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Studies are being performed on the crystal structure of rare 

earth metal hydr ides for use as hydrogen storage systems. As hydrogen 

is added to the netal, a face centered cubic hydr ide is farmed. 

Additional hydrogen is then absorbed and the metal lattice reduces its 

size. In the lighter rare earths, this reduction in lattice size 

appears to a stoichiometry of MH •0• With samarium and the heavier
3

rare earths. the face centered cubic absorbs hydrogen and then under­

goes a solid phase transition to a hexagonal structure capable of 

absorbing hydrogen up to the MH •0 limit.3

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 stoichiometries, both cubic and 

hexagonal. bracketing the transition. The experilll!nts were perfarned 

on samarium-l54 deuteride. 

My part in this ongoing research involve first designing and 

building a system of known volume. Then, different stoichiometric 

samples of samarium deuteride. using determined P-T-C conditions. were 



prepared. A neutron diffraction pattern was run on each sample. 

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 hydrides is reported. 

Some basic crystallography and analysis of diffraction patterns is 

presented. The preparation of the samar ium deuter ides is descr ihed 

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 whiQh will 

be analyzed further. 
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graduate assistant program that enabled me to perform this research. 
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SECTION 1 

INTRODUCTION 

, 
Hydrogen reacts with the rare earth metals to form dihydrides 

with properties very different from the metals. These dihydrides can 

absorb more hydrogen to a limit corresponding to the trihydride com­

position. Hydrogen's use as a viable energy source would require ths 

use of safer, more compact storage systems than pressurized tanks or 

1 3liquid storage. - 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 dense as they absorb more hydrogen. The heavier lanthanide 

dihydrides also become denser as they absorb additional hydrogen, but 

at some point during the absorbtion, they transform from the face 

centered cubic structure to a hexagonal structure. The face centered 

form of several 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 its 

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. 

1 



SECTION 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 diffraction2

measurements 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 dihydride 

dissolves more hydrogen and can reach a maximum composition of MH3• 

The additional 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 is evidence that neodymium acts as the 

7heavier rare earths. Samarium and the heavier lanthanides, at some 

stoichiometry above the faoe centered dihydr ide, transform into a 

2
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Figure 1: The fluorite structure. Dark circles represent metal 
atoms. Light circles represent hydrogen atoms. 
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Figure 2: The bismuth trifluoride structure. Dark circles represent 
metal atems. Light circles represent hydrogen atoms. 

4
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closepacked hexagonal structure. A neutron diffraction study of the 

hexagonal structure has been performed on holmium tr ihydr ide by 

Mansrnann and Wallace. 8 They proposed a hexagonal structure of space 

group P3cl (D~d) using a unit cell of six molecules at these positions: 

6 Ho in (j): (2/3 0 ~; 0 2/3 ~; 1/3 1/3 ~) 

12 D in (g): (x y z; Y x-y z; y-x x z, 

y x ~+z; x x-y ~+z; 

y-x y ~+z) with x = 0.36,
 

Y = 0.03, z = 0.095
 

4 D in (d): + (1/3 2/3 z, 1/3 2/3 ~+z)
 

with z = 0.175
 

2 D in (a): + (0 0 ~).
 

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 their positions between the holmium 

planes into these planes. Only one third actually reach these planes, 

the other two thirds stay slightly out of these planes" to avoid close 

contact with the tetrahedral hydrogens. Hansmann and Wallace suggest 

that the other rare earth trihydrides might have this structure. 

As the rare earth rretals absorb 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 this contraction is also present in the 

hexagonal phase. 
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2.2 Samarium Hydrides 

X-ray diffraction measurements show that samarium hydride forms 

a face centered cubic dihydride with the fluorite structure. The 

dihydride structure has four samarium atoms at (0, 0, 0) and (0, ~, ~) 

and eight hydrogens in the tetrahedral positions at (~, ~, ~). 

The lattice size for SmH2•0 as measured by x-ray diffraction 

is a = 5.376 ± 0.003 A. 10 Using this value, the x-ray density is 

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

from x-ray diffraction data is 2.328 A,12 but there is disagreement about 

the sizes of the samarium and hydrogen ions. 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 dihydr ides 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 stoichiometry increases above 2.0, the lattice size 

decreases and interplanar distances decrease. Pebler and wallace14 

note that the lattice size of SmH •9 is a ~ 5.376 A but decreases tol 

a = 5.34 A at SmH2•7• They explain the contraction by proposing that 

the conduction electrons 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 

ions increase and pulls the molecule together forming a denser 

struClture. 
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TABLE 1 

IONIC RADII AND M-H DISTANCES FOR SMH 

Samar iurn Tetrahedral M-H 
Radius Hydrogen Radius Distance References 

1.751 0.577 :L328 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 

Values in Angstroms 

a Holley, Mulford, Ellinger, Koehler, and Zachariesen, 

J. Phys. Chern. 59, 1226 (1955) 

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

c Denver Research Institute, "Investigation of Hydriding 

Characteristics of Interrneta11lc Compounds", Summary Report 

LAR-55 USAEC (1961) (pau1ings Method) 

d Denver Research Institute, Ibid (Bond Distances) 

e Gibb and SChumacher, J. Phys. Chern. 64, 1407 (1960) 
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Pebler and WallacelS found the cubic to hexagonal transition to 

occur at SmH2• S9 ' The lattice sizes for the hexagonal are a = 3.72 A 

and c = 6.779 A. 

Pebler and Wallace16 propose an explanation for the transforma­

tion in terms of the lattice contraction. Pairs of tetrahedral 

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. 

Pebler and Wallace17 locate the boundaries of the two phase 

region at SrnH2• and SrnH2 • S9 ' Hesser and park18 determine the tran­S3 

sition boundaries to be SrnH2 • and SrnH • while Mintz, Hierschler andS 2 7 

Hadari
19 

record SrnH2 •4 and SrnH2 •8S ' 

Messer and park20 in 1972 performed extensive work on the 

decomposition pressure versus temperature of the samarium-hydrogen 

system. The measured transition preseure was lower as the temperature 

ascended and higher as the temperature descended. This hysteresis 

loop shown in Figure 3 is found in other hydrides and showe the lower 

equilibrium pressure of the hexagonal phase, which is more etable 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 pressure on the hexagonal side of the plateau as 

shown in Figure 4. The transition at 2S0oC and 3000 C occur at 70rnrn and 

47Smrn, respectively, as read from the graph in Figure 4. 



Figure 3:	 Pressure versus temperature of the samarium-hydrogen
 
system. --+ ascending temperaturel"- descending tel1lPerature.
 
Taken from Messer and Park, J. Less-ComJ1lon Metals 26,
 
235, 1972.
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Figure 4: Dissociation pressure versus H/Sm. Taken from Messer
 
and Park, J. Less-Common Metals 26, 235, 1972.
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Mintz, Hadar i and Bixon21 do not estimate the two phase tran­

sition plateau but report the heating plateau at 3500 C and the cooling 

plateau at 270 0 C for both pressures equal to approximately 700mm. These 

values were later corrected by Mintz, Hiersch1er, and Hadari22 to 

. 314 ± sOC on heating and 230 ± SoC on cooling. 

Dissociation information was provided by Korst and Warf23 for 

the dihydride between compositions of SmII1.95 and SmH2 •1 as shown in 

Figure 5. Messer and park24 perforllllld dissociation exper inents for 

stoichiometries between SmH ,2 and SmH • • Their results are shown2 2 8
25

in Figure 4. Hintz produced one curve of the temperature-composition 

graph between stoichiometries of SmH • and SmH • • Their work is2 0 2 8

shown in Figure 6. 

Greis, Knappe and Muller 26 performed x-ray diffraction analysis 

on the samar ium hydrides and deuter ides. Besides the cubic and 

hexagonal phases, a new tetragonal phase was reported to exist between 

the cubic and hexagonal forlllS. This new phase had a tetragonal 

structure of space group I 4/m with 2 atoms per unit cell. The inter­

mediate phase occurs at lower room temperature equilibriums while the 

phase relationships previously reported occur at high temperatures. 

27
Gre is, Knappe and Muller determine the cubic to exist for 

compositions at SmH1.95_2.34 for high temperature equilibrium and at 

SmH1.95-2.28 for low temperature equilibrium. They determine the 

lattice parameters for the Sm H to be a • 3.7780 A and c = 5.3647 A
3 7
 

and for S~D7 to be a • 3.7716 A and c • 5.3503 A. The hexagonal
 

parameters for SmH and SmD are respectively, a • 3.7870 A and c z
 

6.7926 A and a • 3.7726 A and c • G.7632A.
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Figure 5:	 Dissociation pressure Isotherms for sone rare earth­
deuterium systems. Taken from Karat and Warf, Inorg. 
Chem. ~. 1719, 1966. 
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Figure 6: Temperature-oompclllition graph by thermal analysis of 
the samarium-hydr ide system. _._.- First cooling; ­
Beating from room temperature to 600oC; ----Cooling 
from 6000 C to room temperature. Taken from Mintz, 
"Thermodynamics and Statistical Mechanics of Some 
Hydr ides of the Lanthanides and l\c:tinides". NRCN-398 
Israel Atomic Energy Co_ission; 1976, ppl08. 

13
 



OOL
 



14 

No superstructure reflections were seen in the hexagonal or 

tetragonal samples. 

The phase diagrams and pressure-temperature-composition infor­

I118tion for the samar ium hydr ides have not been fully developed. 

2.3 Magnet ic Character istics of Samar ium Hydr ides 

The magnetic character istics are considered by Kubota and 

wallace 28 who found no magnetic order ing for either the cubic and 

hexagonal samar him hydr ides between 4.2 K and 300 K. 

2.4 Hydride Preparation Techniques 

In general all preparative techniques for samar ium hydr ides 

involve direct contact of the metal with the hydrogen in a closed 

system. Some rreana of measur ing the temperature and the pressure in the 

system is provided. The stoichiometr ies are determined using the ideal 

gas law and the measured amounte of the samar ium metal. 

Samarium metal is easily oxidized and especially sensitive to 

air and moisture. The reaction of the rretal with the hydrogen is 

greatly inhibited by any surface film, so the metal surface is cleaned 

and prepared under some inert gas or mineral oil an:! loaded into glass 

containers. The metal is weighed accurately in either the inert gas, 

the oil, or in a vacuum. The metal is then degassed in a vacuum system 

for several hours with or without heat an:! 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 is related directly to the surface film. The reaction 

will occur at any temperature if sufficient time is 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 

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 equilibr ium conditionp. 

Specific descr iptive procedures of several researchers can be 

found in their respective works. 29- 35 



SECTION 3
 

THEORY
 

3.1 Crystallography 

Constructive and destructive interference takes place when 

waves are reflected from a series of planes. 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(sin9) where d is the distance 

between the, two planes. The full expression for the Bragg equation 

becomes 

n" = 2 d sine ( 1) 

The same interference phenomena can be shown to be true for arrays of 

points in a lattice as seen in Figure 7. 

There are fourteen possible point lattices called the Bravais 

lattices. In actuality only seven are distinct and are the basis for 

the seven crystal systems. 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
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Figure 7: Bragg reflection from a) planes and b) arrays of points. 
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shape, and orientation as one of the first seven, thus displaying the 

same conditions as the first seven. 

Each point lattice has a certain inherent symmetry. Successive 

operations about an axis or plane will bring the lattice points back to 

their original positions. There are four basic operators: reflection, 

rotation, 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 operation of either does not 

produce coincidence but does produce a pattern repeat. 

When all possible combinations of the six symmetry operators 

are considered, the number of possible sets of points on a lattice with 

particular sYJllllletry elements totals two hundred and thirty. These are 

called the two hundred and thirty space groups. They are listed in the 

International Tables for X-Ray Crystallography.36 

A crystal is a three dimensional regularly repeating pattern 

of atoms. The repeating pattern is called the unit cell and can be 

descr ibed by a section of three dimensional space. The unit cell can 

be described by its lattice parameters: a, b, and c, the lattice sizes, 

and alpha, beta, and gaJ1Ulla, the angles between the axes. Planes of 

atoma within the crystal cross the three axis, a, b, and c, 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 intercepts are taken, reduced to a CODDllon denominatcz: 

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 sallle 
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Miller indices. Also, the set of planes in a crystal made equivalent 

by symmetry can be described by the same set of Miller indices. 

The d istan::e between planes in a set is a fun::tion 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 2 2 2d 2 
= a / (h + k + 1 ) • a /N (2) 

2 2 2where N = h + k + 1 • The value of d in these equations i8 

equivalent to the din value of the Bragg equation. 

3.2 Neutron Diffraction 

Neutrons, like x-rays and electrons, have both wave and 

particle properties. As a neutron passes through a solid, it may be 

scattered by the nucleus of the atoms in the crystal in accordan::e with 

Bragg's Law. 

In a reactor, neutrons are slowed down by collisions with 

water molecules to an average energy of 0.025 eV37 (thermal neutrons). 

If the temperature is constant, the neutrons have a root mean square 

veloci ty38 given by the equation 

2 
mv /2 = 3kT/2 (3 ) 

The deBroglie wavelength can be calculated from 

(4)" • h/1IlI7 

Combining these equations gives 

2),,2 • h /3mkT (5) 
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room temperature the spectrum of wavelengths associated with these 

thermal neutrons becomes a Maxwellian distribution with its maximum 

39-40between 1 and 2 angstroms. These wavelengths were on the ord~r 

needed to detect the d 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 intensity at each angle is recorded producing a 

diffraction pattern. 

