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M8ssbauer spectroscopy™has been used to investigate the local ’

environments of both the metals and xfon-meftalg“ in a number of compounds
N t

’

having the pyrite, marcasite or arsenopyrite stuctures.
The metal environment was investigated in a number of éuj.’l.phideaa,

selenides and tellurides most of which had the pyrite structure. The L,
i

-

“MBssbauer effect in ° Fe was used the range of compounds available

L N oz
for examination was extended by doping the metsl site with > TFe, thus

Ry

-
allowing compounds not contaiking iron to be observed. A correlation was

st

found between iscmer!shift and metal - non-metl aistasce indicating that \

L

this is _@fe’a.ny a size effect, the quadrupole splittings were’ found

to be grimrily dependant on the occupancy of the non~bonding metal’ te g

-~

orbitéls.

.o —
One of the compounds investigated was Co, 98Fe0_ 0252, for which

-

an sbnormal low~temperature specfrum was observed, , This ‘spectrum was

found to result from masgnetic ordering and has been analysed in terms of
8 ﬁelica.l arrangement of the moments on the metal atoms,

12151: MBssbauer

The non-metal environment was investigated using
spectrpBeopy. The compounds examined were diantimonides amongst which
all three structures are found. The results were found to be in agreement

with present bonding theories. A distinct difference

i
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O geometric in origin and corresponded to a localised non-metal - non-metal
bond and a delocalised non-metal-~ metal bonding band. G '
. “ The results for the non-metal sites were supported by an
imstiption of a mniber of ternsry :ulpho«nntinonidet MSbS and s series
w ccapounqs PLSb, S In the latter series the MBssbauer effect in -
‘1195“ 'WRS ulso observed ulowing a ccnpu-ison v:lth the antinomr results.
The exaét structure of the aulpho-mtimatdel is not knawn with any
degree of certainty, it was, howvever, pouible to in’cerpret the quadrupole
results for these canpoux/ds in terms of Sb-S pairs which are consistent
; with the most probable structure. ' H
A series of computations have been performed to produce a set |
# of tables from which can be determined the number of distinct imomers
that can be derived by monodentate substitution of convex polyhedra.
These tables should prove to be very useful in the analysis of M8ssbauer’
spec‘tru of ramNom structures, They &lso have'a potential use in any
problem that req an enumeration of possible iscmers for other than

the simplest of polyhedra.

vi?“
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additional symbols have been used.! .

LIST OF SYMBOLS .
L4

-

@

. *In addition to the standard mathemstical symbols, the following

-

E

[

3

Gewe
a

T
2 1
e

The number of edges on & polyhedron

The humber of faced on a polyhedron

r

i
Miller indices ;

H]
3 /

v 3 +
Nuclear principal ngn'cum number

5
The number of electréns per formula unit in excess of
§ £

the formal bonding ie‘?uirements. .,
Metal | .
Nuclear magnetic qxig.n%\m nutber
Horizontal mirror pla;e "
Vertical mirror plane

Point group

Nucleax: quadrupole moment
Rotation axis ’ ‘

Inversion axis

Number of vertices on & polyhedron
Non-metal

Hamiltonian

Electron density at the nucleus

Pt

“~
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Chapter 1. :
® ’ INTRODUCTION ’ 5 4
j . M

® d

o

e ‘ & o
" This thesis is primarily concerned with the investigation

o‘glocal environments in a series of closely related compounds, The

¢ b ‘
,compounds investigated fall’into three structural types: , pyrites,
»

marcasites and distorted marcasites of the C‘oSbg types These structures

are related in that they all require octahedral coordinatiop of the ,

¥ k)

“cat:lona, tetréhéd;al coordination of the anions and ‘anion ~ anion pairs.

© &

Thus while the structures vary, the local environments remein similar.

This work is a natural continuation of a series of structmral studies .
-’ “ N Pl
on similar compounds (1). '

i

/ " The use of diffraction methods for studying structures .

y 0

results in a solution that 1s in effect an average over a large number
of structur?l units. The yesult obtained from a structure containing

a random dfstribution of twh types of atom would be identical to that
[ {&’

from a structure :;:.:ontaiﬁigg one type of atom with a scatfering power
~rontail

wi f

equal’to the myean’af the random ehoms. In recent years a number of

techniques such as NMR, NQR, ESR and M8sgbauer sp?ctroacopy hawv [beeu
applied 1o the study of solids, These techniques are similar in shat
they give results th‘at are the aggregate of the results ,from each ’
observed site i;z 'the' sample. ,!‘[‘hz'zs in the exemple above th; ra,m‘icm ]
distribution would give wrise to & distribution of results, whereas the

single type of atom would give rise ff a gingle/result. %hese

techniques may therefore be used to cf’ntain infornation about bonding 2

and local enviromments that is not uvailuﬁlé from diffraction

7

4

Sy
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experivents, This work izm&l%s thc ude of %ﬁk«r spdctroscopy to

N

-~

3 mmtemmmuw;ocumum v
A The variety of physical properties pouuua vy cqnpdnnds
,with mrite uﬂ marcasite styuctures is of cmidwab}& interest, and
m,a'ieen the subject of several comprehensive revievs, including ° . ¥
12,3). V;.;'im~ authors have mpom bonding schemes for thess ks
emmdﬁ (k,S.G,Tf :hich sccount reasonably well for the ocbserved '
1 pbnicui properties.’ Most of these schemes are similar #n general
npproach, -however, they vary in detail. The more Muilod schemes
. almost inm:ubly rely on trends in x-ray atmcturnl ptrmterl to
; ,igterw‘etthebondins. It is notable that in these conpogndsbond
% S . th, especially those between the non-metals, are extremely s
sensitive to the structural psrameters and, tend to have quite large
dncertaintieh usocutea’witn thém. Thms the trends in distences, that

Y

. bnudin; schémes often depend upon are !rcquann;r uncertain vhen viewed
) criticg.uy This uncertain‘ty could be reduced by & careful re-deter-#
. iiuti}m of the crystal structures, but for thc rednction to be
significent an iuprovuent of at :uwc an order of m&nitnda on present

* . results would be required. An slterpative ayprmch vould be tp use i‘

»

©

methdd of 1m§ugatio°n that gives results which are directly relatet

s t0 the bonding details. Such a technique is Missbener spectroscopy,

& which gives a iuuurqoot‘ electron d.ons:lty at the nuzleus and charge !
‘tqa:rhry.‘ Irancgipmmdsotthiltypthﬂaalremmw ‘ g
investigated, with modcgr« of success, However, they Are limited in
asber snd the results are also somewhat restrictive in that they

a “
- - caqcm»only/;h(cnm sites. To obtain & more complete understanding .
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of the bonding it would be desirsble to investigate the non-métal site

a‘iwell;‘ - '

" ’
> . A Pl

It was proposed to approach the prnblt:m in two ways:
a) A series of nompound; with metals other than iron would be -
. doped with °1Fe to ‘incresse the range 'of metal site data. / .
: Ix“ou-ddped 0082 hudkalreaa.v been looke.d‘ at Ey Gallagher ei; / ;
" al. (8), but their spectwa were not satisfactorily explainéd.
This composi)tion m aincludped in the investigation and gave
rise to some intereasting canclusi&ns Dreg&rdiz‘lg the ;fiaénetic ’

L]
[

structure or"cosa. . .

°

- e

b) As no MBssbaier results from ;gnanita.l sites were availeble,

except 125me studies of ia‘gnetiq o;'}l;rix;g in Ioin':l.‘.«e2 (9),

& large \selection of, antimonides wex;e pre:gq.red tand 12}8'0

Wisabauek used to investigate the non-metal ai¥é. These
. 1 ’ autimonides consisted of dlmtimgnidus’MQbE. sulpho- I
B antim;nmea M3b8 and some cm?cunﬂs with'tin‘and; ant.;mony in

the non-metal site, ’ . ! ¢ .
. i ) .. ’

- The second part of the thesis ig conc,urned.wi:ah the
uﬂnulo:tion)or coefficients for some combinatorisl polynemials. It ia
now quite clear that an intuitive explanation of complex M3ssbauer -
) spectra is not edequate. Buch spectra must be analysed- in soge detail
to obtain meaningful results. One of the comfionly encountered cu&nﬁ
is s MBssbauer atgm surrounded by a random arrangement of two or more
dirrqx:cnt types o; atom, such sssin a dizordt;’ﬁ"illoy. Th/o’ r
combinatorial coefficients calculated gi:re the number of possible unique

»
g

o



Fy , - ‘)
surroundings for the Missbaner atom, taking proper sceount of the
symsetries of the pertinent coordinetion polyhedra, and time’provide
& check that all possible envirooments hgwbmmiﬂcrod. These

1
results can also be of use in other sreas vhere an emmsrsticn of
B —
enviromments is required and can not be readily obtained by inspection.
‘vj L 4
“ \
¥
o -
]
d - i
o K -
] v
. .
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Chapter 2, :
N | .
% EXPERIMENTAL .
§ 9
‘J 1. Preparation of Samples : ’

*

All samples were prepared by direct rea.cti;:n of the
élements under va‘.cumn. The source-and purity of the materisls nsed
are listed in teble 2.1. The metal sponges Vere freshly reduced with i
purified hydrogen at about 600°C before use. The chromium shot was
etched with acid as was the antimony after crushing into eaﬁly handled °
b pieces. 1In order to reduce ha&ﬁing losses small lumps of sulphur and

antimony were used in preference to fine powder:. The FTre dope:l
Msshauer samples were prepared using iron powder containing at least ,
90f *Tre. This wes supplied:u netal powder by the Osk Ridge National
Laberstory, mdkiras reduged with purified hydrogen hLiefore use.

