IOWA STATE UNIVERSITY

Digital Repository

Iowa State University Capstones, Theses and

Retrospective Theses and Dissertations . .
Dissertations

1952

Compounds of thorium with transition metals of

the first period

John Victor Florio
Towa State College

Follow this and additional works at: https://lib.dr.iastate.edu/rtd
& Part of the Physical Chemistry Commons

Recommended Citation

Florio, John Victor, "Compounds of thorium with transition metals of the first period " (1952). Retrospective Theses and Dissertations.
13444.
https://lib.dr.iastate.edu/rtd /13444

This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at lowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University

Digital Repository. For more information, please contact digirep@iastate.edu.

www.manharaa.com



http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F13444&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F13444&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F13444&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F13444&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F13444&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F13444&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/139?utm_source=lib.dr.iastate.edu%2Frtd%2F13444&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd/13444?utm_source=lib.dr.iastate.edu%2Frtd%2F13444&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

NOTE TO USERS

This reproduction is the best copy available.

®

UMI






COMPOUNDS OF THORIUM WITH TRANSITION
METALS OF THE FIRST PERIOD

by
John Victor Florio

A Dissertation Submitted to the
Graduate Faculty in Partial Fulfillment of
The Requirements for the Degree of
DOCTOR OF PHILOSOPHY

Major Subjept} :pry;egl Chenmistry

Approved:

e

Signature was redacted for privacy.

In Charge/of Major Work

Signature was redacted for privacy.

Head e?‘ﬂajor 5=par§§en§[l

Signature was redacted for privacy.

Déan of Graduate College

Iowa State College
1952



UMI Number: DP12695

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform DP12695
Copyright 2005 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346



QD)5 7« 11
FG L

TABLE OF CONTENTS

INTRODUCTION
EXPERIMENTAL PROCEDURE

Preparation and Analyses of Binary Alloys
X-ray Diffraction Data
Use of Fourier Series in Crystal Analyses
Methods of Computation

THE THORIUM~-MANGANESE SYSTEM

Introduction
Structure of ThMn,

Unit cell and space group
Conmposition of the phase
Atomic positions
Refinement of parameters
Discussion

Btructure of TheMn,,

Unit cell and space group
Composition of the phase
Atomic positions
Refinement of parameters
Discussion

Structure of Thin,,

Unit cell and space group
Composition of the phase
Atomie positions
Refinement of parameters
Discussion

THE THORIUM-IRON SYSTEM
Introduction

Structure of ThgyFeg
8tructure of Th§e3

Unit cell and space group

Composition of the phase
Discussion

TI0434

Page

o ford
BhEBow v © wers & .

1



THE

THE

iil

Structure of ThFey
8tructure of Th,Fey,

Unit cell and space group
Composition of the phase
Postulated structure

THORIUM~COBALT SYSTEM

Introduction
Structure of Ths,Cos
Structure of ThCo

Unit cell and space group
Composition of the phase
Atomic positions
Refinement of parameters

Structure of ThCo,_j

Unit cell and space group
Composition of the phase
Discussion

Structure of ThCoy
Structure of ThyCosq

THORIUM-NICKEL SYSTEM

Introduction
The Structure of ThyNi,
The Structure of ThNi

Unit cell and space group
Composition of the phase
Atomie positions
Refinement of parameters

The Structure of ThNi,
The Structure of ThNiy

Unit cell and space group
Composition of the phase
Atomie positions

The Structure of ThyNi; e
Unit cell and space group

Composition of the phase
Postulated structure

Page



iv

Page
DISCUSSION 82
Introduction , 82
Stability of the lLaves phases 83
Relation between ThMn,, ’ TthG; 7y ThaCoy 7y
ThyNi, 9 and the Mging lattice 86
Electron compounds and the thorium-manganese
system _ 88
Possible electron compounds in the thorium-
iron, thorium-cobalt and thorium-nickel
systems S0
SUMMARY 73
LITERATURE CITED 95

ACKNOWLEDGEMENT 97



INTRODUCTION

The chemistry and metallurgy of thorium have been in-
vestigated extensively at the Ames Laboratory during the
past few years., One of the flelds of particular Interest
has been the binary alloy systems of thorium with the tran-
sition elements.

The composition of intermetallic compounds, such as
ThMn,, Th¢Mny 3, ThMns,, et cetera, bears in general little
relation to the customary valences of the metals, The sig-
nificant factors, which at present are only partially under-
stood, are\the ratio of valence electrons to atomle nuclei,
relative values of metallic radii, and differences in
elsctronegativity of combining atoms,

The compounds of thorium with the transition elements
of the first period are particularly numerous and inter-
esting and display several new structural types. The pre-
sent empirical stage in the development of theories of
intermetallic compound formation suggests that further
structural studiles will be important alds to progress in
this field. We have, therefore, undertaken a systematic
study of the structﬁras of intermetallic compounds of thorium
with the transition metals.

Like uranium (1), thorium forms no compounds with chromi~

un and a few with manganese, the number inereasing through



nickel and falling abruptly with copper. Other than this,
there 1s little similarity in the compounds of thorium and
uranium with transition metals, Structures of the manga~
nese compounds differ from those of iron, cobalt, and nickel
compounds, which are very similar. A summary of the known

compounds, stable at room temperature, is given in Table I.



Table I. Compounds of Thorium with First Period Transition Metals
Cr Mn Co N Cu
ThyFe, 2P TheCo,y® 1P ThyNiy2sP
ThyCu(Cual,)d
(None) TheoP ThNt®
ThMn,(MgZn,)  ThFey"?® ThCo, 3?2 ThN1,(41B,) ThCup(AlB,)®
TheMn, 3 Theu,f
ThFeg(CaZng) ThCos;(CaZng) ThNi4(CaZng)
ThyFey ;P ThyCoy o° ThyNi, o0
Thﬁnazb

83tructure determined by Baenziger (2).

bﬂew structural type.

cStructurs not yet fully known.
Structure reported by Rundle (3).
Structure reported by Rundle ().
Compound reported by Grube and Boltzenhardt (5).

N -



EXPERIMENTAL PROCEDURE

Preparation and Analyses of Binary Alloys

The samples were prepared by fusing thorium metal and
the transition element in a vacuum or under an inert stmos-
phere, After cooling, samples were prepared for powder dia~
grams by reducing the alloy to a fine powder in a diamond
mortar and then anneazling the powder at SOQ ~ 600 °C for
several hours. Single crystals were selected from the bulk
sample with the aid of a small microscope. The alloys were
chemically analyzed for their thorium and transition element

content to within an accuracy of l1l-3 per cent by weight.
X-ray Diffraction Data

For purposes of identification, X-ray powder diagrams
were taken with a Debye-Scherrer camera of radius 5.73
centimeters, A cylindrical back-reflection cemera of 5,0
centimeters radius was used to determine precise lattice
constants. For single erystal work, both a Buerger pre-
cession camera and a Welssenberg camera of 2,836 centi-
meters radius were used.

Nickel filtered Cu Ka radiation () = 1.5#182) from a
Philips diffraction unit was used with the powder and

Welssenberg cemeras. Single crystal daty were obtained



with the Buerger precession camera using zirconium filtered
Mo Ka radiation ( A= 0,71078) from a voltage and current
regulated General Electric XRD-3 unit.

The intensities of the observed (hk{) reflections were
estimated visually. The multiple film technique of Robert-
son (6) was used to obtain rotation and n-level Weissenberg
diagrams. The precession data were obtained from timed ex~
posures with a film factor of two.

The,Fhklfz and Fy, in the Patterson and electron
density projections were determined from the intensities
by the following formula,

| el 2 o Iopg /(LaPe) (D) (A)

where Fy,, 18 the structure factor for the (hk{) reflection,

I . .9 the observed intensity, L.P., the lLorentz and polari-

obs
gation factor, T, the temperature correction, and i, the
absorption correction. The Loronfz-polarlzation factor for
rotation and zero layer Weissenberg diagrams is equal to

3 22 » For the precession dlagrams, this factor was
obtained from a paper by Bvans, Tilden and Hughes (7).
Only in a few cases were temperature and absorption cor-
rections required. An isotropic temperature factor of the
form, exp(~B sin 26/) 2), vhere B is an empirically determined
constant, was then applied to the observed intensities. The

absorption corrections were based on Bradley's data (8).



Use of Pourier Series in Crystal Analyses

As the electron density in a crystal varies periodically
along any direction through the lattice, it is possible to
describe the electron distribution by a Fourier series. The
electron density at any point within the unit gell,/o (xye),

is then represented by the Fourler series

4 o0

Ve (xyz)u.%: b > E Fri, ¢ 71(hx + ky + 22)

h=woo kPweod e oo

where V 1s the volume of the unit cell.

By projecting the electron density in the unit cell
parallel to the Co axis onto the (00l1) plane, for example,
the Fourier series can be greatly simplified., The resulting

fanetion is $oo

4 oo
() =4 > > ¥ 2w i(hx + ky),
/P A T e hko ©

where A 18 the area of the unit cell fece on whieh the pro-
Jection is made,

A later development by Patterson (9) in the use of
Fourier series, involving thkﬂla, has found wide usage in
solving complex structures, The function, P(xyz), repre-

sented by the series

o

+ oo + o0
Pxys) = 3 S T |Fyy|? oFT M),

- 8 kﬂ-oﬁ l‘lﬂnoﬁ

defines an electron-density product that has maxima at
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distances and directions from the origin corresponding to
the distances and directions between pairs of atoms in the
erystals. The amplitudes of the peaks of P(xyz) correspond
to the products of the electron densities at the two points
eonsidered., By projecting P(xyz) along the co axis onto
the (001l) plane, we obtain the simplified function,

P(xy) = +§§: k:%iﬂ | Fyo|? @ 2mi(hx + ky) .

o . OO

Methods of Computation '

The projections inveolving Fourler series were carried
out by two different methods dependent upon the complexity
of the series. Where the number of terms in the serles were
few, the strip method of summation by Beevers and Lipson (10)
vas used., For the more complex Fourier syntheses, the sum«
mations were carried out on an International Business Ma-

chine Tabulator using punched cards (11),



THE THORIUM~MANGANESE SYSTEM

Introduction

The study of the Th-Mn system was first made by means
of X-ray powder data in order to determine the number and
approximate composition of the phases stable at room temper-
ature, No attempt has been made to find phases stable at
any other temperature.

Due to the high volatility of manganese it was dif-
ficult to obtain homogeneous samples, especially at high
manganese concentrations., To help overcome this difficulty
the samples were prepared under an inert atmosphere.

Alloys with compositions ranging from 12 to 96 atomic per
cent manganese were examined, All the samples were ana-
lyzed chemically within an accuracy of one per cent or
better.,

Aside from the oxide, ThO,;, the carbide, ThC, and the
elements themselves, the powder dilagrams indicated the
presence of three'other rhases with eompositiona of roughly
67, 80, and 92 atomic per cent mangenese, Single crystals
of the three compounds existing in these regions were ob-
tained. It was then possible to index all the powder lines
due to these phases.

There were not enough single crystals to perform a
direct chemical analysis or to run a density determination



using a pycnometer on materisl known to be strictly a

single phase. The crystals'were too dense to permit ordie
nary flotation methods for density determinstions., The
formulas representing the compounds ThMnp, ThgMn,3, and
ThMn,; are based upon the rough chemical composition, atomic
volume and space group considerations, and, finally, upon

complete structure determinations.

Structure of ThMn;

Powder data and single crystal data taken with a Buer-
ger precession camera, Mo Ke radiation ( A= Q.?lO?K),an30ﬂ,
and a magnification factor of 5.5 were obtained. The latter
data included precession about the hexasgonal axis, /100 7/
and Z§1*0L7§ Both powder and precession dlagrams require a
hexagonal lattice, go = S5.48 & 0,01 2, So = B8.95 % 0,02 Z.
Precession diagrams about g exhibited C61 symmetry in all
levels, while the /10°0_7 and /21+0/ diagrams possessed C22
synmetry in all levels, Reflections (HH*L) were absent for
L odd, so the space group is D:h - C6/mme or ctv - Céme.