In x-ray diffraction, the scattering occurs from the electrons. 

Thus the larger the atomic number, the more scattering occurs. An 

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 

or three, all atoms scatter neutrons equally well. 41 Deuterium atoms 

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 

as listed in Table 2. 42 

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. 
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TABLE 2 

CAPTURE AND COHERENT CROSSSECTIONS 

FOR HYDROGEN lIND DEUTERIUM 

capture 

Croessection 

(barns) 

Coherent Scattering 

Crosssection 

(barns) 

Hydrogen 

Deutec ium 

0.332 

0.00052 

1. 76 

5.59 
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TABLE 3
 

ISOTOPIC ABUNDANCE. CAPTURE AND TRUE ABSORPTION
 

CROSSSECTIONS OF SAMARIUM
 

True Absorption Capture. 

Samarium Percent Crosssection Crosllsection 

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 

4
151 1. 5 x 10 

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 

In neutron diffraction, the neutron scattering factor, b, does 

t vary significantly with angle. 43 The value of the neutron scattering 

-24actors for samarium-154 and deuterium are 0.96 x 10 cm and 0.667 x 
F, 
, -24	 44
(1-0 cm, respectively. 

calculation of Intensity45 

The intensity of the reflections are calculated by 

2 2 . 2	 2I ~ F [(1 + cos 29l/(881n BcosB)] p A exp(-2B(sinB/Al (6 ) 

where	 p is the multiplicity of the reflection 

IFI 2 is the geometric structure factor 

exP(-2B(sin&/~)z is the temperature factor 

A is the ablorption factor 

2 2
and [(1 +	 co. 2&l/(8Sin ecos&l] is the Lorentz­

polarization factor. 

3.3.1	 The Geometric Structure Factor 46- 47 

The amplitude and phase of a diffracted wave from a single 

atom is proportional to be exp(i~). The amplitude of the scattering 

is determined by the geometr 10 structure factor, I Fr. I F I is the 

quantity that determines how the intensities of the reflections from 

the crystal depend on the atomic arrangement within the unit cell and 

can be calculated al a function of atomic positions, Miller indices and 

scattering factors of the individual atoms. F, the scattering 

amplitude for the unit cell, is de.cr ibed by 

F • blexp(it1) + bzexp(it ) + ••• bjexP(i~j) x 1- bjexPli+j ) 
(1) 

z
1 
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The phase difference, ~, between the wave scattered from an atOlll 

t coordinates x, y, z and the wave scattered from the origin (assume 

origin to be 0) for the reflection with the Miller indices (hkl) is 

tj = 2!1 (hX + ky j + lZj)'	 (8)j 

equations for the wave can be rewritten as
 

F = b l exp [i2i1(hXl + kYl + lZl)]
 

+ b2 exp (12n (hx2 + ky2 + lZ2 il 
(9) 

+ ... 
=	 ! b.exp[i2U (hX j + kyo + lZj~
 

j=l J J
 

or 

F = '~lb. exp[2 ii1 (hx. + kyo + lZ.~ ( 10)
hkl J= J J J J IJ 

This can be rewritten trigonometrically as 

F = I} b rcosfi (hu + kv + lw )Cn'!l n n n n 

+	 isin2i1(hu + kv + lw i] 
(11) 

n n n 

or in the form 

F = A + iB (12) 

where 

A = £N 
b cos2i1(hu + kv + 1"1 )

n=l n n n n 

and 
B D ~ b sin2t1 (hu + kv + 1"1 ).

n=l n n n n 
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Multiplicity48-49 

The multiplicity factor, p, has a maximum value of 48. The 

value of p depends on the crystal form determined by the Miller 

ices and is equal to the number of equivalent planes in the crystal 

Miller indices. For example, the (1 1 1) for~ 

the equivalent planes (Ill), (-1 -1 -1), (11-1), 

(-1 1 1), (1 -1 1). (-1 -1 1), and (-1 1 -1). The (1 1 1) 

ipeak represents reflections from all eight planes and the multiplicity 

is therefore eight. 

Tables of mUltiplicites can be found in Mirkin,50 the Inter­

'. "national Tables for 51X-Ray Crystallography, 52Lipson and Steeple, and 

Cullity. 53 

3.3.3	 Absorption 

Neutron	 absorption coefficients far most materials are on the 

-1 ~ 54order of 0.3 em compared to the order of 1000 em for x-rays. 

These smaller absorption coefficients make it necessary to use larger 

samples. 55 Reduction of intensities due to absorption is small and is 

normally not included in the intensity calculations unless absolute 

intensities rather than relative intensities are desired. 

3.3.4 The Temperature Factor 56 - 58 

The temperature factor, B, accounts for the thermal vibration 

that atoms Ilndergo 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 is a unit cell expansion causing 

the d spacing 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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twofold: a decrease in the intensities of the lines and an increase in 

intensities of the background soattering between the lines. 

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

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 (sin9/.\) 2) (13) 

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

along with the scale factor. 

3.3.5 The Lorentz-Polarization Factor S9- 6l 

Some reflection occurs 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 

to9 =)\ I (2Nsin9 I (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 proportional to 

1/,in9. Thus the intensity is larger at lower angles and smaller at 

higher Bragg angles. 

The changes in halfwidth in the intensity of the peak is 

proportional to 
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;.,., 

(1/sin9) (1/cos9) or 1/sin29 (15) 
~.; 

is a larger width at higher two theta angles. 

In powder patterns the intensity also depends on the number of 

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

AN/N = Ul9 cos9) /2 (16) 

Putting these three effects together the relationship becomes 

L = (1/sin29) (cos9) (1/sin29) 

2
= cos9/sin 29 (17) 

• 1/(4 sin29 cOB9) 

This factor is normally constant for any given set of measurelllllnts and 

is not included when one is interested only in relative intensities. 

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

as 

P = (1 + cos229)/2. (lB) 

Usually the Lorentz and polarization factors are combined into 

a single expression. 

2 2LP = (1 + cos 29) / (Bsin 9 cos9) (19) 

Neutron beams are not polarized and thus polarization is not 

included in the calculations. However, if magnetic scatter ing is 

studied, the polarization faotor must be taken into account. 
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62The Scale Factor 

It is necessary to find a way to relate the observed intensities 

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

the scale factor, k. that relates the two as 

~ k	 (20)IF/ abs IF Irel 

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 

I ~ ( I F12 
1 ) avg	 {2l}rel re 

,	 For a unit cell containing N atoms it can be shown that the theoretical 

average intensity is given by 

I N f2 (22)abs ~ ,£. i 
1~1 

Ideally, the ratio 

Iaba/Irel ~ ~f~/ (!FI 
2

)avg	 (23) 

should be the scaling factor required to place the individual 

intensities on an absolute scale. However, thermal vibrations directly 

affect the atomic positions in the real crystal. For each atom, then, 

the equation becomes 

~	 2 f2 exp(-2B{Sin8/)l}2) (24)labs ii~l 0 

If the t~erature factor, B, has the same value for all atoms then 

2	 II 2
I ~ exp (-2B (sinS/,,) } ~ f i	 (25)
abs i~l 0 



29 

if 

C = I ! I	 (26)rel abs 

f2I = C exp(-2B(sin9/A)2) f (27)rel	 oii.l 

N	 2f2 = C exp(-2B(sin9!~) ). (28)I re / ~ oii=l 

Taking the ln of both sides results in 

I	 2ln rel = ln C - 2B(sin9!A) (29) 
N f2 

i!l oi 

If the left side is plotted against (sine/~)2, the result is a straight 

line with intercept ln C and a slope of -2B (from which tbe teJlPerature 

factor Clan be calculated). C is related to the k of Equation 20 by 

C-lsk =	 (30 ) 

J.4 Profile Analysis64- 65 

The	 analysis of raw data begins by determining the two theta 

2values of the observed reflections. Sin e andlor sin 9 values are 

then calculated. 

If the lattice parameters are known, the appropriate d spacing 

equation combined with Bragg's law, can be used to calculate the sin e 

2
andlor sin 9 values. A comparison of the calculated and observed sin 9 

or sin29 values is made. A matching set determines the characteristic 

set of N values and thus confirms the validity of the crystal system. 
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of the characteristc N values for several crystal systems is 

reproduced from Lipson and Steeple66 in Appendix A. A more complete 

list can be found in Mirkin. 67 

If a match is not achieved, another crystal system is chosen 

and the procedure repeated until a match is achieved. 

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

)\ 2/4a2 ~ (sin29) IN (31) 

222where N = h + k + 1 • 

In the hexagonal case, the equation is 

2.2 2 2 2II / (4un 9) = 4N / 3a + 1 /c (32) 

where N ~ h2 + hk + k2• During initial indexing in the hexagonal case, 

only reflections with 1 ~ 0 are considered. If these values match, the 

calculated values of sin19 can then be adjusted for different values of 

1 and a more extensive comper ison made. 

If the lattice parameters are unknown, the integers, N, are 

determined by finding the common factor in the sin1a 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 

characteristic 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. Since 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,68 Mirkin,69 and Cullity.70 
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The more unknown parameters there are, the more difficult it 

to index the pattern. Several graphical methods have been 

veloped to help solve the more complex problems. Hull_Davey7l-72 

k the logs of the plane spacing equations and after rearranging them 

[and incorporating the cia ratio into the equation, he subtracted the 

uations for two different plane spacings. The resultant equation 

the cia ratio. By solving these two 

,equations simultaneously for different o/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 plaoed on the chart and moved around to find a 

cia ratio that matches. The (hkl) indices are then read from 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 su_,74 Harrington,75 and Bjurstrom76 

are also credited with graphical methods that work in the sams way as 

a Hull-Davey chart. Graphs for each crystal system can be found in 

Mir kin. 77 

The next step involves the determination of the number of 

atoms in the unit cell. 78 The equation 

A V' IjJ 1.66042 11M (33 ) 2 2 
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volume in cubic angstroms and rho the density in g/cc, 

weight of the molecule, A the sum of all the atomic 

the unit cell, and n is the number of molecules in the unit 

The number of atoms per unit cell is then calculated from n. 

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

79 , error. The presence or absence of some 
f 
]i1iller indices eliminates some space groups. The pattern of relative 

'intensities can be compared to already existing patterns in Mirkin80 

and the choice of a space group can be made. Mirkin8l also contains 

lists of compounds and their structures. The space group of a similar 

can be applied to a substance. Mirkin82 also prO¥ides a table 

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 

Crystallography. 83 Numbers are cbosen for the atomic positions and 

inserted into the general coordinates of the space group. The structure 

factors and tbe intensities 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 parameUrs (including positions and 

lattLce sizes) and the pattern is refined until the best fit is obtained. 

84 86The refinement process - was also trial and error and it is 

made easier by use of the computer. Each facility has its own prograM, 

but most are based on the weighted least squares program formulated by 

R.M. Rietveld. 8? A description of the least squares analysis i8 given 

in Appendix C. 
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Reliability factors or R factors SS are normally used to 

,etermine the goodness of f it between the exper illlental and calculated 

'diffraction profiles. Several R values are defined by Rietveld and 

are discussed in Stout and Jensen. Most R values are 

variations of one of two basic forms: 

R :tIAF / .i/lFol - [Fell (34)z 

i I Fol tlFol 

or 

2 
R • £i Wi t/Foil - [Fcil> 

(3S)t i Wi jFod Z 



4.1 

SECTION 4
 

EXPERIMENTAL
 

The Hydriding Apparatus 

The stoichiometries of the samarium hydrides 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 Figur e 8. 

The volume of the system was determined by taking a standard, 

known volume, and measuring its 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 system. 

When equilibrium was re-established, the temperature and pressure of the 

system 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 thermocouples. 

The temperature of the reaction vessel (quartz tube) waS measured by 

placing the thermocouple in the bottom end of the quartz sample holder 

against the reaction vessel. The gas temperature in the manifold was 

measured by ~ thermocouple placed on the copper line leading to the 

quar tz tUUl'. Temperatures inside the quartz tUbe were much hottor than 

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

34
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has a volume (0.04 liters) that was negligible when compared to the 

volume of the entire system, the gas temperature was recorded as the 

reaction temperature. 

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

capacitance manometer. 

4.2 The Diffraction Apparatus 

A schematic of the Omega West Diffractiometer at the Los Alamos 

National Laboratory is shown in Figure 9. A copper crystal set to 

reflect from its (220) planes is used as a monochromator. The six 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 

specimen 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-lO isotope according to the reaction: 

lOB + 1 
5 On a ~Li + ~He + 2.8 MeV (36 ) 

4The lithium and helium nuclei produce on the average 7 x 10 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 
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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 angstroma. 

4.4 Deuterium Reagent 

Impurities in the deuterium can produce surface reactions 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. As necessary, 

the uranium hydride was heated, driving off the deuterium and leaving 

the unwanted uranium compounds behind. 

4.5 Samarium 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 is 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. By 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 lubr icant, into slices 

then cut into small pieces, washed twice with anhydrous ethanol and 

into a quartz tube that had previously been cleaned, outgassed 

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

for hydr iding. 

Samarium Deuterlde preparation 

-7When the system was evacuated to a base pressure of 2 x 10 

torr deuterium from the uranium bed was allowed to fill the system 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 pressure were again recorded. Reaction usually 

started 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 maximulll8 were recorded. Once the 

reaction slowed and the tube started to cool the temperature was 

adjusted to 250 .:!: SoC. 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 stoichiometr ies were 

made, the tube was then allowed to take on mare hydrogen as the tube was 

allowed to cool to room temperature. 