/ The ssmples containing 2% ?li'e were prepared using meétal

" pponges vhich were rremixed with the ?'Fe in order to achieve maximum

‘ dilper;;on of the 571‘9 thrmmghc?:c the sample.- This also allowed one

large batch of dope:l netal t0 be prepared for wse in several samples *

P with 2 conseguent increase of weighing aceuracy and seving in the amount

LIl

* of 571% used. This premixing was achieved by dissolving welghed portions . |
. I .

g of metal sponge and 571’% in nitric scid. The rssultant solution wes

: evaporated to dryness and the residue strongly heated in air until no
mire fumes vere evolved. The‘reaidne was then reduced with purified

' hydrogen to give a.metal powder. The reduction was interrupted
periodically and the sample weighed, constant wight‘b.fﬁ‘ taken as the
eriterion of complete reduction. '

ry

us
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Bnlplurmtiisinnxetrmltommmmd.
depending on the availebility of the elements. The compoments were
weighed to a rtprocx;eibility of 40,2 milligrams snd transferred to & |
quarts ampoule vis a length of k" diameter quarts tube on the end of
which was a quarts taper Joint. The amponle had previously been
inspected for lesks and degassed with a reutm:l; cool. hydrogen
oxygen flame vhilst under high vacuum. Oreat care was taken to
uinimise any sswple loss during transfer. Any dust clinging to the
walls of weighing bottles or the entrance tube to the sapoule was
dislodged by careful tapping, and :ln suitable cases using s powerful
magnet. J -
Tbenpmlemthenmeﬁtedtqmullmuvm :

~
]

system, evacusted, mtimunﬁrutoprmm;ﬂnepmaus
stresming over, and pumped with & mercury diffusion pump for seversl 3
hours. Fressures measured with a McLeod gauge whilst using the
“dirj‘ulim pump were tnﬁlcllly of the qrder of 10"6 ton". The smpoule
was then sealed with a hydrogen—oxygen flame and & looped handleé
ttucmbtb the end of it for ease in handling.

The components were rescted with great care, especially in
the case of the sulphides which reacted exothmﬂly'lm eould, ir
allowed to Teact too fast, ;n'oducc & high sulphur npour yreulm,re
causing the mpdule to cxplo&s Thnnmnlpmc-dnumtopnhm a
horizontal furnace to between 600 and B00°C and then slovly to move “bhe
ampoule towards the hot zone, thus avoiding any sudden change in
temperature. The agpoule was then left in the hot sonme for st least
2k hours to ensure ss complete a reaction s possible, after which it

) A

L

/
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' was removed from the furnace and alloved to cool'to room tmpératu:::e.
The ampoule 4/as opened, the sample ground to about 100 mesh and
resealed i‘n a smwhaf; smaller appoule. The Sample was annealed for
about a ‘wuak. after which the ampoule vas again gpened and an x-ray
photograph takep of the sample. If the x-ray'showed inc:mplete '
resction (presence of foreign phases) or inadequate crystallinity
(difuse high angle 111;«:; » the annealing Process was repeated until a

satisfactory photograx;ly, ~gbtained. The annealing temperstures e
carem;.;y chosen for each, , le with the help of waihbxyﬂ
disgrams (10, 11, 12) in an attempt to minimise the*vmm'ber of heat
treatments required.‘ Whenever possible a diffractometer chart was
taken of the final sample and line shapes checked for any mpurit‘y
‘e’lin'ea close to sample lines, which would not be seen on a photograph.

)
k]

3. X-ray Diffraction
Powder diffraction photographs were taken of portions of

w* i

samples ground to pass 325 mesh. The sample was mg;mted on a thin
quartz fibre using a solution of sili{con va.cmm; greasges inIbenzane.
The cameras used were of the Straumanis type having a diameter of o
11%.6 mm. Nickél—t;,ltered copper radiation was used as a matter
‘of course. However, some samples gave high background scattering with
copper, necessitating the use of manganese filtered iromn rg.diation.

" Lattice parameters were obtasined using Nelson-Riley extrapolation (13)
to 8 = 90° employing lines having 8 > 60, The wavelengths, in Ao, us;d

Yn this work vere:

-
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Copper 1.5k050 1.5kk3% - '1,5418
Iron  1.93%97 1.93%991 1.9373

-

~

APhilipc MOSOﬁdermge mmm.mm
wes uud to obtain charts for characterising Wtim and for the
coliection of iutmity data. Mheu were mounted in a shallow
counterbore, about 0.5 mms deep, in a 1" wﬂ.‘ lucite slug.

Whenever possible specim were dry-mounted by pressing fine groupd
(325 mesh) powder into the counterbare with a microscope slide, thus
allowing the ssple to be recovered. If this SSvhod falled s small
smount of silicon gresse was mixed with the sample. ﬂpocimslntmd
for intmitycountimmmtadbynixin; 325 mesh powder with a
ninim of silican grm to form a thick paste.” This paste was
Jressed into the comnterbare otm-m.uun;mmmé&mun
as spooth a surface as p‘gui:blo. The surface vas then sprinkled with
fine powdered smiple. Two specimens were made from each sample and
survey charts were run of both. These charts were checked against esch
other and against & chart Tun a dsy or so later for reproducihility,
2ack of which could be e indicetion of preferred wicnﬁttion.

Intmity da.to, werq collected for all accessible rctlectim,
uiuthedirrmctm in & continmuwus scanning mode. mm
mutian was” 1solated with & line-focusing lithium ﬂudrid.e crystal
mhrmttor placad between the sample and the Wimﬁ et!!tm‘!:ai:'.i
mwmmmormvmtedwamsthsmummm mmt:mm
amplifier noinmprovidqdbra single cmnmmmwm

st «



k N ‘ L ]

' | ta collection was performed with the 4iffrectometer scanning at &

* rate of 1/8° (20) per minute, the angular range scanned for each peak
eing determined from the survey charts. A scan of 1/2° (20) wes made

on either side of ‘each peak from which the background correction for

ko

the pesk was computed. The consistency of these scans also gave an

\»\Wa cation of whether the tail of a‘ peak had been cut off by & too |
ahoi't scanning range., Three camplete sets of data were collected for
each sample and the results a‘.vé:rnged. At low Bragg angifégﬁ the ‘ﬁage‘
of the slit projected onto the sample by the x-rays becomes elongated, -
and if the whong slit width is chosen nay exceed the sample area
causing ] stematic reduction in cbserved intensities in this angular
range. This effect was chécked for by installing e narrover slit and
comparing intensity ;‘at:f.os between the lowest angle 1line end a line at
sbout 60° (20).

by '

3. MJssbauer Spectroscopy
MBssbauer spectra were collected both at Dalhousie and at

the University of Aberdeen. The two spectrometers, of similar design,
being of the constant acceleration type. The drive sy. ¢h have
been described at length (1h4), were .built at the University of Aberdeen, .
the multichannel analysers and anc:tllu;y; electronics were of comerci;l
origin. The spectra were ocutput on eight-hole paper tape in & format
sultable for reading into a computer via a teletype or & high speed

€ ]
» " ¢

paper tape reader.
Samples were prepared either by préssing the powder into &

=

perspex holder, or by mixing the sample powder with powdered \thorlo- .
plastic and hot-pressing into a disk, The nnplr were mounted in & %
LN | 4

~ - b



variety of ways depending upon experimental requirements,

however in

the case of °'Fe and 9, spectra, 1/2" ssmples placed
.tma"mmm.mmunwewwd‘l A

effects. Ia the case of "asb :poctrn the low gource strength neces-

sitated thst this distance be druticuly to achieve &

reasonable cotmting rate. As s signiﬁcmt -oli& angle

errect was

Wuutmmwmmtomnuwm. ‘

especially when changing sources to calibrate the system.

Calitration

‘
was effected by taking s spectrum of an iron foil, the six lirnes being

 assumed to have positions of +5.3285, £3.0835 and +0.8385 mm/s. The
kwmnimshmmuﬁmucrerwmcjrm'theimnm,

while tin and antimony remit- are quoted relstive to bar
and indiue antimonide respectively,

-

jum stanpate

The three sources required sliightly d:lfruunt expmmtd ,
conditions. The higher enargy of the autimcmy y-ray required the use of |
a men roportional counter, whereas srgon or krypton counters were

used for kop and tin. m, ponitio;: of the pulse height analyser

/

window iz also of scme Importance in obtaining the optimmm counting

conditions. Yor 1ron sod tin-this was set on the MBssbeuer 'r-rqr peak,

but for ant tmutoufhruupepukwhichzssmmbmo

intense .t!mn the yrray pesk. The tin.tmm were thken with & palladium

. L3
filter bdetween the source snd abscrber to reduce the intensity of the #
7

80K x-rays which occur close to
; The low-tepersture iron spectrs vers t «zﬂmmmc (&

[
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other end of which vas immersedn 1iquid nitrogen. The.antimony
spectra were all taken at T7°K with both thé source'and abso;ber eooled,
In this case calibration was also performed at lov tempersture as the
qoupiiﬁg between the transducer’ and the source was affected by cooling.
A correction was applied to the calibration as the magnetic field in
iron at 77"5 is 2’ higher than et room temperature (15). The

% n ature for both the iron and the Iantimony _runs was checked by a
thermocouple placed in the sample mount.