Compos

From the powder data the approximate composition ap-
pears to be 67 atomic per cent manganese. Using the method
of atomlc volumes in which we assume the validity of Mehl's
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modification of Vegard's law (12), we find that the volume
of a unit cell containing four ThMn; molecules should be
230.4 33 where the atomic volume of thorium is assumed
equal to 32.8 A and that of manganese equal to 12.4 A3,
This agrees very well with the volume of the unit cell,
232.8 A%, calculated from the lattice constants.

tomie

This phase, occurring at approximately 67 atomic per
cent manganese, had an axlal ratic and symmetry suggesting
that it was isomorphous with MgZn,. Structure factors

calculated for the ideal structure,

Y Th at £ (1/3 2/3 2z)§ £+ (2/3 1/3 1/2 + z) with z = 1/16
2 Mn(I) at 0003 00 1/2
6 Mn(II) at ¢ (x 2x 1/M)5 + (2 X X L/M);

+ (x X 1/4) with x = -1/6,

were compared with structure factors obtained from timed ex-
posures using the precession camera. The calculated and ob-
served structure factors are given in Table II. The corre-

lation factor, R = ‘z:llpobsd.l - ‘Fcalcd.” / Zilyobsd,l
was 0.13 for (Hk 1) data.
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Table II. Caleulated and Observed Structure Factors

for ThMﬂg
Fealed. Fobsd. Foaled, Yobad.
(100) - 97 106 %002) + Ik 10k
(200) - 162 180 004) + 142 138
(300) + 252 231 (006; - 229 190
( 00; - 121 150 éooe - 122 107
§ 00) - 68 0 0+0¢10) =~ 173 207
Q0) + 159 183

(112) + 2N 282
(110) + 296 322 (114) 0 0
(120) - 85 90 (116) - 112 100
HE IR S L S
(150) - 65 Zg 3

(222) + 112 100
220) + 338 336 (224) + 91 105
230 - 72 57 8226) - 185 18
250 - 106 80 228) - 112 171
250 A th (332) 17 163

33 + 1
%3:03 + 184 197
3%0 - 62 0

A trial and error attempt was made to refine the Zrp
parameter. The 1deal value appears, however, to be excel=~
lent, For example, from a set b2 timed exposures ylelding
(E’IHGL) data it was found that F(ll'é) > li‘o’"l' F(ll"‘})’

2) > h P and F

F ’ & F
(22 (11.4) (11.6) ' (22+2)
flectlons occur at nearly the same sin 9, and should have

¢« These re-
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very similar temperature and adsorption corrections in the
technique employed. From calculations shown in Table III
it can be seen that gz, = 0.0625 t 0.002. & Fourier pro-
jection onto (00+1) led to a manganese x parameter of 0,167,

ideal within our observation.

Table IITI. Refinement of Thorium gz Parameter

Reflectlon 2 Ampp Ayn Frik
(11) 0625 0 0 0
« 060 + 16 0 + 16
0058 + 29 0 + 29
0056 + 42 0 + 42
05k + 55 0 + 5%
(116 o062 - 16 + 51 - 112
) »0605 - 1k + gl - 96
«058 - 133 + 81 - 82
«056 - 11 + 51 - 67
.05k - 103 + 5 - 52
(222) « 0625 + 16 - 51 + 112
« 060 + 16 - 81 + 117
058 + 171 - 51 + 120
3056 + 175 - 51 + 12"‘
« 054 + 179 - 51 + 128
iscus

In Th¥n, each thorium atom is surrounded by twelve manga-
nese atoms at the corners of a truncated tetrahedron (Figure
1)+ The thorium atom is also bonded tetrahedrally to four

thorium atoms through the hexagonal faces of the truncated
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Figure 1. Packing of manganese atoms about thorium in
ThMn,; thorium atom, large dotted circle;
manganese atoms, small circles.
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tetrahedron., A complete summary of interatomic distances

is given in Table IV,

Table IV. Interatomie Distances in ThMn,

Th | % Th 3.35 A
12 Mn 3.21 A

Mn(I) 6 Th 3.21 4
éMn 2.7 &

¥n(II) 6 Th 3421 A
6 ¥n 2,74 A

Strueture of TheMn,,

An alloy with 81.8 atomic per cent mangenese vwas es«
sentially a single phase. Single crystals were found in
this alloy, and proved to be cuble with laue symmetry O,
as determined by precession diagrams. The lattice constant
was go = 12.523 ¢ 0,001 R a8 determined using a cylindrieal
back-reflection powder camera of 5.0 centimeters radius and
the method of Jette and Foote (14),

The multiple film technigue of Robertson (6) was used
to obtain rotation and zero~level Weissenberg dlagrams for

rotation about a four~fold axis., Cu Ke radiation
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(A= 1.9418 K) and a camera of 5.73 centimeters were em-
ployed.

Absences characteristic of a face-centered lattice were
the only ones noted., Only those (hki) reflections were pre-
sent for which h, k, and [ were either all even or all odd.
The space group is, therefore, T3 - Fit3m,03 - Fi3 or Og-Fm3m.

From the powder data, the approximate composition of
the phase appeared to be ThMn,. The density of the essenti-
ally one phase alloy at 81.8 atomic per cent manganese was
9.02 + 0.05 g/ec. From the lattice constant there would
then be 23.6 ThMn, per unit cell. Since the cell is face~
centered, the number of thorium and manganese per unit cell
must each be divisible by four. Consequently, the density
and approximate composition are good enough to establish the
number of thorium atomeg per unit cell as 24k, The experi-
mental density, however, 1s roughly satisfied by either 88,
92, or 96 manganese atoms per unit cell. Assuming Mehl's
modification of Vegard's law (12) to apply, and taking the
atomic volume of thorium as 32.8 23, and that of manganese
as 12,4 A%, the volume of the unit cell suggests that there
are 9% manganese atoms per unit cell, in satisfactory agree-~
ment with 92 or 96, The composition was tentatively assumed

to be ThMn, (96 Mn per unit cell), and the final decision on
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the composition had to await a complete structure determin-

ation.
Atomiec positions

In the three possible space groups there are three
unique twenty-four fold positions; 24 (d) and (e) of space
groups Fm3m (15, I, p.363) and F43 (15, I, p.340), and 24
(g) of Fi3m (15, I, p.325)e In addition, 24 (£) of Fiim is
equivalent to 24 (e). The twenty-four thoriums are almost
certainly in one of these sets, since combinations of four,
eight and sixteen~fold sets include a number of parameter-
less sets, and are easily eliminated. The parameterless set,
24 (d4), 18 incompatible with the X-ray data, while the strong-
er peaks on the Patterson, P(xy), Figure 2, can be interpret-
ed in terms of the one-parameter sets, either 24 (e) or 24
(g)y with x = 12/60 or 3/60 respectively. On the Patterson
section, P(xy0), 24 (e) requires peaks on the diagonal at
(xx0), while 24 (g) requires off diagonal peaks. The im=-
portant peaks on this Patterson section are on diagonals and
are compatible only with the set, 24 (e), with x = 12/60.
The subsequent structure determination substantiastes this
choice,

To find manganese positions we agaln consider the
Patterson projection, P(xy), Figure 2, The 96-fold sets
from the three possible space groups all require important
Th-Mn peaks off the dlagonals, whereas all important
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Patterson peaks are found on the diagonals., Consequently,
all 96=-fold sets are eliminzted, The 48-fold set involving
two parameters, 48 (h) of ﬁ53m, is eliminated for a similar
reason unliess z = 0 or 1/2, when it becomes essentially
identical with 48 (h) or 48 (1) of Fm3m, or corresponding
positions in Fu3, These 48-f0old sets are eliminated by con-
sideration of the two-dimensional Patterson, P(xy), together
with the Patterson section, P(xy 12/60), since important
Th-Mn peaks on the projection should appear again on the
sectlon corresponding to the thorium parameter. None of the
expected peaks appear on P(xy 12/60). The only other 48~
fold sets, 48 (g) of Fm3m or 48 (1) of F43, require Th~Mn
peaks on P(xy) at (1/% 1/4), (1/% x) and (1/4% 3/60). Though
some indication of peaks with x = 8/60 are found, these are
so far from the expected magnitudes that this possibility
seemed unpromising,

Turning to 32-fold sets, it was found that by placing
6% manganese atoms in 32 (f) of Fm3m or F43, with x4 = 11/60,
X3 = 23/60, and in addition, placing manganese in 24 (d) and
4 (b), both parameterless sets, the two-dimensional Patter-
son projection, Pigure 2, is accounted for except by what
we believe to be a diffraction ring around the origin, and
a very small peak at (1/k 8/60), These positions are all
found in Fm3m and F43, and are permitted in Fi3m if the 32~
fold sets are split into two 16-fold groups, with xg = Xp.
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Consequently, vwe may take the space group as Fm3m.

We have checked this structure by calculating the three
dimensional Patterson function for the levels z = 0, 3/60,
7/60, 12/60, 14/60 and 15/60, which should contain all the
important Th-Th and Th-Mn terms., In all cases, agreement
with expectations based on the above structure was good, and
a preliminary check of observed and calculated intensities

~ was very promising,

A two-dimensional Fourier projection along the cube
axis was first made to determine the atomiec positions,
Figure 3., The proper signs for the observed structure
factors were determined on the basis of the parameter values
obtained from the two-dimensional Patterson, P(xy), Figure 2.
In addition, a synthetic Fourier projection was made to cor-
rect for non~termination of series errors. 4s a result of
this correction, the atoms were placed in the following po~
sitions in space group Fmims

(add 0003 1/2 1/2 O3 1/2 0 1/23 0 1/2 1/2)
2ks (e) Th at x003 0xO; 00x; x00§ OxO; 00x
with x = 0,203 } .001,
h: (b) Mn(I) at 1/2 1/2 1/2.
24: (d) Mn(II) at 1/% 1/4 05 1/% O 1/ O 1/% 1/
0 1/M% 3/%3 3/% 0 1/43 1/% 3/4 O,



=

o —> o

l
e

Figure 2. Patterson projection of Th¢Mn,3 onto (001),

Figure 3, ?lecgron-density projection of Th¢Mn,3 onto
ooL).
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321 (£) Mn(III) at xxXj X¥X§ XXX§ XKX§ XXX} XXXj XXXJ XAX
321 (£) Mn(IV) at xoory XxX§ XXX; XXX§ XXX} XXX XXX§ XXX

with x = 0,178 * « 0025,

With these parameters, the correlation factor, R, was found
to be 0,20 for all reflections even though absorption and
temperature corrections were not yet made,

The crystal used for intensity data was approximately
circular in cross section with a radius of 0.01 centimeter.
Bradley's data (8) were used to obtain an absorption cor-
rection for the equatorial reflections (for our crystal,

M r = 27 for copper irradiation), and it was found empiri-
cally that the egquatorial corrections for a given sin?e
could be applied, with notable improvement, to reflections
on higher layer lines.

A temperature factor of the form exp(~B sin®@/) 2) was
used, where B, determined empirically, was 2.8 A%, With
these absorption and temperature factors, R dropped to 0.10
as given in Table V,

Estimation of the magnitude of the above errors in the
thorium and manganese parameters 1s based on a modification
of Cruikshank's method (16) as applied to two-dimensional
electron density maps. The standard deviatian,o*(x), in the

parameter, x, is defined as follows,
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o (x) = o (Ap)

Apn
(h + K)2 w’] 1/2 32p

= £J.
o (x) %E;X S

vhere © 1s standard deviation of an error, O is electron

96...00

-0 = 00

density, 8¢9 1s unit-cell axis, A 1s area of electron density
map, A, 1s -§-’-;- s Ann 18 322/3x?, h and k are Miller in-
dices, m is structure factor multiplicity, and F 1is the
structure factor, These deviations are listed in the above
point groups.

