



APPENDIX F

Raw Diffraction Data: Two Theta versus
Reutron Counts



Raw Neutron Diffraction Data for SmD

2000
2010
2020
2232
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
2300
2319
2320
2330
2340
2350
2360
2370
2380
2390
2400
2410
2420
2430
2440
2450

85

a2
114
108
76
70
66
57
49
52
70
66
65
58
67
61
56
46
123
106
B5
32
81
81
76
80
67
86
86
32
85
67
91
78
113
157
292
332
324
299
197
127
111
90
91
69

2460
2470
2480
2490
2300
2510
2520
2530
2540
2550
2560
2570
2580
2590
2600
2610
2620
2630

2640

2650
2660
2670
2680
2690
2700
2710
2720
2730
2740
2750
2760
2770
2780
2790
2800
2810
2820
2830
2940
2850
2860
2870
2890
2830
2300
2910

1.97

73
73
86
62
28
67
82
33
73
68
a6
83
63
78
85
82
70
74
T4
78
58
17
79
48
63
78
75
81
106
87
104
77
11
63
73
67
72
59
54
67
68
T4
83
61
63
8l

at } =1.275

2320
2930
2940
2950
2960
2970
2980
2990
3000
1010
3020
3030
3040
3050
3060
3072
3080
3090
3100
3110
3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3289
3290
3300
3310
3320
3330
3340
3350
3360
3373

" 68
73
76
72
82
54
75
67
63
64
65
53
65
58
99
71
7
73
68
76
85
75
84
63
80
75
83

102
87
85
78
93
83
68
85
93
89

104
78
94
98

114
97
91

100

107

92



3380
3390
3400
3410
3420
3430
3440
3450
3460
3470
3480
3490
35090
3510
3520
3530
3540
3550
3560
3570
3580
3590
35600
3610
3620
3530
3640
3650
3660
3670
3680
3690
3700
3710
3720
3730
3740
3750
3760
37790
3780
3790
3800
3410
3g20
3830

125
110
110
107
95
100
97
123
102
109
103
112
100
104
113
98
109
99
116
94
93
93
125
112
96
92
119
107
83
101
108
117
100
120
82
102
92
79
102
78
98
6
112
96
83
96

3840
3850
3860
asz7o
3880
3890
3900
3910
3920
3930
3940
3950
3960
3970
3980
3990
4000

4010 -

4020
40390
4040
4053
4060
4070
4080
4090
4100
4110
4120
4130
4140
4150
4160
4170
4180
4190
4200
4210
4220
4230
4240
4250
4260
4270
4230
4290

99
116
83
110
98
935
125
264
356
949
1139
69
759
484
297
190
142
146
137
127
124
94
94
80
82
838
90
98
95
119
112
93
96
104
109
110
121
94
95
937
23
90
77
23
73
94

4300
4310
4320
4330
4340
4350
4360
4370
4380
4390
4400
4410
4420
4430
4449
4452
4460
4470
4480
4490
4500
4510
4520
4530
4549
4550
4560
4570
4580
4590
4600
4610
4620
4630
4640
4650
4660
4570
4680
4690
4700
4710
4720
4730
4740
4750

85

90
101
88
111
36
95
83
113
105
102
91
93
93
93
100
96
37
109
109
91
81
82
91
106
105
103
107
105
99
38
83
102
157
205
307
298
323
280
227
139
100
73
93
105
103

23



4760
4770
47380
4790
4800
4810
4820
4830
4840
4850
4860
4370
4880
4890
4300
49193
4920
4939
4540
4350
4960
4970
4980
49990
5000
5010
5020
5030
5040
5050
5060
5070
5080
5090
5100
5110
5120
5130
5149
5150
5160
5170
5180
2190
5200
5210

102
101
113
105
82
85
79
101
100
84
99
108
106
97
117
37
117
102
98
18
96
99
91
%3
90
97
92
100
111
78
85
85
93
111
100
83
126
95
112
113
81
100
91
95
98
73

5220
3230
5240
5250
5260
3270
5280
5290
5300
5310
5320
5330
5340
5350
5260
5370
5380
5390
5400
5610
3420
5430
5440
5450
5460
56470
5480
5490
>300
5510
5520
5530
5540
5550
5560
5570
5580
5590
5600
5610
5620
5630
56490
5650
5660
5673

98
117
117
102
101
100

98

97
108
112

12
109
115
116
100
113
101

85
107

94
104
106
109
104

94
119
105

98
130

99

96
103
100
108
110

91
117
102

91
111
110
105
126
116
140

5680
5590
3700
3710
3720
5730
5740
5750
5760
5770
5780
5790
5800
56810
5820
3832
5840
5850
5860
3870
3880
5890
5900
5910
5920
5930
5940
5950
5960
5670
5980
5990
6009
6010
6320
6030
5040
6050
6050
6070
6080
6030
61239
6110
6120