Programs were written for the ICI 4-50 and the CDC 6400 to
create and update libraries of spectra. ' The ' paper tapes from the
analyszer output werd used as ipput for these programs which perforned |
the following functions:

c) The data was searched for dropped chennels.

b) A constant *ras sdded to each chennel value; -bhis was o
required as the analysers only stored six digits, the
number of millions being lost.

e¢) A plot of the spec was produced.

a) The zpecéhm vas added to the library and sn updated

s

. table of contents prioduced.

.The shove functions were default sctions for the programs and could

be omitted at w:iil. It was also possible to create a new library,
output & copy of & spectrum (normally on cards), and inpyt spectra

from & medium cther than paper t’ago. The libraries wers utor:ed on the
fastest data storage device generally avaiiable to programs, magnetic
tape on the ICL 4~50 and private disc file oh the CDC 6400. As magnetic
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{ tm{miruunm;usmchtholim”mamtodwutk% ~
place the most recent spectra st -the degioning qf the tape, these being '
the spectra'most frequently required for nttinf. Isam shifts, . y-
qusdrupole splittings asd linewidths wers extracted from the spectra by
tittix;‘ to them one or more loremtzians and a Mc background using
the method of least squares to minimise x2. Two programs wers mﬂable
for this purpon {16, 17), both allowsd. varicus’ conmunts to be placed '
on the pnruetm'l, nature of which is discussed in Chapter 3.J The ’
Wkeredxptadtormmtk@%mdamherorwh
cations were made 0 allow the sesrching of litrary files tor spectra

and the production of plots of the fitited spectra. »

r
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MOSSBAUER THEORY

1. Introduction | ’

: _ The MBssbauer effect since its first discovery in 1958
r - {18, 19) lu.s been the subject e;: many introductory texts, ineluding .
. {20, 21) Thau texts generally give a somevhat ‘Eﬁmpliﬂed description
J¢ . of the s of simple MBssbauer spectra. This ig adequate for h;k[i.‘
iron and t#n work, but sntimony spectra and composite magnetic-quadrupole
intau;:tiong require a more detailed explanation. The energy levels in
the nucleus thﬁt’;?‘re oi:mefl in a Haasgn?xer experimien‘c are in general
- modified by the imedia::e "environment of the mcleds. Any change in

the charge density at the mu leus\wi%l change the energy of the nuclesr

states and this will be seenjas a chggge in the position of the MBn}bnuér
.k ! a.ba';n:ptionJrelative to some /standard; this cchang'e is called the iscmer
shirﬂ (Is) Each nuclear/state is in fact s mmber of degenerate states
rqpi‘eunted by the magnetiy quantum mmbers ;. If a magnetic field, &n
electric field gradie:.zt (EPG) or ame\{oﬁbina‘i::].on of these two is a;:pli;d
to%tha gucleus, then this degeneracy will be totally or partially 1ifted,
. - resulting 1n the splitting of the Mﬁsabmcr absorption into several

related sbsorptions. fThe 1smr :hirt is indepéndent of theu effects

interact end-must be Sonsidered together. The purpose of this chipter
is to explain the parameters that are pertinent in.this work, and to

I3

show' the reasoning behind the constraints dsed in the fitting of these
Ms t0 experimental Wa.

: and mey be treated separately, while an EFC and a nagnetic field will  °

14
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L 5.u Tsomep Shif‘t < ",,.' J‘;
" The energy of a MSssbauer transition AE i3 the difference
*  between the excited (e) and gr {g) states. of the MSsibauer niucleus.
However, the mature of the @periment is to restrict the measurement to
- ™\ the dlg;rence betwan the AR of thc observed nucllm and that of some

B wwwstanmrd nuc.‘)!”eus _Thus for a. non-:ero i’lmr shift toabe obgarnd the g

o
¥ ~

ground and ex&ted states must be perturbed by different amounts. " This

oceurs in the cage of a finite eloctron chlrze density at the nucleus

. L
. because the radius’R of the mmlm changes uon excitation. The change
\ in AE due to,.the electron chu-;c density-is given by (20): T, -
, SLaE) ‘= flZ)(R, - R/RI|¥(0)]? . 3.

' ¥
: where f(z) is constant for s g:lm nuclm If the change in nuclear
radius. is referred to as 8R then the isomer shift is given by:

¥

: P
g 18 = p2)EMIWIE - w03 3.2

L
¢

e subscripts A and Eatand for absorber and source respectively,
hawever it is gemeral practice to refer isomer shiftis to some standard -
. compound , xm'§ usually the source, vhith allows a more accurate
comparison of remlti from different lsborstories. Ip this case '
lt(o)tn yould be replaced by that of the standard compound. It cih be
seen fro- the expa'euion 3.2 that if the term f(Z)GR/R is known 1swer
- shifts of difrerent Lﬁssbuueramxclides can be conpu.red. By using .
v rsuitable isaslectronic cwmds nvu-;l authors (22, 23, 2&.) bave .
- mma the Pelationship between tin and antimony -pecﬁra. thus allowiag
couplriaom, and enpbling mtinany—lal results to de interpretcd in the
light of the better undcrutood etmt in tin-119. This vill be
discussed further in tl;: chapter on antimonides. .

[ > . ]
H

'

|
¥ +
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The magnetic and quadrupole crrects on the nuclear energy

wwwqxffw\u. ‘ - .

states are best ducribed by exsmining the eaipei‘imental Hamiltonian

S
A
s

operatar (25) ~ ) ;

LS

T~

~gyfyH. T + (PQ/(HI(2T - LGP - T(T + 1)} + (n/2)(2F + 121 3.3°

H is the magnetic field-and eq the slectric field gradient at the
Mssbauer nucleus, 1 :la detemined by the ssymetry of the electric
Tield gradient teqsor. There are 2I+l nuclear states, represented as
[)II>. vhere My # IN.Z-1, ..... -I, for each nuclear spiu state I. The
effect of H and eq on each state I has to be determined from the
Hamiltohian, and energy level dlagrasm,can then be constructed showing
the allowed MBssbauer transitions. . Severa} festures ere obvious from
the Hamiltonisn, the quadrupole splitting is dependent upon M;> snd so
will only partially lift the degeneracy of the magnetic states leaving
MI = -uI Also quadrupole spl:lﬂ‘;ina vill enly oceur if I > 1/2, and
thus will only be observed if the ground svba.te, 'bhe excited state, or
both fulfill this requirement. The exact soln‘hioﬁ fTor the energies of

the required nuclear states is only possible fon the simplest of cases

and numerical methods frequently have to be used. The cases of interest

in this work are those of quadrupole splitting with no magnetic field
fgr tron-57 and +1n-119 (x, = 3/2, I, = 1/2), the sinilar case for
mtncnw-m (I ‘- 1/2, I = 5/2), and the more complicated case of
iron-57 with quadrupole splitting and a small magnetic field. Thue

csses will be dealt with in turn.

P
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4. Quadrupole Splitiing with mo Magnetic Field : '
-
The electric fisid gradient (EFG) at the MSssbauer nucleus
- is defined by & tensor having nine- components, Vu, in Carteaian

*

coordinates vhere

3

Via = 32V/3q130.; ("i' q'J- = x,¥,%) 3.k

*

and V iz the electmutic potential at the xmclm due to external
charges. As the electric field gradient is due to u‘erm charges

the Laplace cqultion requires that

Y

_ vu+vn+v’ = 0 3.5

and as Vi 3 = V‘1 1 the electric ﬂeld gradient is s symmetric, tr-.éelnn
tensor. It is conventionsl to transform the tensor to a met of -

4 ~

principal axes X,Y,Z ordered such that
\/\ il < gl <l 3.6
As & cons;quence of 3.5 there are only twd independent components-
which are ususlly expressed as the 'field gradient' eq u;d the
asymuetry parameter n, vhere -
4

“ ' ﬂ‘v » n.(vn" n),vzzv
Iron and tin spectra are determined by the solutions to the

o

equation

E 2.

w{kx(ax-l)}[{sul - I(14)} + (nf2M thf' = 3.8
for I‘ = 3/2 and I‘ = 1/2, E being of the state due to the "y
quadrupole interaction. For I = l/mpole interackion is
possible and a single energy level results. As the )oberators I, and I
are defined such that :’ P

1M = (2(132) ~ My Ot1))¥eg2a> 3.9

¢
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, the equations for the excited I = 3/2 gtate become e

—

*

4

H33/2> = (e%Qu/b)[43/2> + (V3/12)ne°qq|71/2>

f

' o 3.10
Hix1/2> = (e

© 8 - (ePaamian®) - s

. £ = +(e%qq/M)( #n2/378 3.12

It is also necessary to kngw the relative intéqsities of the

transitions before a qﬁn&upole split\spectrum can be analysed. It
7 .
.has been shown {25) that if the ground ynd‘'exeited states can be .

characterised by I', M' agd I", H" respectively then the relative

v

L

intensities of the Ml Mitim are given by ° ’
|<T'm w177 "2 xe). 3.13

Here T ism the angular momentum of the radiation (equal to 1 in the case
of dipole radiation), m = N" - N', and the squared quantity is th
spypropridte Clebsch-Goxdan or V,igx‘zer ‘::oerﬂcient.*. F;’(B) is the
radiation pattern as thgéntensi;i is angularly dependent, @ beinxkthe
sngle between the prineipel axias of the electric field gradient and
the direction of observation. Por T =cl,

- !1‘ -1+ 1/4(30% - 2)(3«:0:26 - 1).. T 3.1k
As the mean value of coa2

a powder’ ssmple and the relstiVe intensities are given by the squares

of the Clebs coefficients, vhich are listed for iropn and tin In .