The structure determination seems to require 24 Th and
92 Mn per unit cell, giving a composition ThgMn,;, rather
than ThMnye This 1s In quite satisfactory agreement with
analytical and density date ( Q gg1ed,v 9203 gm/cc versus
P obsd. ? 9.02 gm/eec). The only other possibilities involve
adding 4 Mn at 000, et cetera, in the centers of the octa-
hedra of thorium atoms, or leaving out the 4% Mn in & (b).
These alternatives are made doubtful by packing considerations.
The Th-Mn distance would be only 2.51 A for a manganese at
the center of the thorium octahedron, compared with 2.82 3
for the sum of the single bond covalent radii, as given by
Pauling (13). On the other hand, the hole at 4 (b), at
l/2 1/2 1/2, et cetera, resulting from leaving out manga-
nese at these positions seems entirely too large. It must

be admitted, however, that on the basis of intensity data
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Table V. Calculated and Observed Structure Factors
for Th‘Mﬂgs

(Corrected for Temperature and Absorption)

Fcalcd. Fobsd. Fcalcd. Fobsd.
{000) (+ 4h6) -=e  (511) + 115 130
(200) = eece- wee  (711) - 39 0
(400) + 128 112 (911) + 21 26
(600) + 156 180 (11-1-13 + 39 38
(800) + 105 104 (1311 + 8 0
(10+0+0) + 150 115  (15°1+1) + 41 37
(12+0+0) + 69 68
(14+0+0) + 48 62 (331) - 75 96
(16+040) + 138 102 (531) - 17 0
(731) - 6L 66
(220) - 22 0 (931) + 28 28
(420) + 31 27  (11e3e1) - 47 45
(620; - 18 0 (13+3+1) - 54 48
(820 - 5 0 (15°3+1) + 27 2
ey 8 ¥ o o 108
$2e - . 551 + 1 10
(14+2+0) + L1 b5 (751) + 29 25
(951) + 82 77
(40 + 208 218 (11+5.1) + 50 L6
Gy ot E B Wy 148
[ % ] <
owg 1B 8 o 5
sl + 72 771 - 97
Elh'k‘a) + 87 93  (971) - 22 26
660) 10 1 ey I3 s
éaeo), - 22 0 > 3 3
(1-6r0y  + 33 5 oy 1803
*6* * e + 2 2
§1M'6¢0) + 35 35 (13+9+1) + 22 27
(880) + 75 76 (222) - 114 116
(10+8+0) + 51 L9 (422) - 88 79
(12+8+0) - i3 40  (622) - 18 0
(822) - 153 148
(10¢10.0)  + 113 119 (102.2) + 0
(12+1040) + 30 33 (12e2+2) - 101 121
(1le2+2) - 24 29
(111)  eee-= ———

- - .
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Table V. Continued
Foalca. Fobsd. Fealed. Fobsd.

%hha) - 9 0 QLALELY + 39 53
(642) - 13 0

(842) - 65 69 (664) + 19 0
(10el4e2) + 19 16 (86k) + 3 0
(12+4+2) - 5§ 59 (10°6+4) + 58 27
(14e}e2) - 1 0 (12+6+k) - 27 27
(662) - 9 0 (884) - 49 Ly
(862) - 47 59 (10+8+}4) + 18 21
(106+2) + 4o 8 (128+4) + 15 11
(12+6+2) - 80 9

(14e6+2) + &0 33 (10+10°k4) + 82 %
(882) - 111 105 (55%) + 177 17g
(108+2) + 20 20 (755) + 31 2
(12+8+2) + 98 98 (955) + 66 70

(11e5¢5) + 104 102

€10o10s2) + 68 69 (13+5+5) + 59 66

12¢10+2) - 35 32

333) 183 193 53333 : §3 g
€533) + 21 2l (11+7+5) - 5 0
§733) - 136 136

933) - 97 112 (995) + 107 112
(11+3+3) - 26 13 (11¢9+5) + 26 29
(13+3+3) - 8 100

(1503¢3) - 4 48 2666) + 86 9¢

866) - L5 6

(553) + 49 33 (10+6+6) + 83 93
2753) - 52

953) + 35 3% (886) - 33 Lo
(11+5+3) - 7 0

(13¢5¢3) + k4 0

(773) - 109 118

(973) - 39 46

(11+7+3) - 77 92

(13+7+3) - 9% N

(4lely) + 57 68

(644) + 40 40

(844) + 79 83

(10ekel) + 77 79

(12°hl) - 7 0
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alone, approximately the same agreement 1s obtalned what-
ever is done with these special positions, involving only

four manganese atoms.

Discussion

In ThgMny 3 thorium octahedra are arranged in a face-
centered array, each octahedron being surrounded by Wl
manganese atoms to form the complex polyhedron shown in
Figure 4, A summary of interatomic distances is listed in
Table VI. It 1s to be noted that if there are no manganese
atoms at the center of the thorium octahedron, this strueture
is unusual in that clusters of the large atoms, rather than
individual large atome, are surrounded by the small atoms,
The number of manganese atoms about the octahedron is, how-
ever, in good agreement with Harkert's rule (17), which as-
sumes a closest packing of the small spheres over the sur=~
face areas of the large ones, If R is the radius of a large
metal atom and r the radius of a small metal atom, the co=-
ordination number of the small atoms about the large atoms
should be approximately 3(R + r)3/r®, Using Pauling's CN12
redii (13) for thorium and mangsnese, 1.795 and 1,306 A
respectively, and making the reasonable assumption that the
average radius of a thorium octahedron is equal to the dla-
meter of a thorium atom, the expected coordinstion about

the octahderon 1s 3(4.896)2/(1.306)? = 42,3 manganese,
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Figure 4, Packing of manganese atoms about thorium octa-
hedra in Th¢Mn,,; thorium atoms, large dotted
circles} manganese (II) small unshaded circles;
manganese (III), small shaded circles;
manganese (IV), small half-shaded circles.
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versus L observed.

The polyhedra of manganese about the thorium octahedra
share faces in the packing, but four holes per unit cell
are left, These are presumably filled by manganese atoms
in the % (b) positions. This gives a region between poly~
hedra in which there 1s a body~centered arrangement of

mpanganese atoms,

Table VI. Interatomie Distances in ThgMn;,

' ]
Th 4 Th 3.59
4 Mo 3:38.8
L Mn 3.16
4 Mn 3,18 g
6 Mn 3.71
Mn(I) 6 Th 3.71 §
8 Mn 2,64
Mn(II) 4 Th 3.18
4 Mn 2.56 A
4 Mn 2.73
Mn{IIXI) 3 Th 3.08
3 Mn 2469
g Hng 2.33
i Mn %:65 i
Mn(IV) 3 Th 3.16 £
Ik 2.55 &
3 Mn 2,56 §
3 Mn 2.69
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S8tructure of ThMn,,

Powder data indicated a compound in the region of 92
atomic per cent manganese, and single crystals of the com=~
pound were found in an alloy of about this composition.

Bingle crystal data were obtained with a Buerger pre-
cession camera, 4 = 30°, magnification factor = 5,50 and
2 voltage and current regulated General Electric XRD-3
unit using Mo Ks radiation (A= 0,7107 ). The crystals
were found to be tetragonal with go = 8.74 ¢ 0.01 Z and
So = 4495 ¢ 0,01 X. Precession about gop gave nets of Ch/
symmetry in all levels, while precession about gy gave nets
of C2Q symmetry in all levels. The Laue symmetry is, there-
fore, Dype Reflections were absent unless h + k + 0 = 2n,
and no other systematic absences were found, The space group
is, consequently, D:d - 1%m2, D:; - I%om, c:v - Thmm,

D: - I42 or D:; ~ I4/mmm,

c gitl h

The body-centered lattice requires an even number of
both thorium and manganese atoms per unit cell, The ob-
served density, 8.12 g/ce., and approximate composition al-

low only tvwo thorium atoms per unit cell, From the volumes
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of thorium and manganese, the number of manganese atoms

per unit cell is either 24 or 26, With 26 manganese atoms
per unit cell, two would have to be placed in two-fold po-
sitions, and they would have to be placed with thorium
atoms along the four-fold axis in all space groups except
Tfm2, This axis, %.95 &, is so much shorter than twice

the sum of the CN12 radii for thorium and manganese, 6.10 3,
as to eliminate this possibility. Consequently, there must
be but 2k manganese atoms per unit cell since the eight~-
fold and 16-fold positions of space group ng - I4m2 are

incompatible with Patterson projections.

Without loss of generality thorium atoms may be placed
at 000, 1/2 1/2 1/2. All combinations of four-fold sets
place mangzanese atoms too close together, so that they must
be placed in eight-fold or lé6~fold positions,

The Patterson projection onto (001), Figure 5, shows
major peaks at (1/% 1/4), (x; 0) and (x; 0). These must
be due to thorium-manganese interactions. The peak occur-
ring at (1/4% 1/%) on P(xy) is also at (1/% 1/4) on the
P(yz) projection, suggesting that 8 Mn are in the para=-
meterless set, § (f), found only in Id/mmm (15, I, p.22%).
There are obviously two other parameters, each associated
with one other eight-fold set, and since both occur on

axes rather than dlagonals in the (00l1) projection, the
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eight-fold sets must be chosen from 8 (1) and 8 () of
Id/mmm, There is no indication of the need for z-parame-
ters, and consequently no indication of the need to chocse
a lower space group than Ik/mmm. It 1s not possible to
place both eight-fold sets in 8 (1) or both in 8 (i), be-
cause of space, so 8 (1) plus 8 (J) must be used, Parame=
ters, x = 0,361 for 8 (1) and x = 0,278 for 8 (J)y are
given by the (001) Patterson, and provide for reasonable
distances in the crystal.

Two different methods were used to refine the parame-
ter values, The first method involved the use of a syn-
thetic Pourier projection to determine the parameter shift
due to series termination errors in the original Fourier
projection, An independent refinement, by the least squares
method of Hughes (18), was also made,

A two-dimensional Fourier projection perpendicular to
&o was made to determine the atomice positions, Figure 6.
The proper signs for the observed structure factors were
deternined on the basis of the parameter values obtained
from the (001) Patterson projection. The Fourier paramew
ters were x; = 0,361, x3 = 0,279

On the basis of the positions of these atoms, structure

factors for all observed reflections were calculated. A
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Figure 5. Patterson projection of ThMn;, onto (001),
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Figure 6, ?lecgron-density projection of ThMn,, onto
001).
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temperature factor, exp(-Bsin®@/) ?), where B = 3.5 32,
was applied to all the calculated structure factors and a
synthetic Fourier projection was then made with these
ealeqlatod data, This synthetic projection shifted the pa=-
rameters slightly. For set 8 (1), x4 vas 0.3605, and for
set 8 (J), x; was 0,281, On the basis of this shift, the
parametar values assigned to the manganese atoms were
X3 = 0.361 and x4 = 0.277,

The observational equations chosen for least squares

refinement were of the form

2
Y W
3!i(\/wmm W) 2 x4

= Vo (IPnxo! obsde = |Fpyol caleds)
=Vwrpeo & Prxo

where the A xy's are the corrections to be solved for and
added to the values of x4 used to obtain the quantities
[Pryplealeds, and Wy, 18 & weighting factors The |Fy,,)
caled. were corrected by a temperature factor similar to
that used in the Fourier method. The weighting factor,
Whkor Was taken proportional to 1/F?,, . for F's greater
than two times the minimum observed F and proportional to
1/% Fpy, for F's smaller than 2F , .
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The normal equations for 4 x; and A x; are

Dyg & %y 4+ Dyp A x5 = Ay

Dag A %Xy + Dyy A X9 = Ay

where Dyy = 2o ( ViFomg .i@ﬁ&ﬂm)

Y X1
(Ve Vol enton.)
bom 2 (o lelemlate ) (o 6 )

Ay = h%o (’ W nko > iﬂ%o‘xfﬂsm) (V Whko 2 Fhkﬁ)_
Using the (hk0) precession data with initial parameter
values of xy = 0.361 and xy = 0,273, the value of & x4 =
+ 0.0019 and & Xy = - 0.0039. This then gilves parameter
values of x; = 0,363 and x4 = 0.27%. If we neglect re-
flections (400), (660), and (880), which appear to be ab-
normally influenced by extinction and absorption, we obtain
corrections 4 x4 = - 0,0017 and & Xy = - 0.0008, yielding
parameter values of x; = 0,359 and x, = 0.277,

The expression used for the standard error of & parame-

ter was

2 2
O, =\ hk@ “hko & ¥ pxo =2
1 T -8 Dy1

where m is the number of observatiocnal equations, s is the



33

-1 th
number of parameters, and D,; is the 1 diagonal element
of the matrix inverse to that of Dii' Since the off di-
agonal matrix element is relatively small, we can write as

an approximastion that

Dy; ¥ = 1 .
k0 - hko (W)’

This gives a standard error of 0,0023 for Xy = 0,361 and
of 0,0021 for xj = 0,277 From the two sets of parameters
arrived at by the least squares method, the following seem
to be the best parameter values, x4 = 361 + .002 and
xy = «277 + 002,

On the basis of the Fourler and least squares methods,
the atoms were placed in the following positions in Digz