Due to the limited amount of samarium-154 isotope availsble, 

the S1IlD2 •89 and S1I0 •99 samples were made as previously descr ibed. The
2

SmD • and SmD • samples were prepared by dissociation of one of the
2 38 l 97 

previous samples. The SmD • sample was placed on the evacuated system2 89 

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

occurs in the manner shown in Figure 5. All a HIM ratio of 1.8 is 



40 

proached, the equilibrium pressures are small. This necessitated the 

of deuterium in successive steps until a stoichiometry of 

was reached. After dissociation was performed, this same sample 

~s again placed on the system and opened to a measured pressure of
 

The association process was halted at a stoichiometry of
 

Table 4 provides the information used to calculate the
 
•• JO 

stoichiometry of the samples. 

The Diffraction Procedure 

The quartz tube shown in Figure 10 containing the sample was 

placed in an aluminum cyclinder pictured in Figure 11. The cylinder was 

then evacuated and placed on the specimen tsble of the diffractometer. 

A diffraction pattern far two theta values ranging from 2 to 90 degrees 

was 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 into the program CWPREF which indexed the exper imental data and 

prepared the experimental diffraction profile. A data file containing 

the proposed space group information was then created and fed into the 

program CWLS. This program calculated a profile and then compared it 

with the experimental profile produced in CWPREF. The calculated 

profile was then refined in steps by changing the OWLS parameters until 

a best fit was obtained. 

R values were used to determine the extent of the best fit 

between the experimental and calculated patterns. Three R factors were 

used in this analysisl 
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TABLE 4 

STOICHIOMETRIC DETERMINATION 

No. 

Grams 

Sm 

Moles 

9m 

Pressure 

*Difference 

HIM 

Ratio 

Tube 

No. 

1 

2 

3 

4 

15.797 

18.681 

15.797 

15.797 

0.1026 

0.1213 

0.1026 

0.1026 

171.93 

210.40 

112.69 

136.61 

2.89 

2.99 

1.97 

2.38 

86 

75 

86 

86 

* Pressures in torr 

Volume .. 16.16 11ter s 

Tel1lperl1tun' • 27.2"C 
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Figure 11: The aluminum cyelinder used to hold too samar ium 
deuter ide dur inq neutron diffraction. 
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100 iR profile z - F S /2IFobS eal.c (37) 

£1 FOba I
 

100
 M (IFobS-FealeSI?] ~ (38)
 
2
 

R weighted = 

i w IFObS / 

R expected • 100 [no. of degrees of freed~ (39)
 

i vlFobsl 2
 

Standard deviations for the refined parametere were ealeulated dur ing 

the refinement as outlined in Appendix D. 



SECTION 5 

DATA AND RESULTS 

The raw data for each sample appears in Appendix F. The 

~xperimental profiles are shown in Figures 12-15. SmD • and SmD •
l 97 2 38 

face centered cubic. SmD
2 

• 
99 

is hexagonal. SmD
2 

• 
89 

contains 

cubic and hexagonal phases. 

The Cubic Analysis 

The proposed cubio space group for samar ium hydr ide is F 4/m 

5
321m or 0h (see Appendix	 G) with 

3 Sm at 0 If If 

1 Sm at 0 0 0 

8 D at ••• 

and 4 D at 0 Is o. 

Caloulations 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 shawn in 

Figures 16-18. Cubio positions determined in this study are listed in 

Table 5. The determined lattice sizes are listed in Table 6. A com­

par iaon of exper imental and calculated intensities are Hsted 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 seta of calculations. Peaks numbered 

45
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13, 17, 22, and 24 were found to match the hexagonal N pattern
 

, 4A, 7A, 9A, 12A, and 13A where A s >.2/3a2. The lattice paramater,
 

is determined to be 3.7638 A. The log d values were calculated and
 
'II
 

otted along the scale on a Sch"ar tz and Summa graph for indexing
 

A match was made along the line representing the
 

Each line was indexed accordingly. The (0 0 1)
 

are either absent or too weak to observe.
 

The relative intensities of these peaks were compared to those
 

known hexagonal structures in Mirkin~l An approximate match is made
 

..~ 
or H15 structure representing K Bi and Na As. The structure correlates	 ",3 3 " ..II"

1with the P 6/m m corD: h space group (see Appendix G) with these 
t .'"

'"

.coer dinates :	 .".."
II 

2 Sm at 1/3 2/3 ~	 .'"~: 

",
2 D at 0 0 ~	 ~:

,"
" 4 D at 1/3 2/3 z and 
1111 

:~!
2/3 1/3 z+1:I	 :: 

" ","
"here z = 0.583. This information was used in the CWLS program to	 " 

" 
refine the calculated hexagonal profile. The best fit between the 

experimental and calculated profiles is shown in Figures 22-23 for 

SmD • and SmD2•99 • The refined coordinates and parameters are shown2 89 

in Table 8 for both samples. A compar bon of the exper imental and 

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. 
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of cubic SmD
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TABLE 5 

ATOMIC POSITIONS IN THE CUBIC SAMARIUM DEUTERIDES 

Cubic x y z iii N
1 

1.97 1 Sm 

3 Sm 

8 0 

4 D 

0 

0 

'­
Is 

0 

Is 

'­
0 

0 

Is 

'­
0 

0.04355 ± 0.00339 

0.12689 ± 0.00339 

0.35268 ± 0.00339 

0.00000 ± 0.00339 

1.04520 

1.01512 

1.05805 

0.00000 

2.38 1 Sm 

3 Sm 

8 0 

4 0 

0 

0 

'­
Is 

0 

Is 

'­
0 

0 

Is 

'­
0 

0.04071 ± 0.00602 

0.15411 ± 0.00602 

0.33287 ± 0.00602 

0.16656 ± 0.00602 

0.97704 

1.23288 

0.99862 

0.99932 

2.89 1 Sm 

3 Sm 

8 0 

4 D 

0 

0 

'­
Is 

0 

" 
'­
0 

0 

Is 

'­
0 

0.00889 ± 0.00280 

0.12229 ± 0.00280 

0.30105 ± 0.00280 

0.15069 ± 0.00280 

0.21336 

0.97832 

0.90316 

0.90423 
U1.. 

N1 represents the ratio: calculated site occupation factor/expected site ocoupation factor. The ratio 
should· 1 if the site is filled as expected for the structure. 
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TABLE 6 

LATTICE SIZES OF EXPERIMEN~AL SAMARIUM DEUTERIDES 

HIM a c 

1.97 5.3274 ± 0.0006 

2.36 5.2975 ± 0.0059 

2.89cub 5.3215 ± 0.0042 

2.89hex 3.7600 ± 0.0156 6.7674 ± 0.0156 

2.99 3.7493 ± 0.0036 6.7212 ± 0.0045 

a and c in Angstroms 



Figure 19: Comparison of the cubic intensities of srn0 971POSN is the 29 angle, •
 
INUC is the calculated intensity, and
 
lOBS is the observed intensity.
 
ESD is the estiaated standard deviation.
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H I( L POS~ 

1 1 1 2378 
2 0 0 2756 
2 2 0 3 lH 4 
3 1 1 46f>4 
2 2 2 48S6 
4 0 0 570~ 

3 3 1 6277 
4 2 Ci 6460 
4 2 2 7l~B 
5 1 1 76BO 
3 3 3 76BO 
~ 4 0 9512 
5 3 1 ~O05 

INUC 
13S8 

132 
4664 
11BO 

48 
1171 

7l!> 
69 

3174 
535 
179 

1230 
. Bq3 

I D!l S ESD 
1329 49 

0 0 
4890 79 
1126 50 

165 37 
1257 53 

'105 55 
301 51 

3:>49 71 
598 1,0 
199 13 

1336 57 
91B 7b 





Ii I( L POSH 
1 1 1 2422 
2 0 0 2 B02 
2 2 0 3997 
3 1 1 4722 
2 2 2 4945 
4 0 0 5773 
3 3 1 b347 
4 2 0 b531 
It 2 2 7245 
5 1 1 77b1 
3 3 3 77b1 

IHUC 
3b4 
b2q 

q5b5 
330 
150 

1q34 
13 

Hit 
5311 

127 
42 

lOBS ESO 
1 q2 b1 
413 54 

10313 124 
b 32 72 
382 70 

2747 q4 
B02 q3 
902 102 

501b 111 
370 bO 
123 20 





H J( L POSH INUC lOllS ESD1 1 1 238b 71b 482 542 0 0 2763 71 32 482 2 0 3953 6450 6958 973 1 1 4674 687 1128
2 2 2 4896 32 305 

58 
464 0 0 5719 1328 2761 783 3 1 62119 245 1397 794 2 0 6n2 Z38 525 67 

~ 2 2 7181 3379 3808 905 1 1 7694 71 684 543 3 3 7694 24 228
4 4 0 852d 1335 1201 

18 
775 3 1 9022 15 959 1346 0 o· 9187 74 2140 6194 4 2 9187 295 8560 2478 
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TABLE 7
 

INDEXING HEXAGONAL SMD
 

2 • 2 28 sin 8 S1n 8 d hk1 reflectionca1 exp cale avg. 

25.00 .0468 101 1 
31. 70 .0746 102 2 
39.60 .1153 .1147 1.879 110 3 
40.80 .1192 .1215 1.847 103 4 
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 where a = 3.76 AO and = 1.275 AO
 

2

3a

2Common faotor for sin e value. was 0.0383 



Figure 22:	 Compariaon of the experimental and refined profilea 
of hexagonal smD •2 89
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Figure 23:	 Comparison of the experimental and refined profiles 
of hexagonal smD •2 99
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TABLE 8 

ATOMIC POSITIONS IN THE HEXAGONAL SAMARIUM DEOTERIDES 

IIexagonal x y z N N
1 

2.89 2 Sm 

2 D 

4 D 

1/3 

0 

1/3 

2/3 

0 

2/3 

la 

la 

0.57714 

:to .00301 

0.06267 + 0.01004 

0.06267 ~ 0.01004 

0.09884 ! 0.01004 

0.75207 

0.75207 

0.59306 

2.99 2 Sm 1/3 2/3 la 0.09201 ! 0.00982 1.10412 

2 D 0 0 II 0.09201 ! 0.00982 1.10412 

4 D 1/3 2/3 0.59630 0.18871 ~ 0.00982 1.13226 

:to.00275 

'"..
 





H K L POSH 1 Nue 108S no 
0 0 1 101,8 il 266 11,2 
0 0 2 2136 620 682 1,2 
1 0 0 2228 It,5 ",,3 36 
1 0 1 21, 79 399 326 1,3 
1 0 2 3120 535 61,8 1,8 
0 0 3 321,5 0 590 1,5 
1 1 0 3936 I,33il I, 800 68 
1 0 3 3986 3262 321,8 56 
1 1 1 I, 09 2 0 2'tl 32 
0 0 I, 1,387 277 196 38 
1 1 2 I, 53t, 1118 856 1,9 
2 0 0 1,.582 15 50 I, 

2 0 1 H21 108 696 1,8 
1 0 I, 1,987 251, 189 38 
2 0 2 5121 361 220 1,2 
1 1 3 5205 0 189 33 
0 0 5 5577 0 661, 1,8 
2 . 0 3 511,2 1836 2911, 72 
1 1 I, 6055 1179 2108 67 .. 1 0 6212 2 603 32 
2 1 1 6326 118 3873 79 
2 0 I, 651,8 278 850 1,5 
2 1 2 6661 753 111,0 53 
0 0 6 6837 723 1230 62 
3 0 0 7167 2168 2265 t,7 
2 1 3 7201 2760 2630 53 
3 0 1 7211, 0 503 3t, 
3 0 2 7589 783 111,1 61, 
2 1 I, 7933 698 796 56 
3 0 3 BI05 0 695 1,8 
2 2 0 8516 2066 2219 70 . 
2 2 1 8617 0 ",,2 36 
3 0 I, 8B18 112!> 928 1,9 
.2 2 2 8921 81,3 982 1,3 
3 1 0 8956 31 1,2 2 
3 1 1 QO'i7 55 101, 7 





H K L POSH IHUC 108S ESD 
1 0 0 2255 H2 12 26 
1 0 1 2509 33 6 27 
1 0 2 3159 33 It2 26 
1 1 0 3967 1663 1803 ..& 
1 0 3 1,036 lit t,7 1535 .... 
1 1 1 H25 0 67 22 
1 1 2 1,575 1,33 309 29 
2 0 0 1,615 1,3 99 16 
2 0 1 I, 75 7 22 3~ 30 
1 0 I, 5050 78 39 27 
2 0 2 5163 22 0 0 
1 1 3 5256 0 26 21, 
2 0 3 5791, 786 893 lt7 
1 1 I, 61:1.9 110 H 36 
2 1 0 6251 59 27 33 
2 1 1 6367 t,7 191 1,2 
? 0 I, 6612 36 128 39 
2 1 2 6707 16 121 1,0 
3 0 0 7210 612 650 35 
2 1 3 7257 llt,7 1263 lt7 
3 0 1 7318 0 161 26 
3 0 2 7639 237 616 1,8 
2 1 I, 8001 37 0 0 
3 0 3 3165 0 226 39 
2 2 0 8561, I, 98 351, 1,8 
2 2 1 8668 0 56 31 
3 0 I, 8890 103 0 0 
2 2 2 8977 221 201, 31 
3 1 0 9007 49 42 8 
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TABLE 9
 

RELIABILITY FACTORS
 

HIM R profile 

1.97 16.74 

2.38 37.89 

2.89cub 47.50 

2.89hex 51.43 

2.99 41. 72 

R weighted R expected 

13.17 

25.98 

32.84 

40.74 

28.17 

8.99 

9.18 

12.44 

10.67 

19.33 



SECTION 6 

DISCUSSION 

SmD •97 and SmD • are both face centered cubic and belong to
l 2 38 

the proposed space group F 4/m 321m. The site occupation factors for 

the SmD sample shown in Table 5 indicate the deuterium to beL97 

located in the tetrahedral positions. Any additional deuter ium goes 

into the octahedral positions as shown by the site occupation factor 

for the SmD • sample. SmD • shows good agreenent between the2 38 l 97 

experimental and calculated profile as indicated by the R factors in 

Table 9. 