»
table 3.1.

® is 1/3, F,"(0) averages to 1 in the case of - __

—
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= ze - 3/2 ---—-—-u———:‘.‘ v . (12%,2){1 + n2[3}
b ] s
¥ "“ { t
- r— M = 21/2

[

Figure 3.1. Energy level diagram for a quadrupole split '
Tye or 1398 MBssbauer spectrum.
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‘Table 3.1 Transition Intensities for Iron-57 and Tin-119
M8ssbauer Spectra.,

Ground State Excited State Relative
M I o Intensity
. : TR
#1/2 +3/2 k x "
a2 +1/2 ’ o 2n '
$1/2 | ¥1/2 T 1/3

The transition lj;l/?>g +[¥3/2>, s forbidden as the selection rule

for dipole radistion is M =0, #1. Thus in the cese of iron or tin

the expected spectrum from & powder sample with a non-zero electric

i ent at the M8gsbauer nucleus is two lines with splitting
qq/.'z)(l +n /3)", the two “lines having equal intensity. This

spectrum will not allow either the sign of the electric field gradient

o the relativg contribution of n to be deEermined; thise rgwirgs an

criented single crystal or the applicetion of & magnetic field.
¥

.
o -
3 ¥ » -
-

Antimony Quadrupole Spectra vt
The 2lgh MBssbauer transition is I, = 5/24T, = 1/2, sud 80 ‘
both ground and excited states will interact with anlelectric field
gradient, the ground state to give three energy levels and the excited
state Tour. The presence of n in equation 3.8 esgain xen an inter- °
mixing of states, 3.15 and 3.16 being the secular equations for I = 5/2
and T = /2 respectively: '
B - 1ha(3 - 02 - 160431 - v?) = 0, 3.15

tr
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Table 3.3. Energies of the 1218\: MBssbauer absorptions relative to

the isomer shift assuming n = 0.

23

L

3

A ‘
No.  Transition Energy! % ' Relative Intensity
1 12452 - (e%qq/U )R - 1} on ot
2 5/2 + 5/2 (¢%Qq/28){R - T} 6 )
3 sf2=3/2  _ (e®Qq/28)R + T/5} 5 .
L 3245 ~(e?Qq/28){3R + T} ; 1
5 3232 (e2Qq/28)1(7/5) ~ 3R} 10
6  32+1/2 (e2qq/28){(28/5) - 3} 10 '
7 ipesie o (Pay/28N(T/5) - SR 3,
8 wee12  (e%q/28){(28/5) - SR} 18

J
.

¢

1 Q refers to the ground state muclear quadrupole moment, R is the ratioc °

of the excited state modent to that of the ground state and has a value

of 1031‘ : 0.02.

L
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Figure 3.2. Enpergihlevel diagram for a quadrupole split

e MBssbauer spectrum,
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B - 3718421 + 1273082 - 1728a3(1 - n2)® # B50sA%(1 + n2/3)2 = 0,  3.16

where A eaaq/hI(ZI-l). These equations can not be solved euc%ly

and mumerical Mhods' h;ve to be employed. BSuch calculations have |

been performed (26, 27), resultiég An, the expansion of B“I(in terms of

& pover series ih n. These series are presentod in table 3.2, and from
these resulis the energy level d’iastan, figure 3.2, can be.drawn up.

As can be seen from the expansions the asymmetry ?r the electric field
gradient enters the energies as at most a second-order term, and it has
been shown (28) that 1f n is less then 0.5 the effect on a spectrum 13- *
of very little sigu:lricanc;. Thus it is reesonsble in most cases to
assume that n = 0, the relative energies 4and intensities for this
unumption being given in table 3.3. The constant R arises becauge the
nuclear quadrupole moment changes with puclear sta.te, R being defined

s Q,/Q. ) o

The details derived above show that antimony spectra as opposed
to iron and tin will give vt;.luea for the sign -::t~ the electric field \
ar,l.difent and n from a powder xumplett.3 However, the experimental ;pectrum
is very insensitive to n and little significance can be plnced on the
values cbtained. The complex form of the apectrmn can 1ead to some
confusion &s to wha.t is.meant by quadrupole splitting (a term with v
obvious meaning in the case of iron and t:!.n). In this work quadrupole

>

effects will be referred to in terms of eQQq.

[ “ i y

i

8. Quadrupols Splitting in the Presenoe of a Magnetic Field
In the case of mixed megnetic-quadrupole interactions the
Baxiltonian is made up of the sum of the individual components

H= ﬂm w - , 3.17
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giving the operator 3.3 referred to earlier. It is usual to m: w
‘the magnetic part of the operator with respect to the y-ray direetian
Mﬁe quadrupole part to the principal axis of the electric field
gradient. Betou any ¢ tions are performed a transforsation has
to be made so that both parts are referred to the same set of axis, in
this caxe thone of tfé electric field gradient. The solutions of the

_ equations )

- Hhe> = x> - . 3.8
tm- the ground and excited states will give the splittings of tho:e
at:tu from which the relative positionn or the canponont lines or the

. spectrum can be calculated. The relatiu intensities are arrived at
using 3.13. If this scheme were rollmd Muultm spegtrum wonld

s be that expect from a single-crystal smple ¥ith either an internal
or external ugne&ic field. If a powder sammple is used the method
must be expanded to‘tllomr for the random ;:rientati'on of the-swmple.

' This is achieved by mhin; spectra obtained from all orientatibns of
the crystulv coordinate system with respect to the experimental
coordinates. If the nagnetic field is an internal dne it must maintain

(3 fixed orientation with respect to the crystal coordinates throughout -

the sumation, wherass sn external field must maintain a fixed
orientation with respect to the experimental coopdinates. The case of
" an internal fleld is a less time consuming c;upgtstion as, the summation
can be performed analytjcally; an extmi field requires u&h cmponcnt:
spectrum to be simulated and a mmerical summation to be performed.
Bolutions to the above problem have to be obtained using

mmerical methods. In,this work a program package F143B written by
; . ;



3

ou;rie; and Ruby (29, 30, 31) was used to perform the calculations.
The c"oiaf vere converted from the mriaim/l! CDC 3600 FORTRAN to a form
suitadle for.'}the input to the RUN compiler on the CDC 6400 at Dalhousi
A plotting routine wes also written so that output from the program .
could be directly compared to the experimental spectra. '
7. Sowrces of Isomer Shifts and Electrio Pield Gradients =

The foregoing sections have described the” effect on MBasbauer
spectra of va}-icus interactions ariging from the particul;.r local
enviromment of an dtom. The source of a magnetic field in & magnetically
crdered compound is ressonably straightforward, but the electric charge
density at a nucleus‘and electric field gradients require careful
consideration when ma.lys/ing spectra. As there is nearly alweys &
large uncertsinty in scme of the ntal constants required to
calculate quantities such as is et shifte, and quadrupole splittings,
1t is rarely possible to "gbtain much inforsation from & single spectru.

. ol
1r, however, a series of compounds can be looked at, the varistions im. »:

L

the) l'lﬂnbuuer parmgters often give far more information than their
absolute values., The purpose of this section is to show how variations
structure and bonding cen be expected to affect“Missbauer parsmeters.
Both the iasomer shift and the quadrupole splitting are products
of a function of %he electronic environment of a nucleus and a niclear
parameter, As the nuclesr parsmeters sre ccmStlmt for a given nuclide.
Missbauer results for that muclide odn be compared in terms of the
electronic enviromment without a detailed knowledge of them. It is
however desirable at least to know the signs of these parameters, as

" these have a direct besring oh the interpretation of varistions in

14
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uparinmm results,

'

!ho isomer nh:ltt is directly woportiml the electron

5

ch(rge density at the )lbubmor mdleus. It is thul by
the electronic coufiguration o’t‘ the wnbmu _stom, and o & good .

. spproximation by the ¥alence shell of thgt Atm, as the inner shells
- can be considered as an unchanging cpt?*: Of thg"hydrogon-like wave-

functions only the s-~orbital has l.,:?{nitl electron charge density at

the nucleus (though if relativistic effects are taken into considerstioi™"

the other orbital types meke s small cl?ntribution), 80 as s Tirst
approximation the iscmer ;hitt 1s's messure’of the occupsncy of the &
valence orbital. This is seen in the much used grouping of isomer

shifts into ranges which can \be attributed to specific valence states.
1‘!}& effect of the other orbitals, flpecimy p~orbitals, predominantly
one of shielding. Thus if the main difference between twO compounds is
p-orbital occupancy then the compound with the most p e{}.ehtrons will

have the lower electron charge density at the mucleus. e 1t vould
be desirsble to relste isomer shifts to molecular-orbital calculations

this is seldom possible; calculationt have been performed (22, 23)‘ using )

the self-consistent fisld methods to bbtain'the electron charge density
at the micleus for free atoms in various valence states. These
calcula.fim can then be used if the bonding in certain reference
compounds is assumed to meke a direct relationship between isomer shift

and valence state.