(add 000§ 1/2 1/2 1/2)
2s (a) Th at 000,
8t (£) Mn(I) at 1/4% 1/% 1/%3 3/% 3/4 1/%
/% 3/% 1/43 3/% 1/% 1/,
81 (1) Mn(II) at x00; X00; 0xO; 0XO with x = 0,361,
8s (J) Mn(III) at x 1/2 03 X 1/2 03 1/2 x05 1/2 x0
with x = 0,277,

The observed and calculated structure factors are given in
Table VII. The correlation factor, R, was found to be

o. 10.
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Table VII., Calculated and Observed Structure Factors

for ThM!l;g
Foaled. Fobsa. Foaled. Fobsa.
(000) (+ 780) ——— (770) - 52 0
{200) + 66 64
(%00) + 409 352
(600) + 120 129 (880) + 225 286
(800) + 322 324
(10+0+0 + 70 83 {002) + 291 294
(12+0+0) + 187 193 (004) + 399 331
(006) + 162 153
(110) + 80 -
(310) + 1%3 158 (101) + 88 96
(510) + 170 181 (103) + 77 0
(710) - b 0 (105) + 65 0
2910). + 120 107
(11°1+0) + 73 88 (202)  + 339 340
(220) + 133 117 §§3§3 : 3.56 2
§ * -
{(420) - 80 73 9 17
(620) + 163 173 (301 + 247 278
(820) + 9 0 (303 + 1% 168
(10+2+0) + 101 104 (30% + 151 112
(330) + 189 191 (4+02) + 117 106
(530) + 206 20k (WO4)  + 272 273
(730; + 39 0 (4+06) + 81 0
(930 + 151 138
(11+3+0) + 100 104 (501) + 103 95
€503) + 90 0
(4+0) + 222 211 505) + 77 86
Sy lal af
+0) + 2 219 (602) + 310 296
(10+k+e0) - 12 0 (604) + 397 79
{550) + 218 192 (701; + 102 129
(759) + 66 1 703 + 77
(9, @ o P L8 B
s He +
> 9, (802) + 129 147
(660) + 184 143 (804)  + 267 301
(860) + 54 0
(10+6+0) + 130 147
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Table VII. Continued.

Fcalcd. Fobsd. Fcalcd. Fobsd.
(901) + 58 0 (10:042) + 216 270
(903) + 5% 8
(11+0+1) + 152 196
Discussion

In ThMn,;, each thorium atom 1s surrounded by 20 manga=

nese atoms, 12 at 3.1% 3, and eight at a somevwhat larger
distance, 3.33 i (Figure 7). By Harker's rule (17) a co-
ordination number of 16.8 1s predicted, and the higher co=-

ordination probably results from the larger distances to

eight of the atoms, A complete table of interatomic dis-

tances is given in Table VIII.

There is considerable simllarity in the structure of
Th¢Mny 3 and ThMny,. In both cases body~-centered cubes of

manganese atoms, though somewhat distorted in ThMn,,, tie

thorium atoms together, In ThgMn,; each such cube has a

thorium atom attached to each face, while in ThMn,, only

two opposite faces are bound to thorium.
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Packing of manganese atoms about thorium in
ThMn, ,; thorium atom, large dotted circle;
manganese(I), small unshaded circles;
manganese (II), small half-shaded circles;
manganese(III), small shaded circles.
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Table VIII. Interatomic Distances in ThMng,

Th

Mn(I)

Mn(II)

Mn(III)

4 Mn
8 Mn
8 Mn
4 Mn
% Mn
2 Th
2 Mn
4 Mn
2 Mn
2 Mn
4 Mn
17Th
1Mn
2 Th
4 Mn
2 Mn
2 Mn
2 Mn

3.15 &
3.15 &
3433 i
2.53 &
2.70 &
3.33 4
2,48 &
2,70 &
2,76 A
2,73 &
3.02 &
3.15 A
2.k2 &
3,15 4
2.53 &
2.76 &
2,73 &
2.73 A
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THE THORIUM-IRON SYSTEM

Introduction

The initial investigation of the thorium-iron system
wa8 by means of X-ray powder data. The powder diagrams,
however, were not easily interpretable due to a fogged
background on the film caused by X-ray fluorscence of the
sample. This diffuse scattering is strongest when the
wave~length of the absorption edge of the irradlated ele-
ment is slightly longer than the wave~length of the irradi-
ating beam. The wave~length of the absorption edge of iron
413 not much longer than that of copper Ka, and consequently,
iron-containing compounds fluorsce strongly in copper Ka
radiation.

Alloys with compositions ranging from O to 100 atomie
per cent iron were examined., All the samples were anal-
yzed chemically within an accurasy of a few per cent or
better., Aside from the elements themselves, the powder
dlagrams indicated the presence of four other phases with
compositions of roughly 33, 70, 80, and 90 atomic per cent
iron. The samples did not appear to be homogeneous,
Fortunately, single crystals of the four compounds existing
in these regions were obtained.

The structure of ThyFe; has been previously determined
by Baenziger (2). There were not enough single erystals
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of the other three compounds to perform a direet chemical
analysis or to run a density determination on material
known to be strictly a single phase. The formulas repre-
senting the compounds ThFe3, ThFey, and Th Fe;y are based
upén the rough chemical compositions, atomiec volumes and

space group considerations.
Structure of ThsyFey

The compound, ThsFe;, as determined by Baenziger (2),
belongs to space group C:v - Céme with lattice constants
8o = 9.85 % anda Co = 6.15 A. The atomic positions are as
followss
2 Th(I) at 1/3 2/3 2§ 2/3 1/3 1/2 + z with z = 0,06,
6 Th(II) at x 2x 2§ 2X x 2§ X X z§ X X 1/2} X 2x 1/2 + z}
2x x 1/2 + 2z with x = 0,126 and z = 0.250,
6 Th(III) at same positions with x = 0,544 and z = 0,03,
6 Fe at same positions with x = 0.81% and z = 0.31.

Structure of ThFe,

Unit cell and space group

Single crystals of this compound were found in an alloy
of approximately 50 atomic per cent iron. Single crystal
data were obtained with a Buerger precession camera,u= 30°,

magnification factor of 6,00, and a voltage and current
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regulated General Electric XRD-3 unilt using Mo Ke radiation
( X =0,7107 K)- Data were also obtained with a Welssenberg
camera of 5.73 centimeters diameter and Cu Ke radiation
(A= 1.5%18 1). The crystal was found to be hexagonal with
80 = 5.22 & and go = 24.% A.

‘ The X-ray data showed some unexplainable absences,

The rotation diagram about the /21.0/ direction indicated
the absence of a center of symmetry, in other words, in-
tensity (hk{) # intensity (hkl), except for the zero and
~third layer lines. This was an apparent contradiction of
Friedel's Law (19), the condition that Fy, , = Fpes o Since
the frequency of the incident radiation, Cu XKa, is very
nearly equal to the critical absorption frequency of iron,
we might expect such an effect. However, the precession
(HO*1) data, obtained with Mo Ka radiation, also indicated
the absence of a center of symmetry except for H = 3n.
-Thus, it 1s not possible to explain completely these anoma-
lous effeéts at this time.

Precession about go indicated an apparent C6{ symmetry
in all levels., The laue symmetry 1s thus D¢,e The follow=-
ing systematlie extinctions were notedt

(HK*L) none,

(HK*0) except for H - K = 3n.

(HHeL) except for L= 3n
The possible space groups are Dih - (é/mmm,‘Di - C62,
D§ - C632, D{ - Cbu2, Cjy = Cémm, or Dy, - Cém2.
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The powder data seemed to indicate a compound some-
where within the region 70 - 81 atomic per cent iron. Due
to the systematic extinctions, it was assumed that the atoms
were present in multiples of three, The compositions were
then calculated, using the method of atomic volumes, on the
basis of 6, 9, and 12 thorium atoms present in the unit
cell, Using a unit cell volume of 589.0 A%, a thorium
atomic volume of 32,8 43, and an iron atomic volume of
11.3 43, we find for

6 Th atoms, 34.7 Pe atoms (roughly ThFey),
9 Th atoms, 26,0 Fe atoms (roughly ThFey),
12 Th atomsy 17.3 Fe atoms (roughly Th,Fey).
The compositions corresponding to 6 and 12 thorium atoms
per unit cell appear to be highly improbables It was
therefore assumed that the formula representing this phase
should be ThF ;.

Discussion

Because there was no ready interpretation of the ap-
parent inconsistency of the data, that is,the absence of a
center of symmetry in the X-ray data, no thorough structural
determination was attempted. However, due to the systematic
extinctions one can postulate certsin relationships between

the x, y, and z parameters of the atoms within the unit



42

cell, The systematic extinctions in the (HH*L) data, with

L = 3n, indicate that for every atom in the unit cell there
are two of the same species separated from it by one third
and two thirds of the go axis, The (HK+0) data with H - K
= 3n are very similar to the corresponding ThCo,_; data and
indicate that the atoms are related by rhombohedral symmetry
in the x and y parameters.

S8pace groups D:h, D;, D:, Dz, and C:v can be eliminated
as possibilities since they place the thorium atoms too
close together by requiring two or more of them to lie in
the same plane perpendicular to the gp axis. The crystal

1
must therefore belong to space group Dj, = Cém2,

Structure of ThFey

Single crystals of this compound were obtained from an
inhomogeneous sample containing approximately 67 atomic per
cent iron. Single crystal data were obtained with a Buerger
precession camera, M= 30°, magnification factor of 6.00,
and a voltage and current regulated General Electric XRD-3
unit using Mo Ke radiation ( A = 0,7107 %).

The compound appeared to be isomorphous with CaZng.

It has an hexagonal unit cell with go = 5.13 K and
Co = 4,02 K. The atomie positions in space group Dgp

-Cémmm are as followsi
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17Th at 000,
2 Fe(I) at 1/3 2/3 05 2/3 1/3 O,
3 Pe(II) at 1/2 1/2 03 1/2 0 1/23 1/2 1/2 1/2.
A summary of interatomic distances is listed in Table IX,

Table IX. Interatomic Distances in ThFeg

Th 6 Fe 2.9 A
12 Fe 3,27 &
Fe(I) 3 Th 2.96 4
6 Fe 2.50 A
Fe(II) 4 Th 3.27 &
4 Fe 2.57 A
4 Fe 2.50 i

8tructure of ThyFe;q

3ingle crystals of this compound were found in an alloy
of approximately 90 atomic per cent iron. 8ingle crystal
data were obtained with a Buerger precession camera,ms= 30°,
magnification of 6,00, and a voltage and current regulated
General Electric XRD-3 unit using Mo Ka radiation
(A= 0,7107 1), The crystal was found to be monoclinie
with go = 9.68 &, Do = 8.56 A, Qo = 6,46 &, and p = 99° 20¢,
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Precession about bg gave nets of C2! symmetry in all
levels. Beceuse there was no evidence of the existence of
a three~fold axis, the lLaue symmetry, Djqy was not con-
sidered possible. Therefore, the lLaue symmetry for this
crystal is C;,+ The only systemmatic extinctions noted
were for (hk/) data with h + k = 2n + 1., The allowed
space groups are Cgh - C2/m, Cg - Cm, c: - C24

The powder data indicated a singla phase at approxi-
mately 90 atomic per cent iron. This is roughly substanti-
ated if we use the method of atomic volumes to determine
the composition. In any allowed space groups, the number
of atoms present in the unit cell must be multiples of two.
Using a unit cell volume of 528.2 33, e thorium atomic vole
ume of 32,8 33 and an iron atomic volume of 11.3 ﬁa, ve
find for

2 Th atoms, 41 Fe atoms (roughly ThFe;,),

% Th atoms, 39 Fe atoms (roughly ThFe,),

6 Th atoms, 30 Fe atoms (roughly ThFeg).
The compositions corresponding to two and six thorium atoms
per unit cell appear to be highly improbable. The actual
composition, ThyFe,;7, 18 based upon space group consider-
ations and the similarity between this compound and the

corresponding thorium-manganese and thorium-nickel compounds,
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ThMn;, and ThyNijpe A more complete discussion of the
gimilarity between these compounds will be found in the
final discussion section.