6130

210
273
317
17
309
216
191
135
137
1239
112
108
115
128
126
133
129
157
121
106
124
132
117
126
120
140
136
138
125
123
127
122
131
116
131
126
141
132
135
126
127
1239
134
136
120

123

94



6140
6150
6160
6170
6180
6190
6200
6210
6220
6230
6240
6250
6260
6270
5280
6290
6300
6310
6320
6330
6340
6350
6360
6370
6380
6390
6400
6410
65420
6430
6440
6450
5460
64790
6480
6430
5500
6310
6520
6530
6540
6550
6560
6570
5589
6599

128
136
142
124
135
150
142
148
176
133
173
216
257
295
279
261
216
192
167
175
145
161
172
160
174
173
151
152
150
179
173
180
203
187
192
135
180
166
170
160
172
192
133
179
160
183

6600
6610
6520
6630
6640
6650
66560
6670
6680
6690
6700
6710
6720
6730
6740
6750
6760
6770

6780 -

6790
6800
6810
6820
6330
6840
6850
6862
6870
6880
6830
6900
6910
6920
6330
6940
6950
6950
6970
6940
6930
7000
70190
70290
7030
7040
7050

162
133
168
163
156
161
172
158
167
184
161
167
167
146
165
171
171
153
165
157
150
140
157
134
163
174
134
156
161
159
147
147
132
160
160
140
la4
141
142
145
162
138
139
141
133
122

7063

7070

7080

1090

7109
7110
7120
7130
7149
7150
7160
7170
7180
7190
12040
7210
7220
7230
1240
7250
7260
7270
7280
7230
7339
7310
7320
7330
7340
7350
7360
73790
7380

7390
7400
74190
7420
7430
T440
7450
7462
7470
7480
7490
7300
7510

142
134
119
129
129
143
197
251
381
534
606
615
611
466
321
24l
199
128
127
122
146
121
136
133
140
113
125
129
159
112
125
114
118

108
115
121

93
116

99
118
122
129
132
125
126
104

85



7520
7530
7540
7550
7560
7570
7580
7590
7600
7610
7620
7630
7640
7650
7660
7670
7680
7690
7700
7712
7720
7730
7740
7750
7760
7770
7780
7790
7800
7810
7820
7830
7840
7850
7860
7870
7880
7399
7309
79190
7920
7935
7940
7930
7350
7970

108
127
122
100
114
121
118
142
127
153
142
147
159
188
208
228
254
210
206
170
142
103
104
114
105
132
107
110
132
114
123
113

92
105
117
113
137
103
113
123
109
116
133
112
120
117

7980
7990
8000
8010
8020
8030
8040
8050
8060
8070
8080
8090
8100
8113
8120
8130
8140

8150 -

8160
8170
81380
8192
8200
8210
8220
8230
3240
8250
8260
8270
8280
8290
8300
8310
8320
8330
8340
8350
3369
3375
8380
8390
3400
8410
8420
8430

87
111
101

85
101
110
120
115
112

96

99
114
124
116
114
105

98
112
104
110

98
117

99
105
100
111
114
105

87

94

T4
115
127

99
101
107
130
110
117
104

92
112

98
121
103
104

8440
8450
8460
8470
8480
8490
8500
8510
8520
8530
8540
8550
8560
8570
8580
8590
8600
8610
8620
8530
8640

8650
8660
8670
8630
8690
8700
8710
8720
8730
8740
9750
8760
8779
3790
87990
8800
8810
3320
88130
8840
8850
3360
3870
8830
8899

118
128
124
172
194
287
308
297
278
246
199
176
163
132
113
123
108
119
111
107
124

117
128

123

115
143
114
111
122
111
117
108
115
122
120
127
105
104
140
125
103
122
115
137
114
106



8900
8910
8920
8930
8340
8950

8960

8970
8989
B990
9000

120

114
102
114

93
134
149
157
193
217
249

97



Raw Diffraction Data. for SmD

1000
1010
1020
1030
1042
1050
1050
1270
1090
10390
1129
1110
1120
1130
1149
1150
1150
1170
1180
1139
1290
1210
1220
1230
1249
1250
1250
1270
1280
1230
1322
1310
1320
1330
1340
1350
1359
1370
138D
1330
1422
15412
1522
143D
1442
1450
1450
16470

285
153
183
170
1793
174
198
157
184
178
150
163
152

167

153
167
196
197
193
170
197

- 198

187
173

- l82

197
156
130
201
196
213
175
190
235
228
215
213
223
221
234
235
230
231
223
234
20%
223
257