An electriy rield pndient vill in general occur at a nucleus

[

if the charge distribution seen by that nucleus has a symmetry that is
LY s
lower bthan cubic. Whilst the fleld gradient seen by the nucleus is due

¥

k3
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in most cases one of these terms predominates and the other can be

\neglected. In the case of fomic émpounds reascnable calculated .

to an Asymmetrical distribution of the charge dengity vithin the stcm,
this has two possible causes: (a) an asymmetrical charge distribution
in the bonding orbitals, and (b) in an ionic erystal, an asymmetric
distribution of the surrounding ions. In case (b) the gradient
produced is magnified by & factor (1 - v,), vhere y_ 1s the Sternheimer
satishielding constant (25}, and in fact the predominant comtribution
is from the distortion induced in the electrons of the MUssbauer atom,

Thus the electric field gradient g can be expressed as the sum
-\

; LR RRggs PP .3
¥

results can be obtained by the use of a point charge model. This model

L3 \ 1
quite often gives the correct trend for a series of compounds efen

®

vhen they are known £o be far from fonic. This tan be explained in
terms of the dominant varistion within the geries being & geometric
one, which is reflected in the ion positions in the point cha.rge
c&lculations. In the non—ionic case the n.lgnqe contribution beccmes

predominant and as wavefunctions sre 1;m: well known in most cases

-

interpretation becomes mofe qualitative. It is of interest, hovéver,
to exq;hine asome of 'bhé basic exp;ressionu used in calculating electric

field xrldiénta. It thc nucleus is at & position with C, or higher

3
symmetry then the asymmetry parameter will be zero a3 the axis of the

¢

electric field gradient will be the same as the axis or highest symmetry.

If the symmetry is close to axial, then although n is no .'Lo&ger )

zero an approximate directio? for the field gradient/may be arrived at
d -
by assuming higher symmetry. basic relations for the electric
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£1e1d gradient asguming the  yensor o be diagonslised are

. 7
> . V“ = f qi(.‘icos 91 - l)ri ¢ 3.20
.- n = (V)L o 38108, ces2p.r, ™3 3.21
" - i 3y 1°9% 47y .
- R . ]

wherse Tyy ai. and ¢ i sreé the spherical coowdinl.:ea of the charge 9y

/In the case of a bond the quantities of interest sre the direction of
the 'bond with respect to the direction of the field gradient which is
often known from str&@‘rd studies, and the value of ™3

> for the
bond from which information about the bonding may be inferred.
t
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Chapter 4.

STRUCTURE AND BONDING IN COMPOUNDS INVESTIGATED

@

'

The compounds :lnvestipte%l in this work sre all of the '

i;‘wjg

general type an. They will be divided into two classes in this

chapter, pyri.te; ‘and marcasites. These classes are samewhat loosely
defined and include ordered ternary conpqundz and slightly distorted '
Wwes. The final section of the chapter will show the relationships
between these two structure types in terms of current theories of their

bonding. " ' B
1. Pyrites
] :.I'he cm.i'aound iron pyrite (Fes;) and iLs analogues have a cubic
structure which may be described in terms of ‘space group Fad (TZ). There
are four formyla units per unit cel:l: with atoms distributed as follows
k Metals in U(a): 0,0,0; ¥g,%,0; %,0,%; 0,%,% »
8€,lon-metals in B(e): +(x,x,x; debx be-x,X; Xhtoe, x5 3-x,X,0p¢x) .
. The positional parameter x can take on values in the range 0.36 to 0.k2.
The pyrite structure is shown in Figure i&.:l.; 3.1: wlll be noted that the
metals are surrounded by six non-metals. 'rh‘eser no;-mctals are
equidistant from thg metsl and are positioned ‘at the verticles of an
o;tahedron of symmetry 3. The non-metals occupy & site of symmetry 3,
and are bonded to three metals and one non-metal in a tetrahedral
arrangement , the:three fold axis lying along the non-metal - non-metal
bond., . .

»,

A mumber Of terpary compounds of the type MXX' have been .

®



Figure k.1, The structure of Pyrite
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Figure L.2. The structure of Ullmanite ANisbs)

Ty



reported in the literature {2, 32) to have the gyrite structure, or a
similar structure in vhich there is an ordering of the non-metals X

and X'. These compounds are of two gerieral typu: those in which X

and X' belong to the ssme group of the perbdic table, and those in which °
they belong to different groups. The first type of compound is usually
not s discrete composition, but rather part of s solid solution

NX, < X', (33). Ordering of X and X' would not be amticipsted in such
compounds and no-evidence of it hes-begn reparted. The second type of
campound frequently has & nlited compositional range (34), hpi.yins

some special property of X \x' béing present in equal numbers.

HBowever, the existence of orderi& 18 often not observable, and in

many cases X and X' have very sigiltr x-ray scattering powers. An
exceptitii is-the series of —;’W MSbS (M = Ni,Pd,Pt,Rh,Ir) 4n
vhich x~ray reflections not consistent with apnc?grmp Pa3 have been
obse!“}ve&, indicating an ordering of Sb and 8. The compound NiBb§ has
‘been investigated and a structure si.u;illr to tllut of pyrite with
ordering in the {torn of S§b - 8 pairs (!’i;urc h.a_).m found (35).

The remaining compounds in this series have bee; assumed on the basis
of similarity of their x-ray powder pctt;rns to have the ﬂsm structure
(32). It should be noted, however, that there are many possible
arrangements for the non-metals and these cln not ?e ruled out entirely .
without a detailed investigation.

2

- 4

2. Maroasites : ‘
'. The marcesite modification of FeS3, and & mumber of similar )

compounds possess the orthorhowbic structure shown in Figure h.3.
Vhen examining nstural marcssite Buerger (36) found that the systematic
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Figure 4.3. The structure of Marcasite,
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ubnnc:s of x“ray reflections were consistent vith the space groups
P and Prn2.  Buerger chose the higher symmetiry metal site of Prmm
and :ﬁﬁcefsmlly refined the structure in terms of this space group. 1
A recent investigation of several compounds with the mercasite t
structure (37) has shown that Pnn2 is the more probable spece group,
however the resulting atomic arrangement is virtually identical with
that found by Buerger, the difference being s slight displacement of
the atoms from the more symmetric positions of Pum, Whilst a
comparison of Figures 4.1 and 4.3 shows the similarity of the lacel
enviromments ot" the metals and non-metals in both the pyrite and
marcasite structures, these enviromentg do differ. !:he pyrite

structure requires that the six non-metals sufrounding each metal are

*
i

equivalent and egquidistant from the neta:i.. This requirement is
reflected in the three metals coordimte‘d to each non-metal. The
marcasite structure, however, results in three metal - non-metal
bohdina distances as a consequ;nce of the lower symmetry. of the atomic
gites. The major difference as far as this work is concerned is the
lack of & threefold or higher axis ‘of symmetry at the marcadte atamic
sites, vhereas the -pyrite sites all lépve at least a threefold axis.
This difference allows the assuinption of an ax:;ally symmetric electric
field gradTegt in the pyrites (thus the MBssbauer esymmetry perameter
n will be zero), whereas the axial symmetry is not present Lin the
marcasites and the electric Tield gradient becomes a more Aifficult
quantity to handle, i

Compounds with the marcasite ttrux;ture fall into two distinct
groups vhichqw be cat#nrind b; their c/a ;&tios. These groups are

’

” v i
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k] - 1,

commonly referred to as g.isgs A (e/s '\"lt,‘).ﬁk) and class B (;h ~ 0.76) .
« . marcasites. The dirrm;u ‘in c/a utfcéu is dependent on the
occupation of 't”' d-orbitals on .the ::;:alu,_ although tl;c nature of
Jthe Mtrarence bctnen the two ¢lassés is still the subject of mch
discussion (h, 6). !l'hm exists a third class &f cmndsm
a monoelinic unit cell and belong to space group 1/"‘ . The atomic
\ arrengement is sinmiler to that of mercakite asd the compounds can be
indexed om the basis of & pseulo-marcasite unit cell vhich is only
slightly distorted from orthorhombic. JI¥ this is done & c/a ratic of
«-0.§h is found and these compounds are loosely refen:ed to as belonging
to class A/B. The main distinction of these compounds is that\the
nm—utals are diﬂdzd into two ntn of equiulcnt ::ltes. -The class
A/B :tructure is shmm in figure b,k with its relst:lonahip to the

* marcasite un:lf, cell,

3. Bonding Theories N

) »

. Verious authors have explained properties of these ccnpoui:ds
in tm of ionic (2, 5, 38), covalent (39) -naut-:mc (ho) bonding
schemen. However as the majority or the cmpamgs are seuiconductors
any reelistic bonding scheme uu:tbc expressed in terms of band theory. ’
Several authors have proposed such schemes vhich are necessarily quite
sinilar, though they do vary in details, especially cc;ncerning the
grouping of the marcasites. It is notable thtb most authors ignore °
the non-metals except as a source of electrons e ¢ bonds. The only
discussions of the X ~ X bonds are due to EL1ibtt (5) and Kjekshus and

’

¥icholson (1), both of these depend primarily on the variation of
s

) !
- h -
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X ~ X distances within series of compounds. However, the accuracy to

which these distances are known is inherently low. A typical case is
the pyrite structure vhere the bonding X -~ X distance L is given by

t=a (1~ 2x)3, : i
x being the non-metal positiocnal parsmeter: thus -~
@ de/dx = ~2s 3. 5