The agreenent between the experimental am refined profiles 

represented by the R values in Table 9 for the SmD • sample is not2 38 

good. Greis9 claims that at a HIM of 2.34 a phase change occurs. Any 

stoichiometr ic determination was an average over the entire sample. It 

is plausible that some of the additional phase is present. A further 

indication of this is the doublet peak shown in the SmD • raw profile
2 38 

in Figure 13. 

The lattice parameter s for the deuter ides should be smaller 9 

than the a = 5.34 A for the hydrides. They should also p:ovide evidence 

for the contraction of the lattice. The values a = 5.3274 A and 

a = 5.2977 A for SmD • and SmD • respectively, are reasonable valuBs
l 97 2 38 

and support the contraction. 

The hexagonal space group determined disagrees with that of 

..S 
Mansmann and Wallace. The R factors representing the agreement between 
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"the exper imental and calculated prof iles for the hexagonal space group 

of the SmD • sample are not the best, but no other
2 99 

refinement 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 super lattice peaks that have been found to occur in aome of the 

hexagonal forms. Since the CWLS program triea to account for all data 

in the calculation of the R factors, the R values will reflect thill 

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 

q"
for the hydr ide a = 3. 7rJ A and c ~ 6.79 A. The values determined in this 

work are a = 3.7493 A and c = 6.7212 A and are in reasonable agreement 

since the deuteride parameters are generally smaller than the hydride 

paraile ter s • 

Both the cubic and hexagonal analysis were applied to SmD • •
2 89

Both patterns can be detected but neither can be refined to an 

acceptable agreement. There are no provisions in the computer programs 

available to refine a set of data using two different space groups. It 

is proposed that if these programs are written, the SmD • pattern would
2 89 

be a Combination of the cubic and hexagonal. Because the present pro­

grams will not differentiate 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 <X:cupation factors 

for this sample from Table 8 show the 8m at(a, 0, 0) in the cubic 

refinement to be lower than expected and the 8m in the hexagonal to be 
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,slightly lower than the expected(O, ~, ~). This may be an indication 
t 
'that this sample is on the averag.e more hexagonal than cubic. The site 

factor of 0.009 instead of the expected 0.04 in the SmCO, 0, 

O)position i.e .. the origin of the unit cell, would in:Hcate 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 

located in a different relative position. 



SECTION 7 

SUMMARY 

The purpose of this work was to determine the cubic and 

nexagonal space groups of ttle samar ium hydr ides and the positions of the 

atoms in the unit cell. This has been accomplished, but not to the 

best extent posa1ble. This work wall performed only as a preliminary 

effort in a project which will continue until ttle entire system is 

character ized. Samples will continue to be made at HIM stoichiometr ic 

ratios between 1.90 and 3.00 by 0.05 ircrements. Each sample will be 

analyzed with ttle structures determined here. In addition, super­

structures will be determined and a tetragonal analysis will be 

performed. 

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

SmD • to SmD2 • ' It is not known whether this was from cubic to2 34 3S 

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. 

69
 



REFERENCES 

E. Snape and F. E. Lynch, ·Metal Hydrides Make Hydrogen
 
Accessible - I, II,· Chem. Tech. 10, 578 and 768 (1980).
 

R. H. Wiswall, Jr. and J. J. Reilly, "Metal Hydrides for
 
Energy Storage,· Proc. of the 7th Intersociety Energy Conversion 
Engineering Conf., Sept. 25-29, San Diego, Calif. (1972). 

3.	 Westlake and Satterthwaite and Weaver, Physics Today 31
 
32 (1978). - ­

4.	 Holley, MUlford, Ellinge:, Koehler, and Zachar iesen, 
J. Phys.	 Chem. 59, 1226 (1955). 

5.	 Pebler and Wallace, J. Phys. Chem. i!, 148 (1962). 

6.	 Holley, MUlford, Ellinger, Koehler, and Zachariesen, 
J. Phys.	 Chem. 59, 1226 (1955). 

7.	 Moshe H. Mintz, ·Thermodynamics and Statistical Mechanics of
 
Some Hydrides of the Lanthanides and Actinides,· NRCN-398
 
Israel Atomic Energy Commission, Beesheba.
 

8.	 Mannsmann and Wallace, J. Phys. ~, 454 (1964). 

9.	 Peb1er and Wallace, J. Phys. Chem. M, 148 (1962). 

10.	 Holley, Mulford, Ellinger, Koehler, and Zachar iesen, 
J. Phys.	 Chem. 59, 1226 (1955). 

11.	 Bolley and Mulford, Ibid. 

12.	 Holley and Mulford, Ibid. 

13.	 Holley and Mulford, Ibid. 

14.	 Pebler and Wallace, J. Phys. Chem. 66, 148 (1962). 

15.	 Peb1er and Wallace, Ibid. 

16.	 Pebler and Wallace, Ibid. 

17.	 Pebler and Wallace, Ibid. 

18.	 C. E. Messer and M. K. Par k, J. Less-Common Metals, 26, 
235 (1972). 

70 



71 

Mintz, Hierschler, and Hadar i, J. Less-<:ommon Metals,
 
48, 241 (1976).
 

Messer and Park, J. Less-<:ommon Metals, 26, 235 (1972).
 

Mintz, Hadar i, and Bixon, J. Less-<:Oll1lll)n Metals, 37,
 
331 (1974).
 

Mintz, Hier schler and Hadar i, J. Less-Nommon Metals, !!,
 
241 (1976).
 

Kerst and Warf, Inorg. Chern. ~, 1719 (1966).
 

Messer and Park, J. Less-CoDD1lOn Metals, 26, 235 (1972).
 

Moshe H. Mintz, "Thernodynamics and Statistical Mechanics of
 
Some Hydrides of the Lanthanides and Actinides," NRCN-398
 
Israel Atomic Energy Commission, Beesheba.
 

26.	 o. Greis, P. Knappe, and H. Muller, (to be pUblished). 

27.	 o. Greis, P. Knappe, and H. Muller, (to be published). 

28.	 Kubota and Wallace, J. Appl. Phys. 34, 1348 (1963). 

29.	 Holley and Mulfccd, J. Phys. Chern. 59, 1226 (1955) • 

30.	 Holley and Mulford, Ibid. 

31.	 Pebler and Wallace, J. Phys. Chem. 66,148 (1962). 

32.	 Korst and Warf, Inorg. Chern. ~, 1719 (1966). 

33.	 Messer and Park, J. Less-Common Metals, 26, 235 (1972). 

34.	 Mintz, Hierschler and Hadar i, J. Less-<:ommon Metals, 
48, 241 (1976). 

35.	 C. L. Huffine, "Fabe ication of Hydr ides," in Metal 
Hydr ides, Mueller, Blackledge, and Libowitz, Academic Press, 
N.Y., (1968), pp. 675-744. 

36.	 International Tables for X-Ray Crystallography, Vol 1: 
Symmetry Groups, Kyncc:h Press, Birmingham, England, (1965). 

37.	 Nuclides and IsotopeS, General Electric, (1977), pp. 11. 

3B.	 G. E. Bacon, Neutron Diffraction, Clarendon Press, Oxfccd, 
(1975), pp. 3. 

39. Mandelcor n, Nonstoichiometr ic Compounds, Academic Press, N. Y. , 
(1964), pp. 41. 



72 

40.	 H. Lipson and R. Steeple, Interptetation of X-Ray Powder 
Diffraction Patterns, Macmillian, N.Y., (1970), pp. Ill. 

41.	 G. M. Barrow, Physical Chemistry, "Diffraction Methods," 
M::Graw-Hill, N.Y., (1974), pp. 529. 

42.	 Blackledge, Metal Hydrides, Academic Press, N.Y•• (1968), 
pp. 7-8. 

43.	 Mandelcorn, Nonstoichiometric Compounds, l'Qademic Pre.. , 
N.Y., (1964). pp. 42. 

44.	 Bacon, Neutron Diffraction, Clarendon Press, Oxford, (1975), 
pp. 38-41. 

45.	 B. D. Cullity, Elements of X-Ray Diffraction, 2nd zaition, 
Addison-wesley Pub. Co., Reading, Mass., (1978), pp. 139. 

46.	 CU11ity, Ibid., pp. 115-126. 

47.	 Lipson and Steeple, Interptetation of X-Ray Powder 
Diffraction Patterns, Macmillan, N.Y., (1970), pp. 214-217. 

48.	 Lipson and Steeple, Ibid., pp. 203-210. 

49.	 B. D. Cullity, Elements of X-Ray Diffraction, 2nd Edition, 
Addison-Wesley Pub. Co., Reading, Mass., (1978), pp. 127. 

50.	 L. I. Mir kin Handbook of X-Ray Analysis of Polxcrysta11ine 
Materials, Consultants Bureau, N.Y., (1964), pp. 380. 

51.	 International Tables for X-Ray CrystallOgraphy, Vol 1: 
Symmetry Group, Kynoch Press, Birmingham, England, (1965). 

52.	 Lipson and Steeple, Interpretation of X-Ray Powder 
Diffraction Patterns, Macmillan, N.Y., (1970), pp. 322-323. 

53.	 B. D. Cullity, Elements of X-Ray Diffraction, 2nd zaition, 
Addison-Wesley Pub. Co., Reading, Mass •• (1978), pp. 523. 

54.	 Bacon, Neutron Diffraction, Clarendon Press. Oxfexd, 
(1975), pp. 71. 

55.	 Mandelcorn, Nonstoichiometric COJl!POunds. Academic Press, 
N.Y •• (1964), pp. 43. 

56.	 B. D. Cullity, Elements of X-Ray Diffraction. 2nd Edition, 
Addison-wesley Pub. Co., Reading. Mass •• (1978), pp. 135-139. 

57.	 G. R. Stout and L. H. Jensen. X-Ray Structure Determination, 
Macmillan Co•• N.Y •• (1968). pp. 205-208 and 449-450. 

58.	 M. J. Buerger. crystal Structure Analysis. Wiley. N.Y •• 
(1960). pp. 231-237. 



73 

B. D. CUllity, Elements of X-Ray Diffraction, 2nd Edition, 
Addison-wesley Pub. Co., Reading, Mass., (1978), pp. 127. 

G. H. Stout and L. H. Jensen, X-Ray Structure Determination, 
Macmillan Co., N.Y., (1968), pp. 195-199. 

Lipson and Steeple, Inter~etation of X-Ray Powder 
Diffraction Patterns, Macmillan, N.Y•• (1970), pp. 199-200. 

G. H. Stout and L. H. Jensen, X-Ray Structure Determination, 
Macmillan Co., N.Y., (1968), pp. 207-208. 

Stout and Jensen, Ibid., pp. 204-208. 

64.	 B. D. Cullity, Elements of X-Ray Diffraction, 2nd Edition, 
Addison-wesley Pub. Co., Reading, Mass., (1978), pp. 324-340. 

65.	 Mirkin, Handbook of X-Ray Analysis of Polyerystalline Mater iala, 
Consultants Bureau, N.Y., (1964), pp. 90-311. 

66.	 Lipson and Steeple, Interpretation of X-Ray Powder 
Diffraction Patterns, Macmillan, N.Y., (1970), pp. 312-315. 

67.	 Mirkin, Handbook of X-Ray Analysis of polycrystalline Materiala, 
Consultants Bureau, N.Y., (1964), pp. 207-224, 237-238, 254-257, 
and 272-274. 

68.	 Lipson and Steeple, Interpretation of X-Ray Powder 
Diffraction Patterns, Macmillan, N.Y., (1970), pp. 113-156. 

69.	 Mirkin, Handbook of X-Ray Analysis of Polyerystalline Materiala, 
Consultants Bureau N.Y., (1964). 

70.	 B. D. Cullity, Elements of X-Ray Diffraction, 2nd Edition, 
Addison~esley Pub. Co., Reading, Mass., (1978), pp. 324-340. 

71.	 Cullity, Ibid., pp. 330-332. 

72.	 Lipson and Steeple, Interpretation of X-Ray Powder 
Diffraction Patterns, MacMillan, N.Y., (1970), pp. 148-149. 

73.	 G. N. Bunn, Chemical crystallography, 
London, (1945). 

74.	 M. V. SChwarz and O. Summa, Praktische Auswertungshilfsmittel 
fur Feinstrukturun-tersuuchungen, Muchen, (1932). 

75.	 Lipson and Steeple, Interpretation of X-Ray Powder 
Diffraction Patterns, MacMillan, N.Y., (1970), pp. 149-151. 

76.	 Lipson and Steeple, Ibid., pp. 144-148. 

77.	 Mirkin, Handbook of X-Ray Analysis of Polyerystalline Materials, 
Consultants Bureau, N.Y., (1964), pp. 224-233,242-248,258-267, 
278-283, 287-295 and 296-297. 