Postulgted

It was tentatively assumed that the crystal belonged
to the space group Cgh - C2/m, The allowed positions in
Cgh - C2/m are as followst

(add 0003 1/2 1/2 0)
2¢ (a) 000, (b) 0 1/2 0. (c) 00 1/2, (d4) 0 1/2 1/2.
hs (e) 1/4 1/4 03 1/ 3/% 0.(£) 1% 1/% 1/23 1/% 3/% 1/2,
(g) 0yo; Oyo. (h) Oy 1/2; By 1/2,
(1) x0z; x0Oz.

81 (J) =xyz; xyzj Tyz; Xyze

A two-dimensional Patterson function, P(xz), (Figure 8)
vas plotted, It did not seem possible to interpret the
Patterson function by placing the four thorium stoms into
two two-fold sets, The only apparent alternative was to
place them in set 4(i) with x =~ .167 and z ~ 0,333,

The Patterson projection indicated that the thoriwm
atoms were surrounded by hexagons of iron atoms, This sugé
gested that there might be some relationship between this
structure and ThPeg. This relation 1s made more obvious by
selecting a different, though larger, monoclinie unit cell
with‘gé = 14,86 K, Do = 8456 3, 3; = 12,47 K, and p' = 90°,
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In this case, go(Th;Fe;7) ~ 3 go(ThFes), bo(ThyFe, )
~ \/3 8o(ThFey) and go(ThyFey ) ~ 3 go(ThFeg).

The arrangement of the atoms in the ThFey lattice
perpendicular to the /21.Q/ direction is shown in Figure 9.
Knowing the relation between the original axes selected,

80 and goy and those from the larger unit cell, gé and g&,
we can select a unit cell from Figure 9 which corresponds
to the smaller cell, It is then apparent that the four
thorium atoms within this unit cell correspond to the foure
fold set, 4(1), originally selected. If we replace the two
thorium atoms along the sides of the unit cell by four iron
atoms, we wlll have a crystal composition of ThpFe;y, and
if we replace them by six iron atoms, we will obtain a com-
position of ThFege The number and manner of substitution
is still uncertain and will require a thorough structural
determination., However, from our knowledge of ThMn,,
and ThyNi,9 structures, we find that usually two atoms of
the transition element replace one of the thorium atoms,
On this basis, we ascribe to this phase the formula ThyFe, sy
and postulate the following atomic positions in space group
C2y, - Ca/m

 Th in set 4(1) with x = 0.167 and z = 0.333.

8 Fe(I) 1in set 8(3) with x = 0,167, y = 0.360 and

z = 0.333.
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Figure 8, Patterson projection of Th,Fe,; 7 onto (010),



Figure 9.
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attice r i
PEEJSCté?recglon andloft%thpe7piggtggiagn€g
010) planej double solid line, smallest pos-
sible monoclinie Th,Fe; unit cell; thorium
atoms with y=0, large solid circles; thorium
atoms with y—1/2 large dotted circles; iron
atoms with y parameters enclosed, small circles,
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8 Fe(II) 1in set 8()) with x = 0,417, y = 0,250 and
z = 0.333,

4 Fe(III) in set 4(g) with y = 0,140,

4 Fe(IV) 1n set 4(e).

4 Fe(V} in set 4(1) with x = 0,167 and z = 0.333.

4 Fe(VI) in set 4(i) with x = 0.416 and z = 0,147,

2 Fe(VII) in set 2(d).
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THE THORIUM~COBALT SYSTEM

Introduction

The thorium-cobalt system was initially studied by
X-ray powder data alone. Binary alloys with compositions
ranging from 0 to 100 atomic per cent cobalt were prepared
and chemically analyzed for thorium and cobalt present.
Five compounds with compositions roughly 33, 50, 70, 83,
and 90 atomic per cent cobalt were found stable at room
temperature,

The compound, ThyCo,, has been previcusly shown by
Baenzig#r (2) to be isomorphous with Th,Fej. A powder
sample prepared from an alloy of approximately 83 atomic
per cent cobalt indlcated the presence of a compound, ThCog,
isomorphous with CaZngy. Single erystals of the three other
compounds, ThCo, ThCo,.3 and ThpCoy,, were found in alloys
corresponding roughly to their compositions., The compound,
Th;Coy 9, was isomorphous with Th,Fe,;s. The only new
structural types were those for ThCo and ThCop.;. However,
there did appear to be some similarity between ThFe, and
ThCoy .3, though the compounds are obviously not isomorphous.

The usual difficulty of not having enough single cry-
stals or a strictly one phase bulk alloy prevented direct
chemical analyses or density determinations for these com~

pounds. The compositions, therefore, are based upon the
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method of atomic volumes, powder data and the close relation-

ship of this system to the thorium-iron system.
Structure of ThyCojz

The compound, ThyCo3, was found by Baenziger (2) to be
isomorphous with ThyFej. It has an hexagonal unit cell
with g¢ = 9.83 X ana Co = 6,17 %. The atomic positions in

space group C¢, are the same as in ThyFe;.,

Structure of ThCo

Unit cell and space group

Powder data indicated a compound in the region of 50
atomic per cent cobalt and single crystals of the compound
were found in an alloy of about this composition., Single
erystal data were obtained with a Buerger precession
camera, A= 25°, magnification factor = 6.00, and a voltage
and current regulated General Electric XRD-3 unit using
Mo Ka radiation (A = 0,7107 K). The crystal was found to
be orthorhombic with go = 3.7k K' bo = 10.88 2 and So =l 16 Z.

The multiple £ilm technigue of Robertson (6) was used
to obtaln zero and first level Weissenberg diagrams for
rotation about go. Cu Ka radiation (A = 1.,5%18 i) and a
camera of 5,73 centimeters diameter were employed.

Precession about he and gop and rotation about go gave

nets of C2/ symmetry in all levels., The laue symmetry 1is,
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therefore, D;p. The following extinctions were noteds
(hk{) with h + k= 2n + 1,
(hO4) with h=2n + 1 and U= 2n + 1,

The only possible space groups are D;; - Cmem and

12
02v had Cmﬁ.

Composition of the phase

There were not enough single crystals to perform a
chemical analysis or density determination. The compo-
gition of 50 atomic per cent cobalt was indicated by the
powder data, The number of molecules per unit cell, four,
is obtained by the method of atomic volumes, assuming a
thorium atomic volume of 32.8 3’, a cobalt atomic volume
of 11.1 &%, end a unit cell volume of 169.3 &’ Since

12

only four-fold sets are allowed by the space groups, Cay

17
and Dpyy any other composition is highly improbable.
on t

The only atomic positions possible are the followings
C2y - Cmct (add 0003, 1/2 1/2 0)
4(a) Oyzj Oy 1/2 + z.
D:; ~ Cmems (add 0003 1/2 1/2 0)
4(a) 000§ 00 1/2.
4(b) 0 1/2 03 0 1/2 1/2,
k(e) Oy 1/4; Oy 3/%.



52

Sets 4(a) and W(b) of D:; are not possible as the gp axis,
4,16 3, is too small to accomodate either two thorium
(7.20 A for coordination number 12) or two cobalt (5.00 A
for coordination number 12) atoms (13).

Since the number of parameters involved were few, at
the most two y and two z parameters, a one-dimensional
Patterson function, P(y), was plotted. See ?1gure 10.

The major peak at y = 1/4, assumed to be a thorium-thorium
interaction, indicated that the thorium y parameter was
roughly 1/8 or 3/8. As both possibilities are equivalent
in the allowed space groups, the value of 1/8 was selected,
The signs of the structure factors for the (0k0) data were
then deternined and & one-dimensional electron density map,
£(y) was made. See Figure 11, The only peak to show up
was the thorium atom at yp, = 0.132., We can, without loss
of generality, put zp, = 1/4% since the only effect of the
thorium z parameter is to shift the origin up the go axis.

In order to locate the cobalt atoms, a two-dimensional
Patterson function, P(0y), was plotted, As there could be
no x parameter in either cii or D:;, only the section at
x = 0 was calculated and subsequently plotted., See Figure
12, %vwo independent peaks appeared, one at y = 0,272 and
the other at y = 0,455, The latter peak is no doubt due
to a thorium-cobalt interaction. Knowing the thoriwm y
parameter to be roughly 0.136, as indicated by P(Oy), there
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P(%)W
[ L

© _b..o }

Figure 10, Patterson projection of ThCo onto by axis,.

~ m
I

0 — b, o

Figure 11. Electron-density projection of ThCo onto
bo axis.
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are two ways of interpreting the peak at y = 0,455, either
Yoo = 0318 or yg4 = 0.410., The former is not possible as
it would place the atoms too close together no matter what
the value of z;, may be, In order to obtain reasonable

interatomic distances for the latter case, yg, = 0.410, we
rust let g, = 1/% As both z parameters are roughly 1/?;
it appears that the crystal must belong to space group Dape

Re ent of eter

Using the rough parameter values obtained from the
Patterson function, P(Oy)y ypp = 04136, and yg, = 0,410,
the signs of the structure factors for the (hk0) data were
determined and a two-dimensional electron density plot,

P (0y), was made. See Figure 13. The values of the y pa-
rameters were found to be 0.136 for thorium and 0,418 for
cobalt. A correction for non-termination of series error
was made using calculated structure factors. The resulting
atomic positions for ThCo in space group D:; aret

4 Th at Oy 1/4§ Oy 3/%; 1/2 1/2 + ¥ 1/%}

1/2 1/2 - y 3/% with y = 0,136,

4Co at same positions with y = 0.416,

The value of R, correlation factor, for the (hk0) and
(hkl) data is 0.14. These data were corrected for absorp-
tion and temperature errors by methods similar to those ap-
plied to the Th¢Mn,3; data. See Table X for a comparison



55

Ploy)

T

0 — g, |

Figure 12. Section with x=0 of Patterson projection of
ThCo onto (001).

°-—>b.,

Figure 13, Section with x=0 of electron-density projection
of ThCo onto (00),
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of observed and calculated structure factors. A summary
of interatomic distances is listed in Table XI. The ar-
rangement of the atoms in the unit cell are shown in

Pigure 1h.

Table X, Calculated and Observed Structure Factors

for ThCo,
Fealed. Fobsd. Fealed. Fobsd.
(aaog + 9 0 (021) - 23& 204
(040 - 316 296 (oh1) + 1k 190
(060) + 39 54 (061) + 23% 233
(080) + 158 173 (081) - 171 205
(0+10+0) - 12 112 (o~1o-1; - 201 207
(0212+0) - 88 10% {0121 - 142 170
(1103 + 127 166 (111) - 264 186
(130 - 254 20 (131) - 230 177
(150) - 59 5 (151) + 202 200
(170) + 289 225 (171) + 101 112
(190) + 51 26 (191) - 157 187
(1+11+0) - 228 230 (1~11‘1g - 16 20
(1131 - 158 152
(200) + 339 278
220) + 2 (221; -~ 198 168
2ko§ - 265 222 §2h1 + 119 - 89
260 + 36 30 261) - 207 16
2280) + 1h2 128 (281) - 154 13
2-10-0; - 116 113 (2010+1) - 186 18;
(2120 - 85 92 (2¢12°1) + 134 1
(310) + 98 1 (311) - 192 188
(330) - 177 1%% (331) - 170 142
(350) - 50 60 (351) + 162 1%3
(370) + 236 208 (371) + 83 5
(390) + I 24 (391) - 141 159
(400) + 242 212 (&21) - 150 177
(420) - 1 16 (k1) + 88 88
(440) - 200 193 (461) + 16% 162
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Table XI, Interatomie Distances in ThCo.

Th 6 Th 3.62 &
2 Th 3.7+ &
4 Co 2,86 &
3 Co 3.04 &
Co 4 Th 2.86 &
3 Th 3,04 &
2 Co 2.77 &

Structure of ThCoj.;

Unit cell and space group

Single crystals of this compound were found in an al=-
loy of approximately 67 atomic per cent cobalt., Single
crystal data were obtained with a Buerger precession camera,
M= 25°, and a magnification factor of 6.00. Both Cu Ka
radiation (A = 1.5418 1) from a Philips diffraction unit and
Mo Ka radiation (A = 0.7107 i) from a voltage and current
regulated General Electrie XRD-3 unit were used.