If & unit cell edge of about 6R iz assumed then a typical uncertainty

, Of #0.001 in x will lead to 4% = #0.02R, which is of the seme order

of magnitude.as the variations found in series of cu.wuuds.u

The valence electron configurations of the metals and nope
setals are (h-1)dPns and n’tzn'p‘i renpcetivé];. The d-electron anergy
levels of tﬁe\mu are modified by the murrounding non-metsls, whilst
the energy Mi‘rerenees are not emsily calculsbple: the ordering of the
orbitals is dependent upon the site symmetry as is shown in Figure b4.5.
As the coardimuon of the metal pites in these compounds is fhat of o
Aistorted octahedron, the domizant splitting of the d-orbitalsiwill be
that due to a symetry 0, i.e. into two sets desig;n.t:e'd cgl.nd tzg.
The distortion of the octahedron will cause further splitting; however,
the two sets of d-orbitals will be loosely referred to by these )
designations. The energy level diagram shown in Pigure 4.6 indicates
& general bonding scheme for these compounds, the number of electrons

per formuls unit that can be accomodated in each band being indicated in

»
. brackets. As can be seen the n's and n'p orbitals of the non-metals are

treafifl as & vhole; the near tetrahedral coordination implies that
lm;hing sinilar to sp® hybridisation mey be expected. One of these
orh:ltl.lu from each non-metal ix used in the formation of ao. Oy x bond,
each ut?n contributing one electron. The remaining three orbitals are
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usedyyith the ll’nal)cg, ns and np orbitals of the metal to form oy . bonds.

After'forming pairs esch non-metal is left with q+l valence electrons,

thus the six non-metals comtribute 2(gq+l) electrons to the au_; bonds, *

‘ the remaining 12-2(¢+l) being cautributed bty the metal. " After this
£illing of the bonding o otmm: the remaining p-2(k-q) electrons are i~

located in the metal tzg or‘b:fhls, these orbitals being essentislly

non-bopding, although in the sksenépyrites one of them is involved in

* the :tonution of utal-uta.l bonds. It is the mmber of electrom in
the *’z& orbitals that causes the variations of properties in the

compounds, the localising of the electrons leading to semiconductors,

vhereas if p-2(l-q)>6 or the ty, orbitals overlsp the of o bands a

metallic conductor will result.

Elliott (5) has described the bonding of the nbn-metal pairs

W

in terms of an iomic x2““ gfoup. He attributes the cbserved variations

the X-X distence to covalency effects. As uie tompounds in question

cm not be considered’to be ;predaninately lonic, & preferable spproach

is to cohisider an sp hybridised non-metal. The variations of the X-X

distance can then be ascribed to electronegativity differences (iomicity

4

effects), deviations from ideal 'ops geometry, and possibly occupation of

the of . orbital.

i
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: METAL ERVIRONMENTS ‘ g
, \ \/\
t N -
1. Iniroduction )
In principle the MBssbauer spectrum of a single compound
should be directly comparable with theory to give chemical information
about the compound. Theory is, however, not yet capable of predicting
spectral paremeters in most cases, and in additicn the required nuclear
b &

parameters are not known sufficiehtly accurately.. Consequently
MBssbauer "spectra are most easily analysed in terms of chemical bonding
vhen a series of similar compounds are availa’blq and varietions between

spectra can be aemi-quantitatively related to a%onding scheme. In

~using this approach for the present work several fa.ctors had to be

considered, not the leant beia the existence of compounds vith"the
|

b1
* required structures. In the case of the diantimonides considered later

the;small number of such compounds allowed nle the known examples to be

examined, hovever it preciuded the examination of a range of compounds

with Optim structural characteristies. The) examination of the metal
‘ -

site using 5?lfe as a probe allowed a much greater cho?l‘cg of compounds
as both wetal and non-»meta.l could be varied. As variations in MHssbauer

spectra areé to be correla.ted with structura.l a.nd. bornding varia.tiona it

is preferable to choose a structure type with & minimm of varin.ble

parsmeters. Amongst the structures considered in this work the cub:@c "

Pyrites are the most attractive in this respect. The 3 symmetry of!the
metal site requires that the octahedral envirorment of the metsl is

>

1



if

distorted in such & way thht the six metal - non-metal (M-X) bonds are
emunlent. .The threefold symmetry uis' also ensures that the asymmetry

©

parsmeter n of the electric field gradient u zero ::Lgplitying any
intu@reta.tion of the quadrupole, splitting As s consequence the
majority of coupmnds investigated using 57!'e were of the pyrite

.
structure. p '

-

o . The W8asbauer spectrs of most iron-containing pyrites,

@ =

marcasites and arsenopyrites have already been examined in vn'y.:lng
detail (h2, 43, kb, 45, L6), the results fvh:lch are pertinent ‘4o this
’ work are listed in Table 5 1. Gallagher et q (8) htve investigated

@ series Co _ xhxsz explaining their result- in terms of lattice

o

expansion: Their 1ow-tempera.tura spectra far x=0,01 a.nd o.asishow a
pronounced asymmetry wh{.ch was also observed in the course of thig N

’ ‘

work. This asymmetry is due to ferromsgnetic ordering at the cobalt ‘
atoms and is analysed in aone detail in the final section of this *
chapter. °'Pe-doped MnS,, MaSe, and Mo, have also besn examined (A7)
and a pressure dependent transition of theé iron atoms from a high-spin
to a low-eplin state a‘bserv;d: As these are apparently the only cases
in which the substituent irdn takes on a high-spin state they are not

& -
directly comparable with the present work. The structures and physical
*

properties of the ¢ompounds discussed have been the subjects of mmerous-

intgatigaﬁic;na; \ :nmary of the relevant results is given in Table 5.2.
2. Experimental and Resulis

The compounds discussed in this chapter were all prepared by
the techniques del,cri’oed‘in Chapter 2, In sddition to x-ray character-

isation of the compounds the MBssbauer spectra were critically exsmined

”

C

Y

#
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c Table 5.1 MBssbduer Tre Parameters for scme Pyrites, Marcasites and
) Arsencpyrites st Room“Temperature.

0 Ct;mpmmd Isomer Shift* Quadrupole ' Referente
) . Splitting
i ) /s mm/s .
. Fesa(p) 0.310(%) 0.614(6) Tokg
% 0.30(2) 0.61(1) * 45
| T 0.30- " 0.6 46
' FeS, (n) 0.273(4)., * 0.506(7) R
0.22(2) ° o.dg5(10) ks
’ FeSe, (m) “ 0.391(6) ~ 0.584(10) k2
0.39(3)  0.65(k) 8, b5
FeTe, Q.467(T) 0.502(11) 7 k2
. 0.k55(20) 0.483(10) 45 ‘
FeP, 0.08(3) o 2.1033) ) L hs
Feis, 0.310(9) 1.68(4) 43
. 0.27(2) " 1.68(2) 45
FeSb, 0.451(6) . ©  1.281(16) ~ k2
ag | 0.452(6) 1.268(6), by
o.k9(2) ~23(1)- 45
FePS 0.16(2) 1.55(4) 45
FeAsS 0.23(“2) 1.05(2) 45
FeSbS 0.32(k) 1.01(3) " us

L]

, % Tsomer shifts relative to iron metal .

!
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Table 5.3. Reaul}s of “'Fe Missbauer Experiments

v ~

Compound’  Temperature Isomer Shirt Quadrupole Splitting  x2 °
°K m/s m/s
- a
FeS,{p) 298 0.305(3) 0.513210 171/194
Fesefn)u 298 0.271(k) s 0,508(5) " - 263/251
. CoS,, 298 0.370(3) 0.5012) 198/194
: - ‘9 0.460 0.33(3) -
! Nis, 298+ * 0.bba(5) - 0.283(k) 176/19%
| . 17 ” 0.533(k) 0.265(10) 18L4/194
© 298 . 0.468(2) * 0.369(3) 2h5/251
9 " 0.529(k) - 0.386(k) 246/251
298 " o.ou(6) -+ 0.103(10) 198/19%
L. 0.59(k) 0.135(14) 167/19%
" 298 0.553(k) . 0.395(5) 234/253
| 208 0.575(3) 0.452(5) 270/251
| 298 0.500(k) " 0.886(k) 277/251
298 " p.5k6(L) 0.877(%) 2k2/251
208 0.446(3) 1.264(10) 23/251 ~
~
‘ ¥ Compounds shown a8 conpain?ng no iron were O.bﬁs TFeO; 02*o

Y Isomer snirts relatiive to metallic iron o

§ %2 values given in the form x2/number of degrees of freesdom

oy

f See text \ .
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Figure 5.1. MBssbauer spectra of Tre doped Nis“é at

(A)- Room temperature, (B) 7T7°K.
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cafes (except COSQ) a good it was obtained with lines of equel

" e
-

/

for indications of foreign iron-containing phases. As ;tn the doped
compounds the iron constituted somewhat less than 2% of the total
sample; this vas proba“bly a more sensitive test Ehan x-ray diffraction
of the inclusion of all the iron.

M8ssbauer spectra were tsken of all the compounds at room
temperature and of se}iected samples at liquid nitrogen temperatures.