1480
1430
1500
1510
1522
1539
1540
1552
1559
1579
1580
1539
1620
1510
1520
163
1540
1650
1659
1670
1580
1539
1700
17190
1720
1739
1749
1759
1750
1770
1780
1730
1600
1810
1R20
1839
1842
1259
18590
1879
149)
1£ 72
1900
1910
1673
1930
1945
1952

at ) =1.275
235 1953
254 1979
253 1980
271 1370
294 2039
269 2010 -
265 2029
286 2030
311 2040
339 20590
334 2050
302 2370
128 2030
354 2090
310 2170
352 21190
296 2120
323 2130
34% 2142
317 2150
335 2163
160 2170
354 2180
342 2199
342 2200
351 2210
355 2229
351 223)
343 2240
337 2252
351 2260
156 2272
352 2230 .
338 2230
348 2320
332 2310
317 2320
355 2330
3165 2340
350 2350
342 2349
342 2370
145 2330
323 2330
165 2423
341 2419
365 2429
338 2432

-

98

333
357
320
297
307
232
275
253
322
265
274
28D
2eg
24?2
275
252
259
215
2b3
236
337
113
3339
239
264
224
242
267
276
306
272
263
215
213
277
231
202
227
191
200
220
219
22>
134
132
171
183
1493



26490
2450
2459
2470
2430
2430
2529
2510
2520
2530
2540
2559
2559
2579
2589
2530
2699
2519
2529
253D
2640
2452
2660
2672
2630
2699
2730
2710
27290
2730
2742
2750
2750
2772
2780
2139
2HD)
2819
2629
2239
2049
7£5)
2353
2470
2649
2639
2239

176
179
169
155
184%
1756
22€E
176
195
187
1685
182
170
160
164%
143
171
157
175
150
150
1513

- 143

151
169
163
162
143
1456
143
1790
152
174
156
153
l1a%
152
161
129
145
123
129
1464
154
154
1o+
147

2910

2920

2930
27340
2350

23950

29170
2330
2930
3000
3olo
3020
3030
3040
3030
3060
3279
3030
3090
3120
3110
3129
3132
3140
3150
3162
317
3120
31390
3200
3219
3220
3230
3240
3250
3259
3273
3292
1230
3332
3310
3329
31330
3340
313590
1359
3370

134
151
143
153
143
144
117
162
156
135
158
147
162
145
172
1479
153
1381
183
153
160
164
152
201
211
211
206
233
214
234
219
z2b7
233
r].
247
26)
240
245
243
262
263
25%
253
232
274
e
272 .

3310
3330
3400
3419
3420
3630
3440
3450
3450
3470
3420
343D
3520
3510
35290

3530

1540
3550
3560
3570
3580
3530
3620
3610
3520
3630
36490
3650
3669
3670
3690
363
3700
3710
3729
3739
3740
3759
31769
3770
3749
3730
3839
38190
182
3939
3840

313
303
330
351
394
335
354
Iu4
357
312
232
205
335
321
33§
315
316
3117
2v3
287
299
299
301
2390
285
312
301
273
303
306
366
227
242
121
284
262
2bd
261
2ol
252
260
754
247
232
273
143
259

99



100

3852 280 4320 217 4799 216
3859 275 4330 230 4R3I 217
3870 285 43342 223 4819 224
3630 243 4352 241 482D 234
3893 2685 4350 222 483D 213
3920 314 4370 225 4840 241
39190 233 4330 234 4R50 215
3920 325 4390 2273 4850 219
39390 454 4409 237 4870 212
3342 125 441D 204 4889 226
3350 1299 4420 233 4830 227
3360 1167 4430 223 4300 233
3972 119« 444D 199 4312 2133
3352 391 ©452 217 4929 220
3370 1397 4450 221 43319 217
4300 165 4479 213 4749 265
4310 7Tin 4499 T 214 4950 243
4020 393 46490 224 4940 25)
4330 1019 4500 133 4972 227
4040 145 4512 213 4350 255
6050 739 4523 224 4973) 232
6367 593 4530 2590 5039 227
407D 477 4540 235 50190 219
4030 334 45590 307 59219 255
4290 332 4560 357 5030 256
4100 33y 4579 435 5049 241
4110 273 4580 343 33593 242
4120 2473 4599 348 5050 221
41390 267 %609 331 5070 234
4140 274 4610 305 5080 225
4150 2873 4620 271 5930 237
4167 291 45630 2473 5190 233
4170 273 4640 267 5110 204
5130 231 4650 245 5120 223
2190 247 4560 218 5130 235
4233 233 2572 243 5140 259
5219 242 4639 23€ 5150 245
4220 205 4590 209 51%0 255
4237 2553 4770 231 5170 237
4240 211 4710 2al 5130 237
42%D 247 4720 263 51990 247
%250 233 473D 241 5239 257
4272 294 4740 224 2210 21¢
1249 230 4759 247 5229 226
42793 201 4759 133 5232 24y
«337 214 $770 261 5240 267