Using Mo Ka radlation, the crystal appeared to be hex-
agonal with go = 5.03 3 and So = 24.5“»3. Precession
about geo gave nets of C6{ symmetry in all levels, The Laue
symmetry 1s thus D¢, The following systematic extinctions
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Figure 14, ThCo atomic positions projected onto (001)
plane; thorium and cobalt atoms with z=1/4%,
corresponding large and small shaded circles;
thorium and cobalt atoms with z=3/4, corre-
sponding large and small unshaded circles,
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were noted:

(HK*L) none.

(HK*0) except for H « K = 3n.

(HH*L) with L = 2n + 1,
The possible space groups are D:h - C6/mme, C:v - Cébme, or
D;h - Cé2ec.

However, as the higher (HHeL) layer line data were not
well resolved, radiation of longer wave length Cu Ka, was
then used, The reflections on the higher layer lines that
appeared to be single reflectlons were now obviously several
closely spaced spots. The spots, though distinguishable,
were too close together to determine the exact multiplicity
of the (00+L) data. The true go axis is roughly eight or
nine times the previocusly chosen value of 24,54 2. The
structure thus appears to have a very large superlattice

with a pseudo cell, go = 5.03 3 and go = 24,5k A.
c sit f

The powder data indicated a compound somewhere in the
range 67 to 75 atomic per cent cobalt, As the true cell is
very large, it is practically impossible to use the method
of atomic volumes to get a better estimate of the compo-
sition of this phase., Not enough single cerystals were avail-
able for chemical analysis or density determinations. One

pogsible recourse is to make a thorough study of the thermal
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and microscopic properties of the alloys in this range of
composition. This problem is being submitted for further
study to the metallurglcal section of the Ames Laboratory
at Iowa State College.

Discussion

Some clue as to the possible arrangement of the atoms
in the unit cell may be obtained from the systematic ex-
tinctions noted in the (HKe0) data, that is, those re-
flections missing except for H-K = 3n., These can Lo ex-
plained by plecing atoms in positions with the x and y
parameters having rhombohedral symmetry. This would re-
quire atoms of any one specle to be present in some multi-
ple of three.

Taking a unit cell volume of 546.5 33, & thorium atomic
volume of 32.8 4°, and a cobalt atomic volume of 11.1 &°,
we find for |

6 Th atoms, 31.5 Co atoms (roughly ThCoy),

9 Th atoms, 22.6 Co atoms (roughly Th,Cog),

12 Th atoms, 13,8 Co atoms (roughly ThCo).
The compositions corresponding to six and twelve thorium
atoms per unit cell seem highly improbable as we have al-
ready identiflied phases corresponding to those compounds,
ThCo and ThCog, which are completely different from this
unknown phase. A phase having the composition, ThyCoS5,

appears to be the only slternative. However, this formula
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composition is incompatible with the allowed space groups
for the superlattice structure which all require an even
number of atoms in the unit cell, It is thus not presently
possible to ascertain vwhat are the correct composition and

structure for this phase.
Structure of ThCog

Powder diagrams, using a Debye~Scherrer camera and
Cu Ka radiation (A = 1.5418 &), of an alloy containing ap~
proximately 83 per cent cobalt show this compound to be iso~
morphous to CaZng. The compound, ThCog, crystallizes in an
hexagonal lattice with go = 5.01 2 and So = 3.97 4. The
atomie positions in space group D:h - C6/mmm are as followsi

17Th at 000,

2 Co(I) at 1/3 2/3 05 2/3 1/3 Qs

3 Co(II) at 1/2 1/2 03 1/2 0 1/24 1/2 1/2 1/2.
A summary of interatomic distances is 1isted in Table XIT.

Table XII, Interatomic Distances in ThCog

Th 6 Co 2.89 & Co(II) % T™ 3.21%
12 Co  3.21 4 b Co  2.51 &
Co(1) 3 Th 2.89 4 b Co  2.46 &

6 Co 2."?6 .Z
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Structure of Th,Coy9

This compound was found to be isomorphous with Th,Fe, .
It has a monoclinic unit cell with go = 9.62 K, bo = 8,46 K,
8o = 6432 X, and B = 99° 6', The probable atomie positions

in space group Cgh - C2/m are the same as for ThyFe,q.
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THE THORIUM-NICKEL SYSTEM

Introduction

The thorium-nickel system was initially studied by
X-ray powder data alone. Binary alloys with compositions
ranging from 50 to 96 atomic per cent nickel were prepared
and chemically analyzed for thorium and nickel. Five com-
pounds with compositions roughly 33, 50, 67, 83 and 90
atomic per cent nickel were found stable at room tempera-
ture. With the aid of single crystal dats, the formulas
representing these phases were ascertained to be ThyNi,,
ThNi, ThNi,, ThNls and ThyNi,s.

Prior to this X-ray study, there had been reported in
the literature thermal and microscopic investigations of
the thorium-nickel system by Horn and Bassermen (20).
Thelr results indicated the existence of five compounds,
ThgNi, ThNi, ThyNig, ThNiy and ThNig. There thus appears
to be fairly good agreement between the thermal and micro-
scopic investigations and the X-ray studies. The dis-~
crepancies appear to lie within the limits of accuracy of
the metallurgical data, but also may be partially due to
vacancles occurring in the ldeal lattice.

The structure of ThyNij has been shown by Baenziger
(2) to be isomorphous with ThyFe;. The compound, ThNiy,
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vas found to be isomorphous with CaZng and ThNi; crystal-
lized with the well known AlB, type structure. The only
nev structural types were those for ThNi and ThyNi,,.
However, there did appear to be some similarity between
ThyNls 9 and ThNig, and this will be discussed more fully
in the final discusslon section,.

The Structure of ThyNi,

The compound, ThyNi,, was found by Baenziger (2) to
be isomorphous with ThpFey. It has an hexagonal unit cell
with go = 9.86 A and So = 6423 . The atomic positions in

| ™)
space group Cg, are the same as in ThyFe,.

The S8tructure of ThNi

The powder data indicated a complex phase in the regim
of 50 atomic per cent nickel. 8ingle crystals of this come
pound were obtained from an alloy containing approximately
40 atomie per cent nickel.

Single crystal data were obtained with & Buerger pre-
cession camera, u = 25°, a magnification factor of 6.00,
and a voltage and current regulated General Electric XRD-3
unit using Mo Ka radistion (A= 0,7107 &). The crystal
was found to be orthorhombic with go = lh.lﬁ + O K,

Bo = %.31 ¢ .02 & and go = 5.73 + .02 A.
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Precession about both go and g¢ gave nets of C21 sym-
metry in all levels. Inspection of the lattice constants
indicates that the ho axls cannot have symmetry greater
than two~fold. If D¢ had four-fold symmetry about itself,
then go and go would have to be equal, and 1f ho had either
three or six-fold symmetry, then the ratio of the lattice
constants, go to ge¢y would be 1 to 1l.73. Therefore, the
Laue symmetry is Dppe The following systematlc absences
were notedi

(hk?) none.

(hko) except for h = un,

(ok!) with k + /4 = 2n + 1,
The space group 1s, consequently, either G:V - Pn2a or
Dy, - Prma,

The following positions are possible in space groups
cg,, and n:{',:

C:v - Pn2s

b(a) xyz; x 1/2+4y Z§ 1/2-x 1/2+y 1/2+24
1/2¢x y 1/2=2.

Dy, - Prma

4(a) 000§ 0 1/2 03 1/2 0 1/23 1/2 1/2 1/2.
(b) 00 1/23 0 1/2 1/234 1/2 003 1/2 1/2 0O,
(e) x 1/% zj X 3/% 3§ 1/2-x 3/% 1/2+z}
1/24x 1/4% 1/2-z.
8(d) =xyzy 1/24x 1/2-y 1/2-3} X 1/2+y 3}
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1/2-x ¥ 1/2+2z§ Xyzj 1/2-x 1/24y 1/2+2}
X 1/2-y z§ 1/24x y 1/2-2,

Composition of the phase

The composition and the number of molecules per unit
cell was besed essentlally upon the powder data, atomie
volumes and space group considerations. Using a unit cell
volume of 349.9 33, a thorium atomic volume of 32.7 33 and
@& nickel atomic volume of 10.9 33, the number of molecules
of ThN1 per unit cell was found to be eight, This i1s in
agreement with the positions allowed by the space groups
C:v and D;;, as one contains only four-fold atomic positions
end the other both four and eight-fold seta. Any other
possible composition, involving either four or twelve thori-
un atoms per unit cell, seems very unlikely as the unit cell
is not large enough to accomodete twelve thorium atoms and
with four thorium atoms the method of atomie volumes would

lead to a composition ThNiy.

Atomic positions

We can eliminate the space group, C:v— Pn2a, by in-
spection of the Patterson function, P(xy). See Figure 15,
All of the peaks of P(xy) lay on the lines y = 0 and
¥y = 1/2, thue indicating that there are no sppreciabdble

general y parameters, The only values that y may have
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are O and 1/2 or 1/% and 3/%. If y = 1/% or 3/4, then the
set 4(a) of C:v is equivalent to 4(c) of D;;. If we con-
sider two four-fold sets in C:v with both y values equal to
zero or 1/2, this except for a shift in the origin of the
unit cell, becomes equivalent to two sets of atoms in the
k{c) positions of space group niﬁ‘ The only other possi-
bility in G:v is to have one four-fold set with y = 0 and
another with y = 1/2. As the (hk0) data are absent except
for h = kn, we know that for every atom, at X3, Y1y 214 Ve
must have an equivalent one, at 1/% + 2z,, Y2, 23« There-
fore, this last possibility would require on P(xy) a peak
at (1/% 1/2) equivalent to that at (00), However, this
equivalent peak occurs at (1/4 0) and we can thus elimi-
nate space group C:v - Pn2a from further consideration.

In space group D;;, we can eliminate set 8(d). This
involves a general y parameter which we have already shown
to be either 0, 1/4, 1/2 or 3/4. For y equal to 1/4% or
3/4, this reduces to set 4(c) of the same space group. We
cannot have y equal to either 0 or 1/2 as this would place
the thorium or nickel atoms 2.16 & apart. Using Pauling's
radii (13) with coordination number twelve, this distance
should be 3,60 ® for thorium and 2.50 A for nickel. We
can likewlse eliminate sets 4(a) and 4(b) because of the
very close interatomic distances, We therefore see that

the eight thorium and eight nickel atoms must be placed in
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Figure 15. Patterson projection of ThNi onto (001),

O — a. |

Figure 16. Section, with y=1/4, of electron-density
projection of ThNi onto (001).
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four four-fold sets of the type W4(c) in space group D;;.

An inspection of the Patterson function, P(xy), sug=-
gests as possible parameters, Xpn(1) = 5.4/60, Xpn(II)
= 20,4/60, XN1(11I) = 16.0/60 and XNi(Tv) = 31.0/60. A
comparison of observed and calculated peak heights agrees
very well and aceounts for all observed peaks on the
Patterson function, P(xy).

The Patterson function, P(yz), Figure 17, substanti-
ates the fact that there are no general y parametersin the
structure., There are only two independent peaks, one at
(0 14/60) and the other at (0 1/2), not related by the sym-
metry of the space group. It thus appears that the z pa-
remeters of the four sets must be multiples of approxi-
mately 1/8, If we assume both thorium sets to have the
same z parameter, 8.0/60, we obtain reasonable thorium-
thorium distances in the unit cell and also account for the
peak at (0 14/60). We can also account for this peak,

(0 14/60), by assuming that both thorium sets have the z
parameter, 22/60, or that gy = 8/60 and zyy = 22/60, How=-
ever, we can eliminate both possibilities as the former
only shifts the origin, whereas the latter would place
thorium atoms too close together.

On the basis of P(yz) the possible z parameters for
the nickel atoms are roughly 5/8 and 7/8. Investigation
of interatomic distances shows that 271y = 5/8 and zyy = 7/8
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lead to reasonable distances.