74 

B. D. Cullity, Elements of X-Ray Diffraction, 2nd Edition, 
Addison-wesley Pub. Col, Reading, Mass., (1978), pp. 342-343. 

Cullity,	 Ibid., pp. 343-345. 

Mirkin, Handbook of X-Ray Analysis of Polycrystalline Materials, 
Consultants Bureau, N.Y., (1964), pp. 207, 235-236, and 249-253. 

81.	 Mirkin, Ibid., pp. 406-424. 

82.	 Mirkin, Ibid., pp. 348-370. 

83.	 International Tables for X-Ray Crystallography, Vol 1: 
Symmetry Groups, Kynoch Press, Birmingham, England, (1965). 

84.	 Lipson and Steeple, Interpretation of X-Ray Powder 
Diffraction Patterns, MacMillan, N.Y., (1970), pp. 236-240. 

85.	 G. H. Stout and L. H. Jensen, X-Ray Structure Determination, 
MacMillan Co., N.Y., (1968), pp. 385-394. 

86.	 B. D. Cullity, Elements of X-Ray Diffraction, 2nd Edition, 
Addison-Wesley Pub. Co., Reading, Mass., (1978), pp. 360-363. 

87.	 H. M. Rietveld, J. Appl Cryst ~, 65 (1969). 

88.	 Lipson and Steeple, Interpretation of X-Ray Powder 
Diffraction Patterns, MacMillan, N.Y., (1970), pp. 236. 

89.	 G. E. Bacon, Neutron Diffraction, Clarendon Press, Oxford, 
(1975), pp. 13. 

90.	 Bacon, Ibid., pp. 14. 

91.	 Mirkin, Handbook of X-Ray Analysis of Polyerystalline Materialll, 
Consultants Bureau, N.Y., (1964), pp. 264. 

92.	 Mirkin, Ibid. 

93.	 O. Greis, P. Knappe, and B. Muller, (to be published). 

94.	 G. G. Libowitz, The Solid State Chemistry of Binary Metal 
Hydrides, W. A. Benjamen, Inc., N.Y., (1965). 

95.	 Mannsmann and Wallace, J. Phys. 25, 454 (1964). 

96.	 O. Greis, P. Knappe, and H. Muller, (to be published). 



S\lIa~SAS Te~sAr.> snol ~eA ~O.i sanTeA N 

'i XIQN:ildd'l 



76 

Cubic 
N-h'+k'+1' . 

T,tr,gon,' 
N- h· + k· 

H,x.gon,1 
N-h'+hk+k' N 

Cubic 
N- h'+ k'+1' 

T,tr,gon,1 
N- h' + k' 

HOIt.pon.' 
N- h'+ hJ:+ k' 

P F I P F I 
hk/ hk/ hk/ hk hk hkl hk/ hid hk hJ: 

100 10 10 34 530 530 53 
110 110 I I 34 433 433 
III 1" 11 35 531 531 
200 200 200 20 20 36 600 600 600 60 eo 
210 21 36 442 442 442 

211 211 37 610 61 43 
21 38 611 611 

220 220 220 22 38 532 532 
300 30 30 39 52 
221 40 620 620 620 62 

310 310 31 41 621 
311 
222 

3" 
222 222 22 

41 
41 

540 
443 

54 

320 32 31 42 541 541 
321 321 43 533 533 61 

44 622 622 622 
400 400 400 40 40 _5 630 63 
410 41 45 542 
322 46 631 631 
411 411 47 
330 330 33 

48 444 444 444 ~ 
331 331 32 49 700 70 70 
420 420 420 42 49 632 53 
421 41 50 710 710 71 
332 332 50 550 550 55 

50 543 543 

422 422 422 51 711 711 
500 50 50 51 551 551 
430 43 52 640 640 640 64 61 
510 510 51 53 720 72 
431 431 53 641 

511 511 33 54 721 721 
333 333 54 633 633 

42 54 552 552 
520 52 55 
432 56 642 642 642 

521 521 57 722 71 
51 57 544 

440 440 440 68 730 730 73 
522 44 59 731 731 
441 59 553 553 
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Cubl. T.tr.gon.1 Hu.gon.1 Cubl. T.I1.gonol HIIl.gonel 
N-h'+k'+1' N-h'+k' N-h'+hk+k' N N-h'+k'+1' N~h·+k· N ­ h' + hIr. + k' 

P F I P F I 
hlr.1 hkl hkl hJc hJc hkl hkl hkI hk hJc 

82 910 910 91 
550 65 54 82 833 833 
643 83 911 911 
732 732 83 753 753 
651 651. 84 842 842 842 82 

63 85 920 92 
800 800 800 80 80 85 760 76 
810 81 86 921 921 
740 74 . 86 761 761 
652 86 655 655 

811 811 87 
741 741 88 664 664 664 
554 554 89 922 85 
733 733 72 89 850 
820 820 820 82 89 843 
644 644 644 89 752 
821 90 930 930 93 
742 90 851 851 
653 553 90 754 754 

91 931 931 65 
822 822 822 91 91 
650 560 660 66 

830 83 81 92 
661 93 852 74 
831 831 94 932 932 
750 750 75 94 763 763 
743 743 95 

751 751 55 96 844 844 844 
555 555 97 940 94 B3 
662 662 662 64 97 665 
832 98 941 941 
654 98 853 853 
752 752 98 770 770 77 

73 99 933 933 
840 340 840 84 99 771 771 
900 90 90 99 755 755 
841 100 10,00 10,00 10,00 10.0 10.0 
744 100 860 860 860 86 
663 
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CWPREF 

The CWPREF program handles the raw data, indexing each reflection 

and 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 subtracting off the background, the counts at each 

position are weighted by the factor l/a-2 where tr' is the estimated
i 

standard deviation. The program then determines the halfwidth pua_tars 

and the shape of the peaks. Then it determines which reflections con­

tribute to each peak and its corresponding two theta values. The 

experimental profile is then stored on a tape for USe in the CWLS and 

CWPLOT programs. 

CWLS 

The CWLS 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 

CentrosyJlllletry 

General equivalent positions of the space 

gr oup in rnatr ix for m 

Translation Vectors in matr ix fa:m 

Neutron scattering factors 

x, y, z values for the general positions 

Cell parameters 

u, V, W 

Site occupation factor * 

Scale factor 

OVerall and individual temperature factors 

Zeropoint 

Codewa:ds used to indicate the parameters to 

be refined and the order of refinel1lent. 

OWLS calculates the observed and calculated structure factors 

and then rescales them in the next cycles by use of the linear rescale 

factor 

LRS =tIFcl/ tolFol 

First, initial 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 nu~ 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. 
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new values are then placed into the input file and used in the next 

series of refinements. After each cycle the R values are determined 

and the ir effect on the refinement noted. 

The order of parameters can be varied. The usual CEdez: succeed. 

as 1) scale factor, 2) zeropoint, 3) cell sizes, 4) overall 

temperature factor, 5) atomic positions, 6) U, V, W, site ocoupation 

factors, individual temperature factors, etc. 

CWPLOT 

The CWPLOT program plots the raw data and the calculated profile 

on the same axis. Unfortunately, it plot. only the portions 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 missing 

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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METHOD OF LBAST 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 observed and calculated values 

of all the pointe. 

In diffraction, the quantity to be minimized is 

D • h~l	 W (I F0 I - Ik Fe I) 2 (1)hkl 

where Whkl is the weight of the observation and hlfl is the summation 

over all pointe for the observed reflections, 

Minimization is achieved by taking the derivative with respect 

to eech parameter and equating it to zero. This leads to the n number 

of normal equations: 

h{l Whkl <l Fo 1- Ik PcCPl P2 ...Pn)/) )lkl··cCP1,,,Pn)/ = 0 
(2) 

j) Pj 

for j = 1,2 •• n. 

The function IFc I is expreseed as a Taylor ser ies and n89lects 

second and higher orders so that 

Ik Fc(Pl, ..Pnl/ = I k Fccal···a ) J + ~ I kFcl APl +•••n

~ Pl	 (3) 

+	 ~/kPcl APn
 

~ P
n 
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where Pl ••• P is any soale, position, thermal parameters, eto. and APn j 

.. P - a • Substituting equation 3 into equation 2 and expandingj j 

and rearranging produces a series of equations oalled the normal 

equations. These equations oan be solved silllUltaneoualy for the most 

probable values of the para_tars. The norllllll equations oan be wr itten 

in matr ix fczm as 

+ a x + •••+ a x uall xl 12 2 ln n - l 

+ a + •••+ xan xl x a • u
22 2 2n n 2 

. (4)• 

• 

+ a x + ••• + a x = uan1 xl n2 2 lin n n 

mwhere a .. Wrij ) IForL ) IForI 
~ 

r=l ~Pi ~Pj 

X = .6P jj
 

m
 
u Wr IAF ) ) (For ) i - r 

~ 
r-l ~Pi 

If these equations have a solution, then there exists an 

inverse matr ix suoh that multiplioation of the two IllIItrioes .. 1. Then 

the diagonal of the inverse. b • l/a oan be shown to be a measureii ii , 

of the oorrelation of the parameters i and j. The ooorelation 

ooeffioient is defined as 

(' = b · / Ib ) Is (bjj)1so ij i J U 
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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 OBVIATIONS
 

The equation for calculating the standard deviation. <r, for 

any parameter. p, is 

m 
= Wr .4 pr / (nt-n) ] It[bU(i 

2 )CS-pi 
ral 

where b is the ith diagonal element of the inverse matrix 

(See Appendix el, 

Wr is the weight of the rth AP, 

m is the number of observations. 

n is the number of parameters,
 

and w = 1/ <S" fo
2 

•
 

During the least squares refinements, the estimated standard deviations
 

are also calculated for each parameter refined.
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ANALYSIS OF SM 154 ISOTOPE 

Isotopic Analysis 

Isotope Percent Preciaion 

144 0.02 :!: 0.01 

147 0.14 :!: 0.02 

148 0.12 :!: 0.02 

149 0.17 + 0.02 

150 0.12 :!: 0.02 

152 0.74 :!: 0.05 

154 98.69 ± 0.10 

Rare Earth Analysis 

Element Percent Element Percent 

Yb 0.002 Gel <.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 TID <0.03 

Eu <0.005 Lu <.0.005 
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spectrographic Analysis 

Percent E1el\l!lnt PercentElement 

Mn < 0.020.01Ca 
Me <0.02

Ag < 0.01 
Na < 0.01< 0.05A1 
N1 <0.05B <0.01 
Pb <0.02sa <0 .01 
Pt <0.05Be <0 .001 

<0.02B1 <0.02 Rb 
5b <0.05Cb <0.05 

<0.01Co <0.05 51 
5n <0.02Cr <0.05 
sr <0.01Cs <0.05 

<0.05Cu <0.01 Ta 
<0.01

Fe <0.02 T1 
<0.02

Ge <0.05 V 
<0.05 

HI} <0.05 If 
Zn <0.2<0.01It 

<0.05ZrMg <0.01 
L1 <0.005 
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Raw Neutron Diffraction Data for SmD .at~ -1. 275 
1 .97 

ZOOO 85 H60 73 Z~ZO . 68 
2010 8Z Z1t70 73 2930 73 
20Z0 114 H80 86 29ftO 76 
203:> lOll Z490 62 2950 7Z 
2040 76 2500 '" Z960 82 
2050 70 Z510 67 Z970 54 
2060 66 2520 82 2980 75 
2070 57 2530 B 2990 67 
2080 49 2540 73 3000 63 
2090 52 2550 68 3010 64 
2100 70 2560 86 3020 65 
2110 66 2570 83 3030 53 
2120 65 2580 65 3040 65 
2130 58 2590 78 3050 58 
2140 67 2600 85 3060 99 
2150 61 2610 82 307J 71 
2160 56 2620 70 3080 77 
2170 46 2630 74 3090 73 
2180 123 2640 74 3100 68 
2190 106 2650 78 3110 76 
2200 85 2660 58 3120 8b 
2210 :'2 2670 77 3130 75 
2220 B1 26110 79 3140 84 
2230 III 2690 49 3150 6:' 
2240 76 2700 63 3160 80 
2250 80 2710 78 3170 75 
2260 67 2720 75 3180 88 
2270 8b 2730 81 3190 102 
2280 8b 2740 106 3200 87 
2290 92 2750 117 3210 85 
2300 85 2760 104 3220 78 
2310 67 2770 77 3230 B 
2320 91 2790 71 3240 93 
2330 71l 2790 b9 3250 68 
2340 113 2800 73 3260 85 
235;.1 157 2810 b7 3270 99 
2360 292 2820 72 3280 119 
2370 H2 2830 59 3290 104 
2390 324 2940 54 3300 78 
2390 299 2850 67 3310 94 
2400 1!H 2860 69 3320 98 
2410 127 2870 74 3330 114 
2420 111 2890 83 3340 97 
243:> 90 2890 61 3350 91 
2440 91 2~00 b3 3360 100 
2450 b9 2910 IH 3370 107 
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HbO 
10770 
4780 
10790 
4800 
4810 
4820 
t,830 
't8t,0 
4850 
t,8 bO 