5260
5270
5282
5230
5320
5310
5320
5330
5340
5350
5352
5370
5380
5330
5420
5410
5420
5430
54490
3439
5462
L47d
5430
5490
5500
5510
55213
55390
5543
5550
5550
5570
5530
5590
56C0
5610
3620
5630
5643
5539
1540
5679
5K20
5533
5790
5710
5720
573D

241
217
255%
-
230
239
226
213
244
224
226
265
257
240
252
235
263
244
253
235
226
249
224
252
223
235
243
25%
237
2E3
280
249
276
2&h7
2395
249
239
2567
235
242
273
273
242
26+
265
267
2oz
315

5740
5759
5760
5770
5732
3732
5800
5810
5822
5833
540
5850
5859

- 5270

5890
54390
5930
5710
S620
5932
5940
5959
5950
3370
5980
5330
6020
5010
60290
6030
5342
5050
6350
5070
$0R0
503D
5120
5110
5120
5130
5159
5150
5199
5173
513
5130
5220
5210

204
354
433
432
578
623
554
534
477
383
357
365
308
321
311
28n
314
299
324
339
324
347
298
391
315
277
322
317
342
313
332
138
331
35%
344
31+
31y
331
333
174
372
155
3154
3474
373
33
3w
3Lz

6220
4230
6240
5250
5250
42170
5280
5299
53930
5310
6329
5339
5340
4330
6350
5372
5389
6370
5422
5410
5420
2430
5440
5459
44560
5679
5430
5490
65290
5510
5520
5530
5549
65590
5560
5572
ASEQ
6590
AH3D
56192
9520
5530
3540
5657
254570
557D
4560
%32

353
40D
EY-1-)
353
190
353
330
387
79
Tl
3443
419
412
4§21
457
465
462
436
457
4b1
435
473
450
420
428
«00
112
134
429
439
435
453
418
457
G445
461
532
453
532
50>
%13
4113
409
437
430
4390
34l

4y2
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5702
5710
6723
6730
5740
57590
57450
5770
6783
5730
5220
5810
5820
5330
5340
5852
5853
4870
5832
5830
5500
5310
5329
5332
5947
5350
5950
6370
6980
593D
7300
7010
7022
7030
7040
73532
7050
7070
70293
7032
7103
7119
7122
71130
7127
7132
7142

424
4073
447
434
jaz
43>
432
414
Jd4
%02
436
a7l
4095
338
147
373
42+
373
175
140
374
362
387
422
1G4
355
v
327
342
320
322
342
336
322
338
321
323
238
123
Ib4
341
303
3d>
142
342
Ing
87

717d
7180
7130
1232
7219
7220
7230
7260
7259
7269
7279
7289
7230
7329
7319
7320
7330
7340
7350
73450
7370
7330
7330
742D

7410

74290
7430
7440
7452
7450
7470
7430
7490
7520
7510
7522
7539
75640
7559
755D
7579
7930
7530
7400
7612
1620
7513

385
445
511
547
563
594
655
5773
731
T4l
643
530
497
412
332
145
349
314
336
332
357
352
363
330
324
3256
303
315
24
267
2he
265
251
243
264
257
255
235
277
271
234
249
2a7
3125
3454
331
35+

75412
7450
74640
7570
7639
7539
7732
7710
7720
7730
7742
7752
7750
7779
1732
7790
78230
7RLO
7820
7832
7942
7859
78469
7870

7850
7830
7920
7210
71922
7330
7342
7950

7962
73972
7339
7999
anld
4010
2020

£23)
1040

1050
1249

37D
4030
3323
AL2D

314
Zto
271
125
275
267
243
2613
26D
252
262
247
239
251
23y
255
259
242
237
223
234
2435
215
222
250
212
211
244
277
225
255
247
25)
23-
2413

224

239
217
239

21

211

232

224

2ic
219
245
230

102



84119
3120
8132
14D
3159
3160
a170
31wl
2130
320D
821d
3220
92130
3240
5250
R2567
“270
22890
8230
3309
2310
3320
8330
3340
”R3I59
33450

242
222
211
209
267
21%
224
224
210
259
234
229
273
238
261
322
335
354
3497
423
357
301
265
269
251
252
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104