The approximate atomic positions obtained from the
two-dimensional Patterson functions were used to determine
the signs of the observed structure factors. Sections of
two-dimensional electron density projections, A (xy) and
P (yz)y 8t y = 1/% were plotteds See Figures 16 and 18,
In order to correct for non-termination of series error,
similar projections were made using calculated structure
factors for only the observed reflections. As a result of
this correction, the atoms were placed in the following
poesitions in space group D:; - Pnmat

W(e) x 1/% z3 x 3/% 2§ 1/2-x 3/% 1/2+z}

1/2+4x 1/% 1/2~2,

4 Th(I) in set 4(c) with x = 0.09%% and z = 0,140,

Lk Th(II) in set 4(c¢) with x = 0,34% and z = 0,140,

b N4(III) 1in set 4(e¢) with x = 0,268 and z = 0,630,

4 N1(IV) in set W(e¢) with x = 0.518 and z = 0,870,

i

With these parameters, the correlation factor, R, for
observed reflections was found to be 0.16. There did not
appear to be any need for absorption or temperature cor-
rections., The observed and caleulated structure factors
- are given in Table XIII, The various distances between
atoms are shown in Table XIV. The arrangement of the atoms
in the unit cell is shown in Figure 19,
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Figure 17. Patterson projection of ThNi onto (100).
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Figure 18. Section, with y=1/4, of electron-density
projection of ThNi onto (100).
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Table XIII. Caleulated end Observed Structure Pactors

for ThNi
Fealeds Fobsa, Fealed, Fobsa.
000) (011) - 343 2
020) - 720 746 (031) + 275 213
040) + 520 581 (051) - 225 2
400) - 2% 270 iocz) - 124 0
mog - 492 Wl 022) + 117 0
420 + 245 199 (ou2) - 82 0
t&o) + 380 366
0) - 200 YL (013) - 160 0
(033) + 138 0
800) + 98 0 (053) - 121 0
810) + 401 ]
830) - 340 281 ( 00k ) - 578 526
o2k) + zﬁg 622
12+0+0) + 326 466 Obely - 583
12¢1+0) - 18 419
12+2+0) - 304 L19 £015; + 316 292
12+3+0) + 364 376 035 - 293 318
16+0+0) - 401 L4 (006) + ago 159
186 184

16 1 0) + 292 223 (026) -
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Table XIV., Interatomic Distances in ThNi.

Th(I) 1Th  3.5% 4 NA(III) 2Th  2.68 &
b Th 3,70 A& 2th 2.9 1%
2Th  3.78 A 1Th  3.01%
2Th  3.794 1Th 3.114
1N 3.01% NI(IV) 3Th 2,914
1M 3.11d 2T 2.98 4
2N 2.911 1Th  3.00 4
2 §i 2.98 & 1T 3.114

Th(II) 1Th 3.5 & 2 N1 2.69 A

hTh  3.704
1Th  3.79 4
2 N1 2.68 &
3 N1 2.91 3
1N 3,014
18 3.114
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Figure 19, ThNi atomic positions projected onto (010)
plane; thorium and nickel atoms with y=1/4,
corresponding large and small unshaded circles;
thorium and nickel atoms with y=3/4, corres-
ponding large and small shaded circles.
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The Structure of ThNi,

The compound, ThNi,, is hexagonal with go = 3.99 i
and go = 3.83 K. The structure appears to be of the AlB,;
type with

1 Th at 000,
2 N1 at #(1/3 2/3 1/2).

Multiple film powder data, using a Debye-Scherrer
camera of radius 5.73 centimeters and CuKa (1.5418 2
radiation, were obtained. Intensities calculated on the
basis of this structure agree reasonably well with the ob-
served powder datas. See Table XV, A summary of inter-
atomic distances is shown in Table XVI.

Table XV, Calculated and Observed Intensitiles for ThNi,,

Iealed. Iobsd. Icalcd. Iobsd.
00e1 9 3 (30°0) 12 10
élo-ag 65 55 (30-1) 2 12
(10e1) 199 100 (11-3) 2 5
(11+0) 79 50 (21+2) 10 3
(00+2) 22 14 (20+3) 12 12
(22+0) 9 ]
(11+1) 8 25 (30+2) 18 12
(20+0) 10 28 (00*4) 3
deit # R O8 §F a
* 3 » y
(11+2) Ll 50 (10+4)
10
(21.0) 8 20 (31°1) 22 30
(00.3) 6 20
2042) 8
(21+1) L1 50

(10.3) 18 30
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Table XVI. Interatomic Distances in ThNi,.

Th 12 Ni 2,9 1
6 Th 3.95 A
2 Th 3.83 %
Nt 6 Th 2.99 &
3 Nt 2.29 &

The Structure of ThNiq

The previous work by Rundle (3), using powder data
alone, indicated a complex phase in the region 80-83 atomic
per cent nickel., 8ingle crystals of this compound were ob-
tained from an alloy containing approximately 80 atomic per
cent nickel., 8ingle crystal data were obtained with a
Buerger precession camera, /(= 30°, a magnification factor
equal to 5.50, and a Philips X-ray diffraction unit using
Mo Ka radiation ( A = 0,7107 3). The crystal was found to
be hexagonal with go = 4.97 3 and So = h.01 A

Precession about go gave nets of C6 symmetry in all
levels, indicating a D¢y, lauve symmetry. There were no ob-
served systematic extinctions., The possible space groups
are D;h - CBm2, Cgy - Cémm, Dg - C62, or D:h - C6/mmm,
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The powder data indicated a range of composition
ThNiy.s« However, on the basls of atomic volumes the com-
position of this phase should be ThNiy and the number of

molecules per unit c¢ell should be one,

On the bases of lattice constants and space group sym=
metry, it seemed highly probable that this compound, ThNi,,
was isomorphous with CaZngs Calculated intensities, see
Table XVII, based on this structure compare reasonably well
with the observed (HK*0) and (00+L) data.

Table XVII. Calculated and Observed Intensitles for ThNiy.

Togled. Jobsd. Teazed.  Iobad.
glo«c) 18 20 (l41°0) 18 6
11+0) 99 80 (50-0; 1% 1l
(2040 118 76 | 33'0 ‘ g
{21+0 é 3 2*6; 23
530'0 39 2 5140 1
22+0) 97 b 00+1) 60 4o
(31'0) b 1l 00+2) 253 330
E 0-0; 32 16 (00-&) 11 7
32+0 h )

1 (00» 63 10
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The atomic positions are as followst
1 Th at 000,
2 Ri(I) at 1/3 2/3 03 2/3 1/3 C. ,
3 N4(II) at 0 1/2 1/23 1/2 0 1/23 1/2 1/2 1/2.

A summary of interatomlic distances are listed in
Table AVIII,

Table XVIII, Interatomiec Distances in ThNiy

Th 6 N1 2.87 &
12 Ni 3.20 4

Ni(I) 3 Th 2.87 &
6 Nt 2,47 &

NACIT) 4 Th 3.20 4
b N1 2.49 4

b N4 2.47 4

The 8tructure of ThpNiy»

The powder data indicated a complex phase related to
the ThNig structure in the region of 90 to 92 atomic per
cent nickel, Single erystals of this compound were ob-
tained from an alloy containing approximately 90 atomic

per cent nickel.
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Single crystal data were obtéined with a Buerger pre-
cession camera, u« = 25°, a magnification factor of 6.00
and a voltage and current regulated General Electrie XRD-3
unit using Mo Ka radiation (A= 0,7107 &), Weissenberg
data were also obtained with a Philips X-ray diffraction
unit using Cu Ka radiation () = 1,5418 2). The crystal
was found to be hexagonal with go = 8.37 3 and go = 8.1 3.
Precession about go gave nets of C6l symmetry in all
levels, indicating a Dg¢j Laue symmetry., The following sys-
tematic absences were noted:
(HK*L) none.
(HO*L) none.
(HHeL) with L= 2n + 1,
The allowed space groups are therefore D:h - C6/mme,
c:v - C¢me, and n',‘h - ¢B2c.

There were not enough single crystals to perform a
direct chemical analysis or a density determination. There-
fore, the composition and the nnmber of molecules per unit
cell were essentially besed upon atomic volumes and space
group considerations,

With the above allowed space groups, it is only pos~
sible to have an even number of molecules per unit cell,

e
Using a unit cell volume of 494,2 As, a thorium atomie
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volume of 32,7 33 and a nickel atomie volume of 10,9 33,
ve find for
2 Th atoms, 39.3 Ni atoms (roughly Thiii,,)
4 Th atoms, 33.3 Ni atoms (roughly ThNig.s)
6 Th atoms, 27.3 Ni atoms (roughly ThNiy g).
8ince the compositions corresponding to two and six thorium

atoms per unit cell is highly improbable, it was sssumed

that the composition of this phase 1s In the range of
ThNig.ge

No intensity data were cobtained for this phase so that
it was not possible, by Patterson and electron density pro-
Jections, to determine the atomic positions directly. How-
ever, the powder and single crystal data show such a close
relationship to that of ThNiy that 1t 1s possible to postu-
late a most probable structure for Th;Ni,y. This can be
done by selecting go(ThyNi,y) ~ /334(ThNig) and go(ThyNi,y)
~ 2go(ThNig)s This new unit cell comprises approximately
six of the ThNis unit cells and without any substitution of
thorium atoms by nlckel atoms would have the formula
TheNizee

As we know that there are four thorium atoms per unit
cell we must replace two of the six thorium atoms by nickel

atomse BSince the atomic volume of thorium is roughly three
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times that of nickel, we might expect the thorium atoms to
be replaced by six nickel atoms and so obtain the formula
ThNige However, on the basis of packing considerations,
it would be impossible to place three nickel atoms in the
hole left vaecant by the removal of thorium, In addition,
there is a small shrinkage in the lattice constant, go
(ThyKisp) = 8437 R conpared to the expected value
V3 80(ThNis) = 8,60 4. Finally, the previous calculations
using the method of atomic volumes indicate 34 nickel atoms
per unit cell so that the compositlon appears to be Th,Ni,,
end not ThNi,.

In order to maintain the symmetry indicated by the
allowed space groups, D:h - C6/mmc, C:v ~ Cémo and
Dy, - C62¢, wé must remove either the two thorium atoms
along the go axis or two of the atoms in the four-fold po-
sitions. The former is unlikely as it would require four
nickel atoms to be placed along the go¢ axis. This axis is
too short, 8.14 3, in comparison to the expected value of
9.96 A obtained by using Pauling's (13) values for metalliec
radii, If we remove two thorium atoms from the general
four-fold set, then we muét place the remaining two in a
special two-fold set. This leads to the following approxie-
rate poéitions for the atoms of ThyNi ;s in space group D:h
- Cb/mme with two molecules per unit cell,

2 Th(I) at 00 1/4; 00 3/%,
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2 Th(IX) at 1/3 2/3 3/4 2/3 1/3 /M.
6 N4{1) at 1/2 003 O 1/2 03 1/2 1/2 03 1/2 0 1/2;
0 1/2 1/23 1/2 1/2 1/2.
12 NA(II) at xO 1/4%; Ox 1/4; xx 1/4; 30 1/M
Ox 1/%§ XX 1/43 x0 3/4%; Ox 3/Y%;
xx 3/4%3§ x0 3/%43 Ox 3/4§ xx 3/% with
X = 1/3.
12 Ni(III) et x 2x 0§ 2x X Oj xx0; x 2x 0; 2x x O;
X x 03 x2x 1/2; 2x x 1/23 x x 1/2;
X 2x 1/23 2x x 1/23 X x 1/2 with x = 1/6.
4 N4(IV) at 1/3 2/3 z§ 2/3 1/3 z4 2/3 1/3 1/2+4z3
1/3 2/3 1/2~z with z = 0,11.
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DISCUSSION

Introduction

The composition of intermetallic compounds bears in
general little relation to the customary valences of the
metals, The significant factors, which at present are
only partially understood, are the ratio of valence
electrons to atomic nuclel, relative values of metallic
radll and differences in electronegativity of combining
atoms,

The compounds of thorium with the trensition elements
of the first period are particularly numerous and intere
esting and dlsplay several new structural types. Attempts
to correlate these intermetallie compounds with one another
and with intermetallic compounds in general will be based
essentially upon empirical considerations. The two factors
to be considered are the relative values of metallic radii
and the electron to atom ratio,

As one of the characteristic properties of metal
structures 1s a close packing of atoms, it is evident that
differences in the sizes of combining atoms wiil lead to
different atomic arrangements and hence to different cry-
stal structures, However, many structures which appear to
be unrelated, that 1s, have different atomie ratios or be-
long to different crystal classes, show many similarities



83

upon inspection of the packing polyhedra within the unit
cell. It would thus appear to be promising to study the
nature of these polyhedra and the conditions that lead to
thelr stability in crystal structures.