102 
101 
113 
105 

80 
85 
79 

101 
100 

8t, 
99 

5220 
5nO 
52t,0 
5250 
52bO 
5270 
5280 
5290 
5300 
5310 
5320 

98 
117 
117 
102 
101 
100 

87 
98 
97 

108 
112 

5b80 
5!>90 
5700 
5710 
5720 
5730 
5740 
5750 
57bO 
5770 
5780 

210 
2n 
317 
317 
309 
21b 
191 
135 
137 
1B 
112 

't870 
4880 

108 
lOb 

5330 
53100 

12 
109 

5790 
5800 

109 
11!> 

4890 97 5350 115 5810 128 
't'J00 
t, 910 
t,'J 20 

117 
H 

117 

52bO 
5370 
5380 

11b 
100 
113 

5820 
5830 
58t,0 

12b 
133 
l'H 

4930 
t,940 

102 
98 

5HO 
HOO 

101 
85 

5850 
58bO 

15~ 

121 
t,~50 78 5UO 107 5870 lOb 
49bO 9b H2O 9t, 5880 12t, 
4970 99 5430 104 5890 132 
t,980 91 51040 lOb 5900 117 
4990 9'J 5450 10~ 5910 12b 
5000 90 54bO lOt, 5920 120 
5010 97 51070 9t, 5BO litO 
5020 92 5490 119 59t,0 13b 
5030 100 5t,90 105 5950 138 
5040 111 ))00 98 59bO 125 
5050 78 5510 130 5970 12~ 
50bO 85 5520 99 5980 127 
5070 85 5530 9b 5990 122 
5080 93 55100 103 bOOO 131 
5090 111 5550 100 bOLO 11b 
5100 100 55bO 108 bOZO 131 
5110 88 5570 110 b030 12b 
5120 12b 5580 91 !>040 1101 
5130 95 5590 117 b050 130 
5140 112 5bOO 102 bO !>O 135 
5150 113 5bl0 91 b070 12b 
51bO 81 5b20 111 boao 127 
5170 100 5b30 110 bO~O 12 ~ 
5180 91 5b40 105 bDO 134 
5190 95 5b50 12b bll0 13b 
52()() 98 5bbO 11b b120 120 
5210 .; 5b70 1 t, 0 b130 12~ 
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61"0 128 6600 162 7060 H2 
6150 136 6610 1113 7070 IH 
6160 1"2 61120 168 7080 lU 
6170 12" 6630 163 7090 129 
6180 135 66"0 156 7100 129 
6190 150 6650 161 7110 1"3 
6200 H2 6660 172 7120 197 
6210 H8 6670 158 7130 251 
6220 176 6680 167 7140 381 
6230 133 6690 184 7150 534 
6240 119 670() 161 7160 606 
6250 216 6710 161 7170 615 
6260 257 6nO 167 7180 611 
6270 2911 6730 146 7190 466 
~280 2n 67'tO 165 7200 321 
6290 l61 6750 171 7210 2H 
6300 216 6760 171 7Z20 199 
6310 
6320 

192 
167 

6770 
6780 . 

153 
165 

7230 
72"0 

128 
121 

6330 175 6790 157 7250 122 
6340 lit 5 6800 150 7260 146 
6350 161 6810 litO 7270 121 
6360 172 6820 157 7280 136 
6370 160 6d30 13't 72~0 133 
6380 174 68"0 163 7300 140 
6390 173 6850 174 7310 113 
6400 151 6860 134 7320 125 
6410 152 6870 156 7330 129 
6420 150 6880 161 73" 0 159 
6430 179 68~0 159 7350 112 
6440 119 6900 147 7360 125 
6"50 180 6910 H7 7370 114 
6460 203 6920 132 7380 118 
6470 
6480 
64~0 

~500 

6510 
6520 
6530 
6540 
6550 
65/10 
/1570 
!l580 
/1590 

187 
192 
195 
180 
166 
170 
160 
172 
192 
19~ 

179 
1/10 
183 

6~30 

69"0 
6950 
69~O 
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69tl\) 
6990 
7000 
7010 
7020 
7030 
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160 
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140 
144 
141 
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145 
142 
138 
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133 
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7390 
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7520 108 7980 87 8t,40 118 
7530 127 7990 111 81050 128 
7540 1ZZ 8000 101 8460 124 
7550 100 8010 85 8470 172 
7560 114 8020 101 84BO 1910 
7570 121 8030 110 810 90 287 
7580 118 BOIoO 120 9500 308­
7590 142 8050 115 8510 297 
7600 127 BObO 112 8520 27B 
7610 153 8070 96 8530 2106 
7620 142 8080 99 8540 199 
7630 1107 8090 114 8550 176 
7640 159 8100 124 8560 1b:l 
7650 188 8110 116 8570 132 
7bbO 208 8120 114 8580 113 
7670 228 8130 105 B590 12~ 
7680 254 8140 98 8600 108 
7690 210 B150 . 112 8610 119 
7700 206 81bO 104 8620 111 
771:1 170 8170 110 8b30 10~ 
7720 142 8130 98 8640 124 
7730 
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99 
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74 
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115 
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3132.... 0	 178 2910 134 3BO 
In 2920 I fli 3HO 30~2.. "D 

2930	 148 HOO 3302 4 00	 Jb~ 
351155 2~"0 15~ 3lt 102" 70 

H2O	 H ..1 6:' N'iO 1"3
2"~0 

17 fI 2~!lO 1t,<, 3lt30 3':.!'12HO 
2~JO	 22f ? 970 1.l7 3 t,<,0 35 .. 

17b 2.930 Ib2 3lt 50 h"2510 
252D 19; ~'no 15b 34~0 357 

30:>0 135 34.70 31225'30	 167 
165 3010 156 34'10 29225 .. 0 

3lt~O	 ~e;2550	 lOZ 3020 147 
3030	 1bJ 35:>0 B;25,,0	 170 
30 .. 0	 1"S 3510 3212'; 7:> Ibll 

25~O Ib4 305J 172 35ZD 33:1 
30bO	 149 3530 31;

2'~0	 14' 
171	 3070 153 35"0 31b

'bOO 
3030	 181 3550 3172,10	 157 
30QO	 183 35!>O 2~3

2" 2J	 17!> 
3570	 287Z,3J	 11:>0 3100 1'3 

311 D	 IbO 358:> 2902b .. O	 150 
35~0	 ?993lZ0 1b42b5J	 153 

3130	 192 3bJO 3012bbO	 litO 
3litO	 201 3b10 nD2b 7:>	 151 

H2O	 26t:>3150 211~b~O Ib'1 
31bO 211 3b30 3122b 90	 1 b3 
317J	 20b 3b40 30127J0	 IbJ 
3UO	 233 3b50 2n2710	 1"3 3bb:>	 3033190 21b2720	 1 fib 

3b70	 30b2730 litJ 3200 23't
 
214J 170
 3210 21 q 3bSO 30b 

2750 15:j 327.0 2b7 3b~J 2e7 
3700	 2423230 23327bO	 IH 

3240	 23i:.1 3710 3Jl217J	 15b 
3250	 2:.7 3720 ?!lbn'lO 15~ 
'32~0 bJ 3730 2b22no	 1 .... 
327:>	 2"0 3740 2 bJ2F1J:> D.Q 
3290 2"~ 375) 2b~2610	 1bl 
3290	 2"3 37!l :> 2012820	 12 .~ 

~B)	 B:>:> 2b2 3770 25)14!l 
2b3	 3Hn 2bO2;'40	 12~ 3310 

1320	 20. 3790 'b3'"j)	 12<,/ 
131 :l	 2:d )'!» 247 

~,"J	 1 .. 3 
3HO	 2n 38].0 232?"7:." 15 .. 

?~~') 1:>1 3350	 n!> 382J ?73 
) 'I 3')	 2;3?!. ,.1	 1b:' 33:'>:> 2~o 

2,~ 
!~JO	 1 .. 7 3370 1.7 Z • H"O 
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Raw Diffraction Data for SmD2•89 at ~ -1.275 

1090 92 15bO 103 2030 94 
1100 107 1570 10~ 2040 102 
1110 
1120 

100 
~b 

1580 
15~0 

97 
104 

2050 
20bO 

116 
101 

1130 
1140 
1150 
11!l 0 
1170 
11 80 
1190 
1200 
1210 
1220 
1230 
1240 
1250 
1260 
1270 
1280 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
13bO 
1370 
1380 
1390 
1400 
1410 
1420 
1430 
1440 

80 
88 
84 
90 
92 
83 
n 
~O 

71 
90 
77 
77 
83 
74 
!l7 
84 
69 
73 
7b 
dO 
92 
9" 
7b 
79 
92 
79 
87 
87 
90 
92 
87 
a, 

1bOO 
1b10 
1b20 
1630 
1640 
1650 
1660 
1b70 
1b80 
1690 
1700 
1710 
1720 
1730 
1740 
1750 
17 b0 
1770 
1780 
1790 
1800 
1810 
1820 
1830 
1840 
1850 
18bO 
1870 
1880 
1890 
1900 
1910 

105 
115 

89 
110 
~8 

99 
97 

106 
94 

108 
99 

108 
12b 
119 
110 
121 
109 
110 
113 
10~ 

99 
96 

102 
114 

94 
105 
124 
113 
106 
130 
130 
112 

2070 
2080 
2090 
2100 
2110 
2120 
2130 
2140 
2150 
21bO 
2170 
2180 
2190 
2200 
2210 
2220 
2230 
2240 
2250 
2260 
2270 
2280 
2290 
2300 
2310 
2320 
2330 
2340 
2350 
23bO 
2370 
23:10 

99 
107 

95 
113 

78 
n 

116 
132 
130 
1H 
160 
131 
12b 
116 
107 
107 
101 
119 
125 
131 

97 
97 
92 
89 
99 
97 

109 
91 
99 

140 
155 
141 

1450 IJ5 H2O 111 2390 149 
l"bO 
1470 
1480 

75 
93 
9; 

1930 
1940 
1950 

118 
105 
131 

2"00 
2410 
2420 

135 
114 
115 

1490 97 1960 11'~ 2430 B5 
1500 
1510 
1521 
1530 

99 
101 
114 
~5 

B70 
1990 
1990 
2000 

III 
104 
122 
lOb 

244J 
2"50 
2" 60 
2470 

92 
87 
83 
n 

1540 114 2010 102 2480 112 
1550 II; 2020 lOb 2't 90 93 
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2500 95 296~ 89 3430 101 
2510 90 2970 75 3440 100 
2520 93 2980 S3 3450 102 
2530 87 2990 74 3460 91 
2540 SO 3000 19 H10 86 
2550 10 3010 12 3480 93 
2560 84 3020 94 3490 7'1 
2510 84 3030 101 3500 91 
2580 91 3040 101 3510 101 
2590 84 3050 60 3520 83 
2600 83 3060 18 3530 94 
2!110 87 3070 91 3540 86 
2620 9'0 3080 97 3550 107 
2630 110 3090 83 3560 d2 
2640 84 3100 101 3570 94 
2050 8~ 3110 105 3580 95 
2660 90 3120 91 35'10 9!1 
2610 80 3130 103 )bOO 100 
2680 76 3140 114 3610 87 
2690 66 3150 130 3620 93 

2100 
2110 
2720 
2730 
2140 
2150 
2160 
2710 
2180 
2190 
2800 
2810 
2820 
2830 
2840 
2850 
2860 
2 B10 
28ilO 
28'10 
2:;100 
2910 
2920 
Zl30 
n40 
2950 

94 
89 
78 
n 
84 
66 
86 
:;11 
82 
71 

102 
8'0 
73 
18 
81 
19 
BO 
15 
71 
81 
13 
86 
1:3 
64 
71 
7"1 

3160 
3170 
3130 
3190 
HOO 
3210 
3220 
3230 
3240 
3250 
3260 
3210 
3280 
3l:;lO 
3300 
3310 
?oJ 20 
3330 
3340 
3350 
3360 
3370 
3380 
3390 
3400 
3410 
3420 

103 
150 
112 
121 
110 
100 
103 
104 
101 
109 
106 

95 
101 
120 
100 
113 
106 
130 
119 
III 
127 
ll6 
141 
131 

98 
110 
~6 

3630 
3&40 
3650 
3660 
3610 
3680 
36:;10 
3100 
3110 
3120 
3730 
3140 
3150 
31&0 
3710 . 
3180 
319·0 
380~ 

3810 
3820 
39 30 
3340 
3850 
3860 
3870 
BBO 
3890 

91 
93 
99 
91 
84 
85 

114 
88 
95 
81 
'H 
92 
99 
81 
84 
114 
9:' 
96 
13 
10~ 

'iJ 
H 

113 
133 
196 
234 
223 



l06 

3900 211 't310 81 'tB"O 'I!> 
3910 "lB "380 95 't850 101 
3920 593 "HO 85 "BbO 69 
3930 
3HO 

15" 
9"0 

""00 
""l0 

61 
99 

" 810 
"9BO 

1b 
9~ 

3950 B81 ""20 95 "890 61 
39bO 805 ""30 91 "900 65 
3910 
3960 
3990 

58b 
""9 
319 

"" "0 
"" 5 0 
""bO 

1 09 
bb 

101 

"910 
"920 
"930 

62 
17 
96 

"000 
"010 
"020 

325 
332 
351 

""10 
""80 
""90 

89 
10" 

9" 