With the exception of Coo QBFe little change was observed in the

0.02%

_ spectra upon lowering the temperature. The spectra all consisted of

quadrupole doublets, similar to those shown in Figure 5.1, and in all

ihtensity and linewidth. The parameters obtained from these fits are

[N

e
" llisted in Table 5.3; the lov-tempereture parameters for CoS, were

2

© pbtained from the analysis described later. The results obtained from

2

FeSb, and both modifications OI/E%S;WN in good agreement with results
previously reported (42, 4k, -h5),

e l"es2 marcasite sample was &

natural one from Folkestone, Kent. 'I'he:w room temperature parameters for

-

Coy.g8F€p. 0oS2 86veed well with those report?d by Gallagher et al. (8)

[

for the similar c°0.99Feo.'0182‘a

t .

i , .

i

¢

3. Discussion , . .

s The majority, of the compounds examined in this chapter contained

iron only as a probe substituting for a small percentage of the host

_ metal, and this must be considered when interpreting the results.
o + wﬁ .
+ Tdeally a probe will'replace the atom bLeing investigated but cause no >

perturbation of the structure or bonding; this situation is virtnaliy

never possible. While the size and shape of the iron occupied’ sites will

L

) ¢ >,

s k} T



51

not be identical to that of other metal si’cea, it is reasonable to

g

assume that they will be closely related. Thus effects such as bopd
polarisation and variations of electric field gradient measured at the L

oF

dron sites will be indicative of changes in the host structures.
Another a.ssmnptipn in the use of & probe is that the probe atons &re
80 distributed in the host structure tha.t they a:re far encrugh apart to
have negligible effect on each other. In the case of 2% su‘bstitution
congidered hers this is not a valid assumption, as nearly a quarter of

the iron atoms may have one or more iron atoms as nearest metal

»
neijmboura. The effect of these adjacent sites on the Mssbauer spectra

is & spread of isomer shifts and 'qua.aru;pole splittings. As in the

present c’a}igood tits sre obtained with symmetricel doublets and

reasongble linewidths it appears that these effects can be aneglected.

fd

+ The compounds under investigation are semiconductors and
metals. It is thus reasonable, to assume that the MSssbauer parameters

are primarily dependent on the local enviropment of .the Tre atoms, and

varistions In these parameters should be relatable to changes in the

“fmmediate 5eometry and bonding of these atoms. 7S the MBssbauqr isomer

~

shifts are plotted agalnst the M-X bond lengths (Figure 5.2), a

correlation is observed for compounds contalning non-metals belonging

to the.same group of the periodic table.” That isomer shifts for
compounds’ containing dirferelat non-metals should fall on the same line ~
seems at first peculiar, but it may be expleined ks follows. Kjekshus
and Nicholson (bl) have shown a linear relationship between M—Jé and X-X
for compounds in which M remains the same and X always belongs to‘the

game group; thié relationship may be expressed ag

»
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M = kXX + c. ) 5.1
It was also found-that 'the lines defined by 5.1 all had the same slope,
- - fl
_and the effect of varying the metal wvas to change c. Thus k is &

constant independent of metal and non-metal, whereas c depepdz only n
the metal. Within the context of the structure types under discussi\@

ot

° 8 metal radius r, may be defined, ) .
b '( AN

Aeing the_smpirical relationship 5.1,
R" i rM = m(l - 2/*) + 2e/k, ) 5.3

-

MX cen now be expressed as m
MX = 1:'(rM - 2¢/k), o S.4
indicating that it is determined by the ;neta.:l.( radius plus a quantity
that is dependent solely upon the metal. ‘ffhe failure of pyrites and
marcagites £o fall on the sahe line is not surprising in tl:a“; the
above a.l'guacnt is probably very structure-dependent. Further;u.ﬂ(e, the .

values for M-X in the marcasites are in fact mean ve.lues and the

R

ccnponents oﬁhe isomer shists from diﬂerbnt bonds can not be
&

expectgd to combine in the same :rash:lon.%u The reason for the pnictides

baving isomer shifts somewhat lower than the "dhalcogenides lies in the
variation of j, the number of electrons per formula unit in excess or'l ¢

the formsl bonding requirements, The ppictides have J = k4 and the
™
chalcogenides J > 6, as these electi'ons are accomods:hed in the metnl

'tzg' orbituls the decrease in d—electron 3h1e1ding accounts for the * !

lower isomer shifts, As the 't, ! orbitals will only accomodate six

29

electrons, compounds with j > 6 have electrons in the o* band. '.l‘he
e
fact that all the pyrites with § > £ lie on the same line in l'igure 5.2

2
fmplies that this band does not contribute significantly to the

ot
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shielding of the metal atoms., This lack of shielding, hovever, may
well be sn artefact of thé use of iron as a probe in thet the iron
" chaleogeriides have & J = 6 configuration which could lead to % ‘
localised depopulation of the o* band in the doped compounds. The | )
. trend of thg isomer shift to increase with increasing F:l-‘x shown in
L  Figure 5.2 1s consjistent with m[‘u;ersdin r, vith a subsequent

- decrease in [$(0)]°. That the doped samples follow a trend similar

, %o the FeX, samples indicates that the chandes in T, with M are the
cause of similar changes at the‘sTFe sites. A similar ‘trend of isomer
shift with volume h:#een observed in pyrite under pressure by Vaughan et

Sy

and Drickamer ( hé) .

?
u

- The m:lation of S~8 bond length in the p{rites was noted ‘by\
Elliott (5) and attributed to covalency effects in what was basicslly
an lonic bonding scheme, If Elliott's basic expianation iz carried

over to the more reasonable covalent bonding scheme, it takea the Torm
» .

*

isation of the M-X bonds which :lmy be varied by changing M.

' The greater this polarisation the greater will be the like charges on

adjacent non-metals which will force an increase in the X-X bond
length. As polarisation will also csuse a depletion of the ‘elec,trona
about the metal atoms, with a conséquent reduction in [v(0)|?, s ’
correlation between isomer shift at the metal site snd X-X .'bond 1ensth'
is to be expected. Figure 5.3 sﬁawx; a plot of iscmer shift against
X-X for some sulphides and selenides, in which it will be noted that
the isomer shift increases with decreasing bond length, i.e. the
opposibe effect to that predicted above. It.should lize noted however
that the decresse in X-X is dccompanied by both an incresse in M-X and

L)
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s ﬁll‘ing of the o* ba.nd,a both of which would csuse the oblmd

4

“variatiod of iscmer shir‘bt.

»
: Quadrupole splittings are ususlly somevhst more alfficult to
interpret than isomer shifts because there are-often several competing

L

contributione to the electric field gradient. In the case of pyrites

-~
#

.and marcasites, which are semicondictors with narrow band gaps or

metals, it is unlikely that s ma,or contribution can be expected from
ionic sources. The predcminmt sources of the electric field gradients
cen be expected to be «thé non-cu'bic distribution of M-X bonds, and the
purtia.lly filled d—orbi‘hals on the Mssbauer atoms. Figure 5.4 shows
the dependence of the quadrupole ;plitting on' J, the occupancy of
non~-bonding and mtibonding orbitals. Values of j < 6 correspond to
vecancies in the metal "”’zg" orbitals which give rise to quite large
qudrupo;te splittings. A detailed study of the °'Fe qusdrupole

2
that the tenpera.ture variation is consistent with a splitting of the

splitting in FeSb has beeq\n::de by Steger &nd Kostiner (4k4), showing

339*' orbitals into an @ and two lower euergy b orbitals. The low-
temperature quadrupole effect correspon tb‘ an empty«a orbital,
vheress at room temperature thermal energ} causes popu}:ttion of this
orbital and a significant reduction in the splitting. For values of
J > 6 the ’tzg' orbitals are filled and can no longey be expected to
make a major contribution to the quadrupole aplitting;, The splitting
will now be governed by the ssymuetry-of the charge ﬁiﬁtribut:lon in the
M-X bonds, which in itselr 1: governed v{ voth gemtrica.l and
polarisation effects. It i: naticpable "that the qqadrupola splitting
for § > 6 is significantly less than th:,_t,\ror J = 6. This corresponds
to s pcptilation of the o* conduction band which will tend to reduce any
ST
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1

dinpzrity in charges between atoms. As the values for J > 6 come from
Tye used as a probe it is possible thn.t the o band is somewhat -
depleted in the vicinity of the NSssbauer atoms. However, the effect

. . by
described would certainly be transmitted through the non-metals. . o

&
-

4. Transferved Hypefine Pield at 'Fe-in do %0, ;zsz

The compound. c:::s2 is unique amongst *!:he pyrites in that it
orders- féﬁa?etically, The Curie tempersture has been reported
variously ss 110(7,48,49), 116(50), 118(7), 122(51.52), 124(53) ant
130°K (54). “Above the Curie temperature the susceptibility ezhibits a

3
&

Curie-weiss behaviour with an effective- magnetic moment of 1. 80-1 85"3

(48,49,54); & value of 2.17uy has also been reported (50). This .
S 8, .1

moment corresponds to one unpaired electron per Co atom, i.e. a tZg ‘g

configuration. Below the Curie temperature the saturation msgnetisation
has a value of O.BhuB per Co atom (53), which is slightly smaller than
the theoretical value of luB that would be ape::};éd for & completely
spin-polarised localiseF‘eilectron model. Jarrett et ?Z' (s5) J}Jave
suggested that the reduced moment observed is c;znsistent either with &,
canted arrangement of the Co spins, or, moré likely, with an itinerant
electron mc\xiel in wh;,ch the splitg:{.ng between the spin-up m;d spin-down
bands i; sma}ler than the bandvidth.b As well as magnetic investigations
CoS, has also been the subject of & powder neutron diffraction study ¥t
temperatures down to 4.2°K (56). This study confirmed the ferromagnetic
order, but the high space group symmetry precluded any further inf;rences
being made about the magnetic structure. It havinE been shown thwg