Raw Diffraction Data for SmD, go at A =1.275

1090 92 1560 103 2030 94
1100 107 1570 109 2040 102
1110 19) 1580 g7 2050 116
1120 36 1590 104 2060 101
1130 80 1500 105 2070 99
1140 88 1510 115 2080 107
1150 84 15290 89 2090 95
1150 30 1630 110 2100 113
1170 92 1640 78 2110 78
1180 83 1650 99 2120 91
1130 73 16560 97 2130 116
1299 30 16790 106 2140 132
1210 71 1680 24 2150 130
1222 90 1630 138 2160 154
1230 77 1700 99 2170 163
1240 77 1710 138 2180 131
1250 83 1723 - 126 2190 125%
126) 74 1730 119 2200 116
1270 87 1749 110 2210 107
1280 B4 1750 121 2220 107
1230 L] 1750 1038 2230 101
1300 73 1770 112 2240 119
1310 76 1780 113 2250 125
1320 30 1750 10% 2260 131
1330 32 © 1800 93 2270 97
1340 94 1310 ?6 2280 97
1350 76 1820 102 2230 92
1360 73 1830 114 2300 83
1370 92 1840 4 2310 89
1389 79 1850 105 2320 97
1330 87 1860 124 2330 109
1400 87 1870 113 ' 2340 91
1410 93 1880 106 2350 93
14290 92 1830 130 2350 140
1430 a7 1500 130 2370 155
1440 89 1910 112 2330 141
1450 125 1520 111 2330 1458
14690 75 1930 118 2400 135
1470 93 1940 105 2410 114
1480 3% 1350 131 2420 115
1430 37 1952 117 2430 85
1590 93 1470 111 26443 92
1530 35 2030 105 2470 9
1540 114 2010 102 2483 112

1550 11% 2020 106 2430 83
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2510
2520
2530
2540
2550
2560
2570
2580

. 2590

2600
2510
2620
2630
2640
2650
2660
2670
2680
2690

2700
2710
2720
2739
2740
2750
2760
2770
2780
2790
2800
2810
2820
2839
2849
2850
2860
2870
2830
2832
2900
2919
2329
27330
2940
2950

95
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93
87
89
70
84
84
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84
83
87
94
110
84
83
90
80
76
56

94
89
78
73
84
66
86
1
82
77
102
84
73
78
81
79
82
75
77
81
73
346
73
64
17
79

2969
2970
2980
2930
3000
3010
3020
3030
3040
30590
3060
30790
3080
3090
3100
3110
3120
3130
3140
3150
3160
3170
3130
3130
3200
3210
3220
3230
3240
3250
3260
3270
3282
3230
3300
3319
3329
3330
3340
3353
3353
3370
3330
3330
3400
3410
3420

89
75
83
74
79
72
94

101

101
80
78
91
97
83

101

105
91

103

114

130

103

150

112

127

110
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103

104

101

109

108
95

101

120
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113
106

130
119
121
127
126
L47
131

98
110

6

3430
3442
3450
3460
3470
3480
3490
3533
i510
3520
3530
3540
3550
3560
3570
3580
3590
3500
3sl0
36290
3630
3640
3650
3660
3670
3680
3630
3730
37io0
3720
3730
3740
3750
3760

3770

37890
3733
3809
islo
3320
3313190
3340
3850
3863
1370
3880
3890

101
100
102
91
856
93
73
97
101
83
934
86
107
32
94
95
95
100
87
93
91
93
93
97
84
85
114
88
95
81
71
92
99
87
B4
R
?5
98
73
109
J)
2
113
133
196
234
2213
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3910
3920
3930
3340
3950
3960
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3930
31990
4000
4919
4020
4030
4040
4350
4060
4070
4080
4290
4100
4110
4120
4130
4140
4150
4160
4170
4180
4190
4200
42192
4229
4230
4240
4250
4269
4270
4280
6230
4300
4310
4329
4330
4340
4350
4350

277
418
593
154
940
887
805
586
449
379
325
332
357
303
230
163
137
38
104
98
1138
102
111
112
100
95
90
106
93
85
95
110
33
B4
Q4
93
92
119
37
Hé
35
39
73
14
89
73
74

4370
4380
4330
4400
4410
4420
4430
4440
4450
4469
4470
4480
4490
4500
4510
4520

4530

4340
4550
4560
4570
4539
4530
4600
4610
4620
4630
4640
4650
4660
4670
4680
4630
4700
4719
4720
4730
4740
4752
4760
4770
4730
4790
4300
4810
4320
4830

81
95
85
87
89
95
91
108
66
107
88
104
24
103
98
123
123
l44
153
141
146

134

108
129
120
119
128
140
l44
161
136
149
133
114
115
113
105
111
110

86
68
97
82
93
75
g3

4B40
4850
4860
4870
43830
4890
4900
4910
4320
4930
4340
4950
4350
4970
4380
4990
5000
5010
5020
5030
5040
5050
2060
5070
5080
5090
5100
5110
5120
5130
5140
5150
5160
5170
5180
5190
5200
5210