"HO 
" 950 
"9bO 

99 
III 

9:> 
"030 303 "500 103 "910 95 
"0"0 230 "510 98 "980 95 
":>50 1b3 "520 123 "990 62 
"ObO 131 "530 . 120 5000 97 
"070 96 "5"0 1"" 5010 1 02 
"080 10" "550 153 5020 69 
"090 96 "5bO 1"l 5030 1't 
"l00 lIB "510 l"b 50"0 88 
"110 1 02 "580 .13" 5050 79 
"l20 111 "590 108 50bO 83 
"130 112 "bOO 129 5010 10" 
"litO 100 "blO 120 5080 95 
"l50 95 "b20 119 5090 1b 
"l bO '10 "b30 128 5100 97 
"l10 lOb "b"O litO 5110 62 
"l80 
'tl90 

93 
85 

"b50 
"bbO 1 " " 1b1 

5120 
5130 

9b 
11" 

HOO 95 "b 10 13b 5 litO 81 
4210 110 "b80 1 "9 5150 88 
"220 83 "b90 133 51bO III 
"230 6" "100 1 lit 5110 93 
"2"0 9" "110 115 5180 95 
"250 95 "720 113 5190 108 
"2bO 92 "130 lOb 5200 ilb 
"270 11'1 "HO III 5210 91 
"230 
"290 
"300 
4310 
"32') 
"330 
" 340 
"350 
"3bO 

H 

~" 35 
39 
n 
H 
89 
73 
74 

"150 
't1bO 
"170 
"19 0 
't190 
"900 
"810 
"320 
4830 

110 
'15 
9b 
b3 
97 
82 
93 
15 
93 

5220 
5230 
5240 
5250 
52bO 
5210 
5280 
5290 
5300 

92 
117 
102 
~5 

100 
89 

109 
100 
109 



107 

5310 93 5780 303 b250 234 
5320 94 5BO 223 b2bO 219 
5330 101 5800 195 b270 312 
5340 110 5810 188 b280 305 
5350 104 5320 1bB b290 308 
53bO 105 5830 1bO b300 27b 
5370 83 5840 122 b3l0 30B 
5380 
5390 
5400 

108 
86 
92 

5850 
58bO 
5670 

139 
138 
176 

b320 
b330 
b340 

284 
330 
2b9 

5410 
5420 

101 
93 

5890 
5890 

115 
183 

b350 
b3bO 

311 
288 

5430 102 5900 164 b370 294 
5440 98 5910 145 b390 289 
5450 
5460 

102 
108 

5920 
593 :> 

156 
174 

b390 
b400 

22b 
258 

5470 115 5940 155 b410 237 
5460 
5490 

108 
13b 

5950 
59bO 

141 
104 

b420 
b430 

253 
29 :> 

5500 lOb 5970 1al b44:> 259 
5510 111 5960 145 0450 199 
5520 104 5990 147 04bO 140 
5530 117 6000 144 b470 149 
5540 103 bOlO 1b9 b4 tlO 153 
5550 138 b020 124 b490 156 
55bO 120 b030 170 0500 14b 
5570 103 0040 154 0510 150 
5560 
5590 

129 
99 

b050 
6000 

180 
200 

052:> 
0530 

137 
179 

5000 148 b070 152 b540 172 
5b10 134 0080 154 6550 15b 
5b20 132 bO 9:> 204 b5bO 155 
5b30 155 b100 210 b570 15b 
5b40 123 bllO 204 6580 129 
5b50 101 b120 189 b590 156 
5bbO 
5670 

168 
In 

b130 
b140 

231 
217 

b600 
bbl0 

147 
135 

5b80 193 b150 234 b620 154 
5690 241 blbO 215 bb30 165 
5700 224 b1.70 255 bb40 153 
57l 0 2b4 b160 208 bb50 1 bb 
5720 2b4 0190 245 oboO Do 
5730 281 b200 232 b070 144 
5740 301 0210 19b 00 l:l:) l~q 

5750 309 b220 20b Ilb90 15d 
57bO '308 b230 244 b700 157 
5770 250 b240 222 b7l0 145 



108 

b720 155 7200 't39 7b70 1't3 
b 730 15!! 7210 3b3 7bBO 1't2 
bHO 15b 7220 333 7b90 1 bit 
6750 172 7230 2bb 7700 l'tB 
b7bO 129 72't0 230 7710 117 
b770 !'t3 7250 223 7720 H2 
b730 1't5 72bO 203 7730 110 
b790 17b 7270 17b 77't 0 128 
bBOO !'t2 72 BO 1't9 7750 112 
bBI0 1't5 7290 139 77bO 120 
bB20 121 7300 152 7770 132 
bB30 131 7310 IbO 77BO 11't 
bB'tO 139 7320 Ib9 7790 102 
6 B50 13B 7330 Ib5 7600 lOci 
b6bO 15't 73't0 15b 7810 132 
bB70 15't 7350 175 7320 128 
bB30 15 't 73bO . 162 7B30 12b 
b B90 152 7370 Ib7 78't0 lOb 
b900 1't9 73BO 133 7B50 119 
b910 13b 7390 Ib2 7BbO 129 
b920 1't7 HOO 15't 7B70 Ilb 
b930 122 H 10 155 78BO 97 
b9't0 1't9 H2O 131 7B90 118 
b950 !'to H 30 117 7900 105 
b9bO 127 H 't 0 11't 7910 119 
b970 122 H50 118 7920 99 
69BO 135 HbO 131 7930 139 
b990 151 H 70 12't 79't0 loa 
7000 l'tS H BO 113 7950 121 
7010 13b H90 120 79bO 122 
7020 1't3 7500 IlB 7970 106 
7030 158 7510 135 7980 119 
70't0 Ib9 7520 1't5 7990 12't 
7050 171 7530 1't!! BOOO 10't 
70bO 1 B2 75't0 155 BOlO lOb 
7070 !'t't 7550 155 BOZO 13't 
7060 1!!6 75bO 205 d030 13b 
7090 172 7570 1't 3 SO'tO 83 

7110 
7120 
7130 
71 'to 
7150 
7lbO 
7170 
71 BO 
7190 

207 
221 
2b9 
33b 
3B't 
162 
499 
50b 
434 

75BO 
7590 
7bOO 
7bl0 
7b20 
7b30 
7b40 
7b50 
7bbO 

199 
2.03 
201 
207 
IB't 
1b8 
149 
153 
190 

8050 
6060 
S070 
8090 
60n 
BUO 
BllO 
B120 
B130 

107 
119 
120 
131 
115 
12:> 
10~ 

120 
120 



109 

B140 110 
, 

B6l:) 126 
8150 121 8620 131 
8160 136 8630 111 
9170 131 8640 120 
8180 142 8650 134 
8190 115 B660 148 
13200 14~ %70 140 
3210 164 8680 14<3 
8220 156 8690 132 
8230 156 <3700 132 
8240 150 8710 ~O 

8250 1613 !3720 123 
8260 170 8730 115 
8270 1~3 8740 127 
8280 151 8750 124 
8290 149 8760 122 
8300 155 8770 132 
8310 123 8780 115 
13320 128 '1190 133 
'3330 133 8800 134 
8340 122 8810 105 
8350 125 8820 147 
<3360 127 8830 127 
8370 146 13840 141 
8380 118 8850 164 
8390. 123 131360 1H 
13400 146 8870 137 
8410 135 8880 155 
8420 13b 8890 133 
8430 144 8900 129 
8440 149 8~10 173 
8450 156 B~20 169 
8460 1513 8930 169 
8470 155 8HO 140 
8460 204 8950 164 
8490 175 89~O 143 
8500 217 8970 139 
8510 218 8980 161 
8520 239 8990 16~ 

8530 232 9000 157 
8540 236 
13550 206 
,5~0 156 
e57J 130 
~5~0 143 
6590 144 
9600 117 



no
 

Raw Diffraction Data for SmD2.99 at/l -1.275 

10UO "1 lIt~O 42 1920 47 
1010 57 lIt70 1t3 IHO 34 
InO 37 lit 60 54 1'140 41 
1030 37 lIt'N 26 1950 ItO 
1040 5t, 1500 50 19~0 4~ 

1050 38 1510 52 1970 37 
10'>0 1t3 l:;Z 0 48 19~0 53 
1070 35 1530 53 1990 43 
1090 45 154:1 46 2000 4 .. 
1')90 42 1;50 43 2 ClIO 49 
11)0 45 15~0 4~ 20Z0 H 
1110 ~7 1 ~ 7:l 4~ Z:HO ~1 

112 C. 55 1530 .. a 2040 3b 
113) ;It 1390 ~l Z050 .. 2 
11"0 39 10VO .. 5 20'>0 53 
1150 "b 1~10 41 2070 32 
11 ):J 39 Ib29 39 ZiHO 57 
1170 39 1~30 45 20'1:1 .... 
1130 39 1~40 57 2100 42 
1190 38 1~5) 51 2110 H 
12)0 38 Ib~O B 2120 49 
1210 "7 l!> 70 52 2130 39 
1220 41 B90 48 2HO H 
1230 55 1'>10 43 2150 40 
12~0 47 1700 46 21~0 33 
1250 49 1710 39 2170 43 
12'>0 40 1720 51 2130 "5 
1270 56 1730 "3 2190 4't 
1230 B IHO 41 22;'0 3b 
1290 41 1750 4't 221J 43 
1300 46 17~O 45 2220 41 
1310 42 1770 "3 2230 3~ 

1320 41 1730 48 224" 4J 
1330 6u 1790 4C 225~ 4':; 
1);) 29 leOC 36 2260 44 
1350 41 1310 62 2270 ;4 
U~O .... 1320 4~ Z:!~O 50 
137'J 44 1930 3 .. 22'iO =3 
13 3) 44 1HO ~, 5 23 j) 44 
13 ,0 35 IHO 51 231') j(l 

1400 13 Btl:> 49 2320 47 
1.41 tj 34 1 97 .) H lBO 37 
1 ' -"'" .. ,",_J t,7 U~") ~8 23 .. 0 47 
1430 1,5 IHu 32 ~~'~') 39 
10 :'J 1,; PJO 3 ~' ~3~O ~1 

1 4 5J ~ 3 1910 .2 2 He q 



111 

2390 49 2940 35 3.300 4~ 
2390 
2400 

4/> 
~O 

2850 
23~O 

31 
31 

3310 
3320 

3B 
h 

2HO 49 2'170 31 3330 48 
2420 44 299:> 30 3340 43 
2430 37 2990 30 3350 40 
,4~0 40 2'10') 3B 331>0 51 
2450 4!> 2no 42 3370 51 
24/>0 35 2'120 37 3330 5'1 
2470 55 2930 25 3390 57 
248 , 4,) 2'H:> 44 340:) 62 
2t.,~':J 53 2'150 33 ~HO n 
250') Itb 29~0 29 3420 60 
2510 47 2'17) ?o4 3430 79 
2';20 H 298" 27 34't () 71 
2530 40 2990 33 3450 ~1 

254" 1t5 3000 31 34~C 5~ 

2550 35 H.1J ZIt 3470 bO 
2560 50 3:>20 29 3430 b5 
2,70 36 3030 2B 34 1:) 51 
2530 37 304() 35 3500 51> 
25'1:> 32 3050 37 351:> 56 
26;)1) 
2bl(; 

51 
41 

30bO 
307;) 

31 
30 

3520 
B~O 

47 
;s 

2620 46 30'\0 26 3540 H 
2b30 51 3090 n 3550 44 
2640 ItZ 3100 29 3560 4B 
2650 55 3110 37 n7Q 1t3 
26:,D 46 3120 33 3590 54 
,b70 43 3BO 30 35'10 44 
2690 
2/>90 

33 
38 

3140 
3150 

40 
4B 

36'jO 
~:'10 

41 
;') 

2130 34 311>0 45 3b20 49 
,7l1l 41 3170 HI 363:> 43 
27;') 
2730 

~6 

H 
3BJ 
31'10 

43 
' ,.. ~ 

3b-iC 
365(j 

44 
;9 

2740 
2750 
2 7 <' 

31 
2'1 
H 

3200 
lno 
3:2) 

44 
4~ 

3'1 

3/>-:.0 
3670 
3:13(\ 

50 
41 
:,~ 

"277'J 3 .~ 3BO H ,~9~ 39 
; 73,) 37 324) 51 37'Jj , "i... 
<: 7 .,) 34 3250 4 .~ 37 L; '>1 
'~).j 33 37,bO 35 3710 It3 
!H0 
t: ~ ., '\__ J 

n 
41 

3270 
3290 

42 
It~. 

373J 
31't ~ 

.~ .. ­
57 

2 ~ 3) 3~ 3:90 .7 3730 It7 



... , , 
H 
l~ 

CJ~ 

U 
';'1 
t:i 
<;­
(;C 

B~ 

" f"
•• 
ll~ 

H 
09 
E. 
211 
;t; 
H 
6~ 

2~ 
0., 

Oct; 
r. (1 ~ 

OU; 
cn~ 
Cf~ ; 
CoEI;<; 
nL')'; 
C<;~ ; 
C.' r. :. ~ 

c,e<; 
OEO~ 
,... -,.., .­
u(.;: 

etc; 
OOC<; 
Ct6., 
oeb~ 

OLb'l 
0'1/>'1 
O<;b" 
C'16 'I 
CEb., 
on., 

"<; .9 bL 
,~ 

~. 