Since metals that have approximately the same radlus
retio do not all form similer compounds, electroniec or
electronegativity effects must alsc be of importance for
compound formetion. Many intermetallic compounds, electron
compounds, with closely related structure but different
cherical composition have the same electron to afam ratios,
The stabllity of some of these compounds has been explained
on the basis of zone theory (21, 22) and 1s shown to be de~

pendent upon the eleoctron to atom ratios

Many intermetallle compounds with the formula AB; are
found to have a structure isomorphous with one of the three
Laves phases (23), the hexagonal MgiZn, phase, the cubic
MgCu, phase or the more complex hexagonal MgNi, phase, The
common feature of these three struétures is that they are
formed by various systematic packings of the same poly~-
hedron, Figure 1, which consists of a large atom, A, sur-
rounded by twelve smaller B atoms at the corners of a trune
cated tetrahedron with all the edges of equal length. The

various ways in which polyhedra of this form pack in three~-
dimensional space lead to the three different structures.
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The stability of these phases appears to be partially
dependent upon the radius ratio of the A to B atoms.
Though the ideal ratio is 1.25, compounds with the ratio
of 1,12 to 1.%0 are known. Many compounds of this type
are formed by titanium and zirconium with the transition
elements, whereas only manganese forms a laves type com~
pound with thorium, As the valence of titanium, zirconium
and thorium is the same, by considering the laves phases
formed by these elements we can study the size effect of
the 4 atom on the stablility of the compounds without having
to pay special attention to any electronic effects, The
distances cobserved and caloulated on the basis of Pasuling's
radii (13) are listed in Table XIX,

By fixing one interatomic distance in the unit cell,
vwe in turn fix all of them. The observed and calculated
A~B distances seem in general to agree quite well, This
suggests that it 1s the A-B distance which determines the
size of the polyhedron and hence of the unit cell, As we
go from transition elements of high atomic number to thcse
of lower atomic number we find poor agreement with observed
and calculated A-B distances at that element beyond which
this phase 1s no longer formed. The stabillity of the phase
thus appears to be connected in some as yet unknown way
with the A-B distancs,
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Table XIX. Interatomic Distances in laves Phases,

Observed Calculated
Distance Distance
@ . -
TiMn,1: T4 - T1 2,95 A 2,97 A
Ti - Mn 2.82 2.81
Mn - Mn 2.41 2,61
TiFe, T - T4 2.92 2.97
7Y - Pe 2.79 2.79
Fe - Fe 2.38 2.52
T3Coy 1 7L - T4 2,90 2.97
Ti - Co 2.78 2.76
Co =~ Co 203? 2e 59
ZrVas Zr - Zr Je2kt 3.20
Zr -V 3.10 2.98
Y-V 2.65 2,68
2rCr, ¢ Zr - IZr 3.1k 3e2
Zr - Cr 3.00 2498
Cr - Cr 2.56 2.71
ZrMn, 8 Zr - 2r 3.08 327
2 g&r - Mn 2095 2093
Mn - Mn 2.51 2,61
ZrFe,1 Zr - Zr - 3,08 3.23
2r - Fe 2-92 2092
Fe ~ Fe 2.‘?9 2:52
2rCoy1 Zr - 2r 2.98 302%
Zr - Co 085 2.8
Co - Co t"’3 2.53
ThMn, s Th - Th 3,35 3, a
Th ~ Mn 3.21 3.1
Mn - m 2‘7"" 2061




The compounds with high transition element composition,
ThMng gy ThpoFe;p, ThyCoyy and ThyNi,9, are all related even
though the compounds belong to different crystal classes,
The structures are based on the MgZng lattice in which
thorium now repleces magnesium and the transition element
replaces zine, By systematically replacing particular
thorium atoms in the Mging lattice with pairs of transition
element, the superlattices of hexagonal Th,Ni,y, monoclinie
ThyFes » and Th,Co,94 and body-centered tetragonal ThiMn,,
can be derived,

The projection of the atoms along the go axis onto the
(001) plane of the MgZng lattice is shown in Figure 20,

In order to obtain the superlattice of the compounds with
high transition element content we replace the following
thorium atoms by pairs of the corresponding transition ele=~
ment parallel to the go axis of the MgZng lattice:s

ThMng,: first layer, Bsyy Bpy Byyeeey Diy Dpvsse

second layer, Ag, Azy Aggeeey Cyy Cogens

ThyFey 2 and Th,yCoy 91

first layer, Bz, Bgyeaey Day Dggecss
second layery, By, Bgyeesy D3y Dggeece
third layer, Az, Aggesey Cyy Cogoees



Figure 20,

87

Projection of MgZn5 type lattice onto (001)
planej thorium atoms, large circles; tran-
sition element atoms with z=0, small unshaded
circles; transition element atoms with z=1/2,
small shaded circlesj MgZng type unit cell,
solid linej ThMn,, unit ceil, dash-dot line;
Th,Fe; 7 or Th,Coy7 unit cell, short dashes;
Th,Ni,; 7 unit cell, long dashes.
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Thgﬂi},yi first 1BYGI‘§ Ba, B;,ucog Dg, D,,pcau
second layer, Byy BB"*') D;, Dgysves
Though it is interesting to note the similarities between

these structures, the reasons for the different methods of

substitution are still not understood.

It has been pointed out by Hume-Rothery (24) that
certaln intermetallic compounds, electron compounds, with
closely related structures but different chemical compo-
sition can be considered tc have the same electron to atom
ratios. There are three general types of electron compounds,
By ¥ 4 and € phases corresponding to the electron to atom
ratios of 1.5, 1.615 andvl.?s. The valences generally as-
sunmed by Hume-Rothery for some of the elements forming
these compounds are listed in Tabie XX,

Some question as to the correctness of these metéllie
valences of the transitlon elements has been ralsed by
Pauling (13, 25, 26). In Pauling's treatment of the metal~
lic state, the five d-orbitals are partitioned into 2.4k
non-binding or atomie d-orbitals while the remaining 2,56
d~orbitals hybridize with the one s and three p orbitals
to give 5.78 orbitals used for bonding and 0.78 unused, or
'‘metallic?!, orbitals which are regarded as characteristic
of the metalliec state.
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Table XX. Metallic Valences of Some Metals Which Form
Electron Compounds

Hume~Rothery Pauling
Cu 1 ol
£ 3 o4
N1 ) 5. 78
Co ) 5. ?8
Fe 0 5.78
4,16
Mn 5478
Th (" 4
Al 3 3

Using Pauling's values (13) of metalliec valences, listed in
Table XX, one finds the electron to atom ratios of 4.%4,
4,82 and 4,69 for the g, ¥ and ¢ phase, However, it can be
shown (27) that constant electron to atom ratios for ele-
ments forming these phases result if the valences change in
an arithmetical progression as one goes across the periodic
table.,

In most of the previously reported electron compounds,
either Pauling's or Hume~Rothery's valences will give con-
slstent electron to atom ratios, It appears that the three
compounds ThMny,, Thg¢Mny; snd ThMn; might be related to the
By ¥ and € phases. The § phase 1s body-centered cubile
whereas ThMn,, is body~centered tetragonal; the Y phase and
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ThgMn,3; are complex face-centered cublc structures; and
both the ¢ phase and ThMn, form close-packed hexagonal
structures, Both Pauling and Hume-Rothery agree on the
thorium valence being four so that by assuming the three
intermetallic compounds to be electron eompounds it 1is
possible to calculate the manganese valence for each.

The values obtained are listed in Table XXI.

Table XXI, Manganese Valences in ThMn,, ThgMny and ThMng,.

Using Hume=- Using Pauling's

Rothery's Ratlos Ratios
ThMn, «63 5.02
TheMny g + 99 5. 0k

ThMn;, , 1.29 5. 0%

It is thus apparent that only the Pauling valences
glve consistent results. The valence of five is in good
agreement with the average value of the two valences, 4,16

and 5.78, given to manganese by Pauling (13).

The fact that the four compounds, ThMn;,, ThyFe,,
Th,Coy 9 and ThyNi, ,, are related makes one suspect that
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they may be electron compounds corresponding to the B phase
of Hume~Rothery. The valences given by Pauling to iron,
cobalt and nickel are the same and somewhat hlgher than
for manganese so 1t might be expected that the compounds,
ThoFey 9y ThyCoyy and ThyNi 9, would contain a lower concen=-
tration of transition element than the corresponding manga-
nese compound, ThMn,,.

The phases, ThjFe3, ThyCo, and ThyNij, are hexagonal
and i1t might be supposed that these compounds correspond to
the ¢ phase of Hume-Rothery, Similarly, ThN1 and ThCo are
complex phases and these may bé supposed to correspond to
the ¥ phase of Hume-Rothery. As there is no ThFe compound
stable at room temperature, it would appear to be very in-
teresting to study the thorium-iron system at higher temper-
atures in order to detect the possible existence of this
compound, These electron compounds may have a fairly wide
composition range of stability such that the B phase ex-
tends, for the thorium-iron system, from ThFe; through
ThFey to ThyFeyy, for the thorium cobalt system, from
ThCop.3 through ThCos to ThpCoyyy and for the thorium-nickel
system, from ThNi, through ThNiy to Th,Nij;;. This does not
appear to be too unreasonable as the 1-5 and 2-17 compounds
are known to be related. As there is still some question
as to the nature of the ThFe; and ThCo;.; phases, there may
be some overlapping between the B and ¥ phases,
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The transition metals, menganese through cobalt,
fluoresce in copper radiation, vwhile nickel does not. It
was only in the thorium-nickel system that it was possible
to study by powder diffraction methods the mechanism of the
substitution of thorium by transition metal atoms in the
range ThMy ~ ThpMy9. Alloys of intermediate nickel compo-
sition gave povwder diasgrams Indicating a continuous shrinke
age of the gg¢ lattice constant., This is in agreement with
and tends to confirm the assumption that the B phase for
the thorium-iron, thorium-cobalt and thorium-nickel systems

has a wide composition range of stabllity.
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SUMMARY

The binary alloy systems of thorium with manganese,
iron, cobalt and nickel have been investigated by X-ray
diffraction methods for the presence of room temperature
stable intermetallic compounds. It has been found that
thorium forms three compounds with manganese, ThMn,,
Th¢Mn,3 and ThMn,;,, four with iron, ThyFe;, ThFey, ThFey
and ThyFe; 9, five with cobalt, ThyCoy, ThCo, ThCo_3,

ThCog and ThyCogg9, and five with nickel, Th,Ni;, ThNi,
ThNi,, ThNisy and ThyNi; 7.

The structures, ThMn,, ThgMn,;, ThMny;, ThyFey,
ThyCoy, ThCo, ThCog, ThyNiy, ThNi, ThNi,, ThNis, have been
completely determined. Though not completely verified the
structures, ThFey, ThyFe;3, Th,Coyy and ThyNi,,, are fairly
well established, The structures of ThFey and ThCo,.j are
still unknown.

The compounds, ThgMnyy, ThMn,,, ThyFey, ThyFe,,, ThCo,
ThNi and ThyNi, 9, represent new struectural types. The com-
pounds, Thy9Coy and ThyNi,, are isomorphous with ThyFe;,
Th;Coy 9 with ThyFe;y, and ThFey and ThCoy with Thiie,.

The composition of these intermetallic compounds bears
little relation to the customary valences of the metals,
Attempts to correlate these compounds with one another and

with intermetallie compounds in general has been based es-

sentially upon a consideration of the relative values of
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of metallic radiil, which dependent upon the sizes of the
combining atoms will lead to different atomie arrangements,
and of the ratio of valence electrons to atemie nuclei,

A study of the laves phases, common to many compounds
with the formula AB, and a radius ratio of approximately
1.29, suggests that it 1s the A-B distance which determines
the size of the polyhedra comprising the unit cell. In-
spection of the lattices and coordinstion polyhedra of the
compounds, ThMns;, ThyFe;y, Th;Coy9, ThyNisy and Thiiy,
shows that they are related to one another though the com=
pounds belong to different crystal classes.

It appears that the compounds, ThMnsp, Th¢Mn,j and
ThMna s are related to the electron compounds, f, ¥ and €
phases, with electron to atom ratios of 1.5, 1.61% and 1.75
on the basis of Hume~Rothery's valences or with the ratios
of 4,9, 4,82 and 4,69 on the basis of Pauling's valences.
However, only Pauling's ratios give a consistent value for
the valence of manganese., It also appears probable that
the compounds in the thorium-iron, thorium-cobalt and

thorium-nickel systems are electron compounds,
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