5220
5239
5240
5250
5260
52170
5280
5260
5300

95
107
89
76
b
81
85
B2
77
93
99
111
83
25
95
B2
97
102
89
74
83
79
83
104
95
76
87
82
95
114
81
83
111
93
95
108
a6
91

92
117
102

B3
109

83
129
108
107
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5310
5320
5330
5340
5350
5360
5370
5380
5390
5400
5410
5420
5430
5440
5450
54560
5470
5430
5430
3500
5510
5520
5530
5540
5590
5560
5570
5580
5590
5600
5610
5620
5630
5640
5650
5560
5570
5680
5690
5700
5719
5720
5730
5740
5750
5760
5770

93
94
101
110
104
105
83
108
83
92
101
93
102
98
102
108
115
108
136
126
111
104
117
103
138
120
103
129
39
148
134
132
155
123
161
138
173
193
241
224
264
264
281l
301
307
308
250

5780
5730
5800
5810
5320
5832
5840

3850
5860
5870
5890
3890
5300
59190
59290
5932

5940 °

5350
5963
5970
53380
5990
5000
6010
6020
6030
6040
6050
5060
60790
6080
63930
6100
6110
6120
6130
6140
6150
6160
5170
6180
6130
6200
6219
5220
6230
6240

303
223
195
188
168
160
122

139
138
178
115
183
134
145
158
174
155
141
164
131
145
147
144
169
124
170
154
186
230
152
154
204
210
204
189
231
217
234
215
255
208
245
232
199
206
244
222

6259
6260
6270
6280
6290
6300
6310
6320
6330
6340
6350
6360
6370
6330
6330
6400
6410
6420
5430
6449
6450
6460
6470
5480
6430
6500
6510
6529

6539
6540
5550
6569

6570
5580
6590
6500

6510
6520

6630
b54)

5550

6549

6670

5559

5690

5700

6710

234
219
312
305
308
276
308
284
330
263
311
288
234
287
226
258
237
253
239
253
139
140
149
153
153
145
150
137
179
172
156
155
156
1293

158
l47
135

154

165

153

1566

135

l44

153

154

157

145
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6720
6730
6740
5750
6762
6770
6730
6790
6800
6810
6820
6830
6840
6852
6360
6870
6830
6890
6300
6910
6720
6930
6940
6950
6960
6970
65980
6930
7000
7212
7020
7030
7040
7050
7060
7070
7030
7090

7110
7120
7130
7140
71590
7160
7170
7189
7190

155
155
156
172
129
143
145
176
142
145
121
131
139
138
154
154
154
152
149
136
l47
122
149
140
127
122
135
151
148
136
143
158
169
171
182
144
1565
172

207
221
2639
336
384
132
433
536
434

7200
7210
7220
7230
7240
7250
7260
7270
7280
7230
7300
7310
7320
7330
7340
7350

7360 .

7370
7382
7390
7400
7410
T420
7430
7440
7450
7460
7470
7480
7499
7500
7510
7522
7530
7540
7550
7560
7570
7580
7530
7620
7610
7620
7630
7642
7650
7660

439
363
333
266
230
223
203
176
149
139
152
160
169
165
156
175
152
167
133
162
154
155
131
117
114
118
131
124
113
122
118
135
145
145
155
155
205
143
199
203
201
207
184
168
149
153
180

7670
76890
7690
7700
7710
7720

7730
7740

7750
1760
7770
7780
7730
7300
7810
7322
7830
7340
7850
7860
7870
7880
7890
7900
7910
7922
7930
7940
7350
7960
7970
7980
7930
8000
8010
8322
3030
3040
8050
5359
8070
5032
309
8120
8112
8120
8130

143
142
164
148
117
142

110
129

112
120
132
114
102
106
132
128
126
106
119
127
116

97
118
105
119

99
139
103
121
122
105
117
124
104
106
134
136

83
107
il9
12)
131
115
122
107
120
122

108



8140
8150
8160
9170
8180
8190
8200
azio
B220
8230
8240
8250
8260
8270
8230
8230
8320
8310
83320
9330
B340
8350
8360
8370
8380

8390 .