LJ. 
(, L 
C;t1 
~Ct 

~Cl 

,(,t 
H 
LL 
H 
Sf 
ZE 
1'1 
H 
S'I 
H
.,., 
q!i 

CL';~ 

C'iC;~ 

O~<;., 

c' , " , 
n~, 

(J~~~ 

ctq 
('0;., 
Cb;;'; 
0.<; .. 
Og~ 

ec~., 

c.;~ 

OHIo 
CE<;'1 
c,<;'1 
Og'l 
OM., 
Ot~'1 

06.,., 
CL'> 'I 
09,,, 

,E 
.,~ 

"<, 
tJ~ 

f. <; 

t " 
,<; 
tc, 
" c .- E<; 
E<; 
ell 
06 
111 
OEl 
1/<;1

,'"EOE 
HZ 
Lt2 
"~2 
2.,2 

C1;" 
r)(.~~ 

CtL., 
~Ibt., 

r ' ., .. • L 

: c.. i ~ 

C;l., 
Cq., 
C"ll~ 

c<:t, 
GtH 
CG1~ 

OtJ~ 

Of:O., 
lJU., 
Olle .. 
0'" f"'... ••• 
~~G'" 
(JEO., 
C2~" 
01'J., 
oce" 

6" 
H 
L9 

Olb" 
GOt~ 

CtE., 

2f 
Ell 
L'I 

0<;"" 
0""" 
OE"" 

C'I2 
EOE 
;<;f 

066E 
O£Of 
CUE 

2" 
E'I 

C£: t:'> 
OLSo, 

0'1 
IS 

0<:""
Ot .,.. 

2H 
2t, 

C<;bE 
e!< 6 E 

E~ 

L' 
C<;E" 
C~E' 

6E 
~, 

0('" ., 
CtE' 

8tC 
,!it 

CHE 
OEbE 

,~ 

H
,., 

e,6,
Hs, 
0,6'1 

<;<; 
.,~ 

e~ 

CH'I 
OLE , 
OCE, 

Lll 
E'1 
OL 

026E 
1:'1eE 
1J0tE 

g 
;; 
c· C, 
19 

01& 'I 
COb' 
CtL, 
O&L" 

." 
LE 
0' 
E'J 

C;E, 
CH" 
e Ef ~ 

02f'> 

b~
.,,. , , ., bE 

OtS. 
O&O:E 
CLH 
OC,i:iE 

OS i) LL 'I ~<; ClE, <;, O.&f 
g 
~!i 

C<;H 
au'l 

6E 
0'1 

CCE., 
Clt,'1 

-c,-
." 

O"SE 
eESE 

OL
••2., 
0' 

O"L'I 
OEL .. 
02 L'> 
I) 1L 'I 

9E 
q., 
,<;
,., 

C62., 
CL2., 
0<;,0; 
0~2'1 

H 
E<; 
0<; 
H 

C2~E 

016E 
006£ 
CtLE 

H 
'9 
<;q 

eeL., 
Ct'i ., 
Cli9 .. 

<;.,
.,., 
2!i 

0.,2" 
CE2., 

0"" 
"!i 
S., 
'>r 

OHE 
CUE 
OOLE 



f'rr 
C;c .. 
,6 
OCl 
~Cl 

:Jet 
."1 
L21 
~"-'. L 

01: 
.<1 
121 
'7,1 
SEl 
OEl 
'ttl 
EOl 
Ct 
EOl 
€E 
Otl 
911 
'Itt 
lel 
'Jt 
;01 
"0 
SOl 
Cit 
bCl 
Ct 
Et 

n c;" 
~r·f 9 
(jl-~<; 

,09 
I" I ~ <; 
t;ct6;Ci 

c~~" r" _ .. c \ .., 
Cf~<; 

C,~9 

1)1~9 

C'( ~ <; 
ao~<; 

eEEr; 
tLE'i 
C<;E9 
C~E<; 

OH9 
CEE9 
0?E9 
OHe; 
00E9 
Ot29 
CE2" 
CoLZ<; 
C<;Z9 
Cf 2r; 
0.,7<; 
OE,e; 
e22<; 
0129 
C02r; 

if: 
2~ 

L~ 

"L 
C'E 
C'L 
a 
bl 
~. b 

e" £6 
1:<; 
tiL 
LL 
so; 
n 
'1& 
J..J.. 
~L 

H 
'ib 
.,21 
221 
2n 
2&1 
Sr.2 
Ell 
Hl 
S':l 
911 
<;.1
.,L 

C;:9 
()~C'<; 

O~r.S 

~~Ut1 

0F<; 
,'C C<; 
(I-b<; 
'H:~ 

CLt ~ 

0~~~ 

CS6~ 

u~tS 

CEb~ 

O,b~ 

010S 
oot S 
O06~ 

eE@S 
CLBi 
Ce;6S 
CS6~ 
0.,6; 
C£B~ 
0,8S 
u18 S 
I)O~ 

Ot J..;; 
GUS 
eLL ft 
C<;H 
O~g 

O'lL S 

• L , . 
?os 
~; f'. 

Z'i 

L" c':­
19 
f<, 
:) ~ 

~9 

L9 
or; 
9<; 
19 
L" 
tiS 
2<; 
<;>; 

tL 
'19 
H 
tH 
H 
L9 
se; 
~~ 

ECj 
2L 
1<; 

09 
0<; 
06 

(1/: , ;; 

CEr,; 
Cii. ~ ~ 

04...:~ ~ 

'J ~ ~ ;:
(, ~ s ~ 

c[ ~ ~
(', ,;;:; 
Ch~ 
(J( ;, 

Ct~~ 

r:b~C; 

0l ~.; 

O"'7S 
o~.,; 

C'7 '7S 
Of.,S 
C2.,<; 
OHs 
OC." 
CtES 
(lEE S 
OLE~ 

O<;ES 
OH; 
C~E~ 

I; E£S 
ClES 
ol[ ~ 

DC E; 
Ot2~ 

eEZS 
J..t 
Ell 
ECli 
J..t 
.,01 
10 
EOl 
'16 
Be 
H 
Lti 
.,6 
2J.. 
BCI 

(ltH 
cu<; 
r.n9 
Gc;lc; 
(l n <; 
0., 1'; 

Oft" 
021<; 
011 c; 
CCl<; 
OtC9 
t61'9 
e.ge; 
QClOCl 

bJ.. 
ZL 
H 
1J. 
Lb 
'lJ.. 
2<; 
;c; 
J..J.. 
o,~ 

"L 
e;9 
Eli 
bS 

(JUS 
02L ~ 

01L~ 

CCH 
Ot <; s 
O£ 'i S 
CL9f 
0<;<;; 
c~e;s 

Ot;''i ~ 

CES; 
029S 
019S 
oo'tS 

':<; 
OS 
be; 
H 
J..S 
E~ 

u; 

" 6E

"..
'19 
e;., 
So, 
29 

oa~ 
1)<; 2S 
(',Z; 
C~2~ 

OE?' 
022; 
012~ 

ce·, ; 
OtlS 
uEH 
OJ..H 
0<;1<; 
ens 
O~H 

. 
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Cf.,,,, 
oL2 
10E 
oLZ 
2£2 
H2 
6tl 
961 
2~1 

Hl 
<;;6 
9t 
8t 
£11 
<;;01 
Et 
111 
~r;1 

<;b 

CC £L 
0(2L 
ceZL 
OLZL 
CC; ... L 
O~2L 

O~(L 

CE2L 
anL 
OHL 
ONL 
CtTL 
CHL 
OL lL 
O<;1L 
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7900 75 8HO 89 8320 88 
7910 34 8370 85 9330 73 
n~o 78 8380 63 8:140 92 
7930 79 8390 73 8850 ~6 
7Q40 67 84 00 7Z 3860 n 
7950 ~5 3410 96 8370 77 
n~o 70 8420 '31 8BC 33 
7970 80 8430 81 ail90 85 
7980 63 H40 17 8900 97 
7990 ' 74 8450 95 8910 105 
9000 74 94'.>0 'H 8920 ';n 
9010 85 847) 7e 893 :) 117 
aozo 94 9490 8; 8940 99 
8030 '33 '3490 95 '3950 119 
8040 59 '3500 104 8960 115 
8050 78 8510 94 8970 111 
80'>0 66 9520 124 8980 105 
9070 79 8530 102 8990 103 
9090 90 8540 122 9000 112 
9,,90 92 8550 128 
8100 63 8500 134 
9110 71 8570 127 
912::' ~2 9580 137 
8130 H 8590 129 
9140 78 8600 122 
8150 '.>9 8HO 111 
91bO 74 9 '.l20 95 
8170 67 9630 100 
8190 93 9640 80 
8190 74 9'.>50 88 
8200 81 8'.>'.>0 90 
3210 93 8 '.>70 85 
HZO 70 8b80 71 
a230 95 9'>90 90 
5240 95 8700 102 
9Z50 98 RHO 89 
82'>0 132 9720 104 
8~7:J lZ9 8B) 90 
8280 1'>1 8740 92 
3290 145 97;) 104 
93uO 1'.>0 H'JO 99 
SHu 13Q 9 77 ~ 104 
9320 130 Hil) N 
9BO 101 3790 77 
~ 3"') 1)7 9900 :14 
935) 91 831') 7" 
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117Fm3m 
No. 225 F41m j 21m	 m3m Cubic

O~ 
Origin at centre (m3m) 

Number or poshiol1S, Co-ordinales of equiv,lent positions Wyckoff notation. Conditions limiting 
and point symmetry possible retleclions 

(0,0,0; O,i,i; 1.0,!; i,i;0)+ 

General: 

192 1 1	 x,y~z; z,x,y; y,z,x; x,z,Y; y,x,z; z,y,x; hid: h+k,k+l,U+h)';2n 
x,i,l; z,x,y; y,i,x; x,i,y; y,x,i; z,i,x; hlr/: (l+h-2n); (j- ,. ­x,y,z; i,x,y; I y,zr!; x,z,y; ,Y,x,:; i,y,x; Okl: (k,l-2n); (j
 
x,Y,z; z.x,y; Y,i,x; x,ily; P,X,Z; i,Y,x;
 
x.j,i; i.x,y; p,i,x; i,iS; )i,x,i; i,Y.x;
 
x,y.z; i,x,y; y,z,x; x,z,y; P,X•Z; i,Y,x ;
 
x,Y,z; z,x,y; y,l,x; x,ily; y,.i,z; %,1,X;
 
x,y,i; z,x,y; y,Z,X; x,z,y; y,x,z; z,y,x.
 

Special: as above, plus 

96 k m	 x,x,z; Z,X,x; X,Z.X; x,i,i; f,x,x; x,i,x;
 
x,x,i; z.x..i; x,i,x; x,x,z; i,x,x; x,z,x;
 
i,x,i; i,x,x; x,z,x; x,i,z; z,x,x; x,i,x;
 
x,x,z; i~,x; x,i,x; x,.x,i; z,x.x; x,z,,i.
 

96 J m	 O,y,Z; z,O,y; y,z,O; O,z,y; 1,O,z; z,y,O; 
O,y,I; i,O}; y,i,O; D,iS; P,O,i; £,Y,O; 
O,y,i; i,O,y; y,i.O; D,f,y; Y,O•i ; l,)JIO; ~ no extra conditions 
O,Y,z; z,O,Y; .v,z,O; O,zS; P,O.z; z,y,O. 

48 i mm	 i,x,x; x,i,x; x,x,i; i,x,x; x,i,x; x,~,!; 

t,x,x; x,V; x,x,!; i.x,x; x,!,x; x,x,!. 

48 h mm	 O,x,x; x,O,x; x,x;O; O,x,x; x,O,x; x,x,O; 
O,x,x; x,O,x; x,x,O; O,.i,x; x,O,x; x,x,O. 

48 g mm	 x,U; t,x,t; U,x; x,U; f,x,t; U,x; hk/: h,(k,l)-2n 
x,U; t,x,t; M,x; x,U; f,x,t: U,x. 

32 f 3m	 X,X,X; x,x,x; x,x,x; X~.i,X; 

i~,x; x,x,x; x,x,x; x,x,R. ) " ,,~ ro,",;,,' 
24 e 4mm	 x,O,O; O,x,O; O,O,x; x,O,O; O,x,O; 0,0,x. 

24 d mmm O,U; t,O,t; M,O; O,U: M,i:· i,i,O. 
} hkl: h,(k,l)-2n 

8 c ~3m i,M; f,~.f. 

4 b m3m t.l.!. 
} no exIra conditions
 

4 a m3m 0,0,0.
 



P63/mmc 
No. 194 P 6Jm 21m 2/c 61m m m Hexagonaln:h 
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i+ ... ~ t ~ ! 1§:}(3I+ +~~ ~~+ k\fI)r~ f/,Jt1,\ f~.A11-@+ +~- I~+ 
- ~ '" i' . .;.j", '1'" , ­!+Cl:>- J -~i+ 1 ~/: !>K' : \.......1
";i:. :. ...,...... '1\\',I"I ,·11-r'@®l+ 1 \ /_ .... ,... • I' \ I • 'l..... ~ ~ if-::~'''~.Ik..~f~ '1 

; .....l,.......,\"-.t>~,f>'r< I \....... 1 
.....~.I \ ~?*'\ tl:"'~I, \ 11; v''...' .":'.,k · 
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P63/mmc
Hexagonal 6/l11m m P 6./m 2/m 2/c No. 194 

Dth 
. (con/inued) 

2 d i'im2 H.i; Ui. hki/: If h-k-3n.
 
} then 1-2n
 

2 c i'im2 H,i; ion 
2 b i'im2 O,O,i; 0,0,:.
 

} hki/: 1-2n
 
2 a ~m 0,0,0; 0,0,1.
 