8400
8419
8420
8439
8440
8450
8460
8470
8480
8490
8500
8510
8520
85320
§540
3552
3560
8573
3540
8590
8403

110
121
136
131
142
115
149
164
156
156
150
163
170
153
151
149
155
123
128
133
122
125
127
146
118
123
146
135
136
144
1493
156
158
155
204
175
217
218
239
232
236
206
156
130
143
144
117

8612
8620
8630
8640
8650
8660
8672
8680
§690
3700
8710
8720
8732
8740
3750
8760

8779

8780
8730
8800
8810
8820
8830
8840
8850
93690
BR70
8889
8890
8300
8310
8320
8930
8340
8950
8959
8970
8389
8990

9000

126
131
111
120
134
148
140
148
132
132

30
123
115
127
124
122
132
115
133
134
105
147
127
141
164
119
137
155
133
129
173
169
169
140
164
143
139
161
165

157
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Raw Diffraction Data for SmDy g9 at A =1,275

1000
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1030
1540
1050
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1230
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1159
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1319
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1330
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1350
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1400
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1430
14490
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43
35
45
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45
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46
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5759
ST
5730
£7In
53340
58110
5829
3810
£84Q
59590
5859
5879
981317
5990
5300
5910
5920
5933
534n
5950
EGAN
337D
2330
593)
52330
50192
AO22
5030
4540

€257

59
53
65
T4
54
77

=
-

52
74
37
71
31

e d
-

79
74
125
116
155
137
173
2a5
132
152
122
124
95
313
75
77
34
33
55
77
73
5Q
33
LR
<A
7%

-
J

79
32
77
“7

=
-

37

6060
55112
623D
6030
100
5110
5l2¢
54130
4140
41%0
514D
6179
5130
3134
552G
6212
5229
523¢
5240
42250
6259
52719
5235
6230
5300
5310
6320
533D
5350
5339
6353
5373
5389
533¢
be o
656410
6429
5%39
LLrad
H43)
544D
5% 70
£41)
5440
H3uu
451)

68
72
84
37
33
38
94
1013
1
104
37
103
113
37
33
20
198
35
195
34
105
34
121
116
116
110
33
103
30
1013
115
139
132
124
121
123
w12
1.6
127
123
12¢
1735
123
82
1924
143

113



6520
55390
6540
6539
553589
5270
5333
K230
5£00
£510
5420
h535
55%2
5330
85550
5573
6539
5530
£732
6713
blzd
5733
5742
67353
6720
5770
5780
6739
68300
5813
5920
£93)
6943
59910
L3540
2374
53319
5437
£235
5315
H3320
53y
TEER
5750
352
4372

138
112
124
118
1067

97
13%
129
121

32
1345
115
127

32
124
104
118
132
124

37
116
101
129
124
125
108
123
104
1203
109
118

76
101
124
129
124
112
132
1.2

45
137
117
12+
117

3L
137

6930
6930
7000
7C19
70290
7030
7340
7659
7CH60
7072
7C8C
7033
7190
7110
71290
71319
7140
7159
7150
7170
71395
713D
7290
7210
1220
7230
7240
7259
7252
7270
7280
7279
7301
73190
7329
7330
7347
7230
730
7370
733¢C
7230
7400
Tald
7429
7430

94
98
122
88
30
73
93
86
35
94
354
195
111
93
105
113
98
98
35
134
152
136
195
233
23z
279
301
279
245
227
221
153
142
120
127
85
117
131
118
115
126
121
115
111
145

124

7332

37
Q7
34
36
33
38

E
-

53
39
75
32

125

1192

113

125

130

138

133

143

134

133

13¢

130

154

133

105
32
73
74
75
56
3¢
30
70
29
53
80
7-4

]

('S

72
33
59
79
59
4“4
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7900
7910
7329
7930
7340
7350
7350
7974
7980

1330

8500
3010
acz2a
8030
840
8050
8050
3070
3080
3390
8100
8119
8120
8130
83140
8159
3160
8170
8130
8130
8200
3210
3220
3230
8249
8250
5259
8270
8280
3230
A300
3310
3320
833G
1341
353952

75
34
78
79
67
55
70
80
63
T4
74
85
34
83
59
78
66
79
8¢
82
63
71
52
34
73
59
74
67
93
T4
81
93
70
75
95
98
132
129
151
1475
150
139
139
101
137
21

8350
8370
B330
8399
3400
5410
8420
8430
8440
8450
3450
8472
89489
8490

3200 -

8510
8520
8530
B540
8550
8550
8570
2580
8590
8600
8510
8520
86390
8540
89559
8650
8570
84680
3590
8730
B719
8729
873)
8740
273
3750
8773
3730
3792
33900
8310

89
es
83
73
T2
96
31
81
77
95
31
1¢e
35
35
104
834
124
102
122
123
134
127
137
129
122
111
95
100
89
88
30
85
71
30
102
39
104
30
92
124
99
104
79
77
Q4
[

8320
8330
8340
8830
3860
8970
8330
3390
8709
3310
8320
8932
8940
9950
8960
8970
8330
8930
0090

38
73
92
56
92
17
38
35
97
125
71
117
I8
119
115
111
105
103
112
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APPENDIX G

Space Groups 194 and 225
P63/mmc and Fmam



‘m3m
H

mber of posilions,
'yckoff notation,
. poinl symmetry

i mm
A mm
g mm

e 4mm
d mmm
¢ 43m
b m3m

a mim

x,0.2;
X0
xy.3;
x79,2;
x9.2;
xy.a;
X, 0,25
x1,

xti
EREH

X,%,X;
XXX,

x,0,0;
0.4.%;
Lid

hid
0,0,0.

No. 225

2,x,y,
z,x.y,
Ix, j';'; i
1.2y,
X7
2,x,y;
2%,y
2,x,p,

z,x.x;
z,X.x;
IxX;
Ix,x;
2,0,y;
i0y;
2,0,y;
2,0,7;

x,},x;
3.5

x,0,x;
2,0.%;

bxds
B2 H

x,2.%,
x,x,x;

0,x,0;
1.0.4;
AL

F4fm 32im

Origin at centre (m3m)

Co-ordinates of equivalent positions

0,0,0; 044 104; L1004

B3X, X\,Yy VWXI LYX;
wihx, x4y, yvXI, 5jX;
P2.% X2y, Fxi Ly
hix; XIy, BRI ILyx;
y-l";'lx-; x-:f:}-’; P!x-'z-; f’ﬁlx-;
ha,x; Xzy; P.x.r; Lyx;
»ix, x4y, yEI Lpx;
»x x99, yxi nykX
x,z,x; X%z, IRX, X2I.X;
xix, Rxz: Exx, Rzx;
%z2, xxz1; z,Xx;, xix,
xiIx, xxzI, rxX, xIX
»40; 0,zy; »0,z; zp0;

720, 0,59, 504, £50;

740 04y »04; £0;

7.2,0; 0z,5; 50z 2,50

xx4 hxX fbx; xRk
224 Lix; x4% Ixl
x,x,0; 0x,x; £0x; xXx0;
x%0, 02x; x02; %x0.

{1
.54

$i.x;
$.4.2.

Lix; xi.4
i’*'i; i’*,%;

XXz X%.x,
x,2x; XXX

0,0,x; %00; 020

£10; OLY 0%

0,0,%.

1,4.0.

117

m3im (

Conditions limitin
possible reflectior

General:

hkl: h+k,k+1,(1+h):
hil: (4+h=2n); C
Okl (k,i=2n); C

Special: as above, plu:

L no extra conditions

hkl. h,(k,])=2n
no extra conditions

Rkl h, (k,1)=2n

] no extra conditions
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6/m mm Hexagonal

WA L8
B RN
i\\“i”\\.‘.'9 \\',J\%-
Wl N S e A
\ Yy @ I.l .-,>'\ -'ll\ .
\ﬁ,-*/l(ll- Pl B
N P e .."g':’?‘*
AL A
YN INY /N
H ] H H - 3
Origin at centre (3ml)
N&";;:;'?;‘;ggii‘i?r- Co-ordinates of equivalent positions Conditions limiting
and point symmetry possible reflections
General:

24 i I xyzi $x—y2; y-x22; 7,22, x,x-y2Z, Y—X)Z; hkil:  No conditions
234 yy-xi x-pxi; pxI Ly-xi x-yhi hh2Al: 1=2n
2ii+z yy-xi+n x-yxi+s hRQL:  No couditions
xlyl*_z; }-'nx_yl'}"z; y—x.f,}—Z;
yxi+z Ry-xi+s; x-yii+z;

PR3-z xx-yi-1; y-xyi-s
. Special: ac above, plus

12 k m x2xz 2838z x%z; £28.7 2xx2, 2,1,
fzzi‘,iﬂ: xxt+1; Rxi+r;

% ’ia_z' 22347 x2i-s L no extra conditions

125  m xypl jx-yh oy-xth AL xx-pb y-xpd
9t ry-xb x-yxb oyl 2y-x3 x-y3L

12 { 2 x00; 0x0; £20; x.0}; O0x}; 2% hkil: 1=2n
200; 0x0; xx0; £0} 024 xxi

6 h mm  x2x}; 2223 x84 .é,?.i‘,i; 2,2} 2.x,3. ne extra conditions

6 g 2/m {00; 040; {4.0; +.0% O4i; 144 hkil. 1=2n

4  f Im W bbE LL+n LLi-z hkil: I k—k=3n,

then [=2n

4 e 3m 00z 007 004+z; 003-z hkil: 1=2n
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P6simmc

Hexagonal 6/mmm P 6,jm 2/m 2fc No. 194 4
D6h
(continued)
2 d &m2 413 i | hiit: 16 h—k=3n,
2 ¢ Bm2 LLE LAE then {=2n
2 b 3¥m2 00,4 00,3 ]
- hkil, 1=2n
2 e 3Im 000; 004