¢
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#
the deternination of the maguetic structure of & cubic (or pseudo-cubic)
compound by neutron diffraction requires the use of a' single cz:yntcl
comprising of a single domain (57). Thus the megnetic structure of
co8, remaine undeternined. M ,
e 8

1 x x <
(x = 0,01, 0.25, £.5, 0.75) at temperntures well belov the respective

Hﬁasbaner spectrs of a series of :olid solutions Co

Curie temperalures have been Teported by Gallagher ot al. (8). These
spectra are presented as single quadrupole dau‘blets; they contain no
evidence of any six line spectra that would be expected for Fe atoms
vith § > 0, thus glving assurance that the Fe stoms rensin in & tzg’ -
configuration. However for x = 0.01 and 0.25 the spectra at .:LOO"K
shown in Figure 3 of reference 8 appear asymmetric with th;\ possibility
of some line broadening, a.lthouah no an.uen were quoted for linewidths. i .
In the course of the present work the qahpound €00.9870. 0252 V88
prepared and MBgsbauer spectra taken at roun tmperature and 91°K
(Figure 5.5). The 91°K spectrumis very ‘similer to that reported by
G&llagher et ql. for x = 0.01 at 100°K indicating ‘that the asymmetry is
a real effect and not gue to some instrumental error. This asymmetry
is unlikely to arise rro;:l Gol'danskii-Karyagin, relaxation, or prleferred
arientation eﬁ‘ec‘:ta since a two li:ne f£it with no constraints gave an
unacceptable x2 value of 688; the acceptable range of x* va:lues for this
fit being 198 to 302, An asymmetric spectrum of tﬁ;a type is, however,
expected if in addition to the electric field gradient at the >1Fe .

®

nucleus there is also a small static magnetic rield, The spectrum has
been analysed in terms of this model, and it has been fotnd possible

#
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to propose a magnetic structure for 0032 as a result of this analysis,

vt ¢, \\‘ o

5. Stmlation of Spestra . e

The :éyrite structur;xha.s the symmetry of space group Pad (Thal
with r:etal sites at the equipqir‘n't ‘\4 (z). It s magnetic transition
causes sll the, spins of the metal atoms to align collinearly eloug.
some general direction, the \cn{ic symmetry of the unit-cell 1s destroyed
and the four metal sites ’beeom; non-equivadent. As the MYssbauer
spectrum is deterhined by the relative orient;tion of the magnetic field
and the electric field gradient, the spectrum obtained in the case of
e¢ollinear ordering will be 2 composite one containing foﬁr)components
thet'sre in general not equivalent. As this type of .ordering is the
most obvious & series of spectra were simulated, using the programs .
deacx;iped in éhapter 3, covering the whole ra.née of possible collinear
arrangements. These included the special cases of 1ihe mag;letic field

along; i) & unit-cell edge, i%) a face diggpnalkand 17%) a body diagonal.
In order to perform these simulations it was necessary p‘to know the '
relationship between the various variables. Although in _generaJ: there
are four d’ifferen{; compt;nent spectrs, onée the orientation between the
magnetic field and the electric field gradient at one metal site
established the other three orlentations are fixed by the crystal
structure. Thus the composite spectrum resuliing 'pfrom a collinear
u.rran;ement isg chgra.cte‘rised by the magretic rield, the eleectric field
gradient and two directional parametera. The ;1ectric field gradients

&t the foir metal sites of the pyrite structure lie along the four body

¥

4

.
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disgonals of the unit-cell and a) the site symmetry is 3 the ssymmetry
parameter n of the electric field gradient is sero. Lines drawn through
the metal sites with the same sense s the elsctric field gradients
would intersect at the centre of the unit-cell. If one of these lines ,
is arbitrarily chosen as & u.jm- axis, the fther three lines will lie
equispaced ‘on the surface of a' cone with the chosen line es its axis -
(rim; 5.6). " The magnetic vector H can nov be drawn passing through
the intersection of the four lines, and the geaneti-ic parameters ‘
required to determine the M8ssbauer :pectm are the angles between each
of the four lines and H. As only dir«ections are of interes'b the i
calculation can be simpliﬁ,ed by usming all lines to have unit length.
The four electric field gradient directions, are mumbered (Figure 5. 6,
and the direction of the magne‘l';ic 2ield is determined initially by ﬁl
and ¢, As there iz no obvious position for ¢ = o this is taken such

that line 2 is at that position. A set of cartesian coordinates is set

M t
1

up such that: 0
% = ﬁnacosqg
oL, y = aiuesi[niﬁ B 5.5

4 -j cosf ot

L 3

where 8 is the angle between any vector £nd line 1 The angle w between

any two vectors (xl,yl,azl) and (xz,ye,zg) 1s given by the relation
2
)

L]

sin(y/2) = 2/[(;:1«:2 + (yl-y2)2 + (zl-za)a]t‘. 5.6

The values of 81 required for the simulation can then be determined if

(X, ,¥.+2,) is taken as the direction of H and (x,,¥,,z,) as one of the
Xy Y105 22072

four lines. The values, of 6 and ¢ for lines 2, 3 and 4 are:

-

%

3

°
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o = 28in™1(1/¥3) = TOOBL! 5.7
4 =0, 2x/3, htls.

As an electric field gtadient tensor hu sense but not direet:ton the -
intemticn ‘between it and a.& magnetic field is identical at relative
orientations of 6 and x-8, 80 it is only necessary to va.ry el betweed
0° and 90°. Becsuse, of the 3 symmetry of thé metal site ¢ has only to ‘
be varied from 0° to 60°.° -

Using the lbma’relatioﬁahipl composite spectra were simulated

for the vhole unique range of 6 and ¢ in steps of 15"‘ All of these

‘ sin&la.tions produced envelopes that at rirst sight appeared to be

6k

3

symmetrical doublets, and hence 4id not ugree with the asymmetric profile ~

of the 10? temperature ex;p&rinent“ spectrum, This appare:xt sfmetry
could not be rand;'ed by varying Zher the field or the electric field
sradient Thus the aimplest magnetic structure, in which the moments
on all the metal atoms align collinearly can be discounted, and &
different explanation must be sought. ‘

The other possible explanation which was postulated by Jarrett
et al. (55) 1s a canted spin arrangement of moments, which would not
destroy the equivalence ot: the metal sites. Thus the simulated spectra

for this model contain only one component. A series of spectra were

,simylated, varying the angle between the magnetic field and the electric

field gradient from 0° to 90° and also verying the magnitudes of H and
&
equ, Figure 5.7 shows@a series of simulated spectra for H = 7 kOe

and e2Qg/2 = 0,33 mnm/s, the spectra at 0° and 90° are asymmetric although

a reversal of this asymetry occurs at 54°h4' (equivalent to case 7



Y

Figure 5.7. A zferiea of simulated zfpectra for Coy, 96720, 0o5o

%

kgt <

H = T kOe, 2Qq/2 = 0.33 mm/s.
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labove). It a negative value ‘of equ is used the seame spectrum results,
ouly it is reversed to form a mirror image of that obtained for the
positive value of eem. Because of_this airroring effect it cen be
seen that two of the simulated spectra in\Figure 5.7 are similar to the
experimental spectrum. ‘i{ismi camparison gave parsmeters of either
(A) H = T 1K0e, e°Qq/2 = +0.33 £ .03mm/s, 0 = T5 £ 15% or (B) H = 6
+ 1kOe, ¢?Qq/2 = -0.3% + .03m/s, 6 = 30 £ 15°, The linewidth vas taken
as 0.2lam/s, that of :bhe room temperature spectrum, variations smaller ..
than the quoted uncertaimties 814 not produce any visusl cHinges An the
simulsted spectra.. It is not possible to choose between the tw ’results
unless the sign ?f' ezéq is known. D N
.These results imply thist the magnetic structure of Cos, 1s
one in which the sping on the metal atoms are align?d on a helix forming
s constant angle vith' the electric r;eld gradient at the metal site.
Buch a canted arrangement would account well for the reduced saturation
magnetiSwtier mentioned by Jarrett et al. (55). It is interesting to
note that a similar spin a.rrangmntv hes been inferred in the anti-

Terromagrietically ordered MnTe, from a 125 Te MBssbauer study (9).
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: . Chapter 6. -

B

| NON-METAL ENVIRGNMENTS

1, Intraductian A .

o

Althaugh pyrites and marcasites have been the subJec'!; of many
1nvestigations very little information abogt%&he non-metal sitea is

f.vailayie. The MBesbauer effect provides an ideal method for rectifying

’

this situstion. There are two non-metals which have M8ssbsuer 1so'tbpeé‘
/

and form a number of coun@unds with pyrite and marcasite structures;

4

these are a.ntimony and tellurium, Antimoky-lZl vas chosen Tor the /*’f
\

N\

L

eﬁresen‘a work as it has been the subject of rnore ‘inn,st:{gations which may
be /Fexpecte& tg provide a good basis upon which tc! intérpret results.
In addition tellurium-125 has the aisadvantages /q/u‘ a short precursor
half-1ife {60 days) and a very, small range of -isomer shifts.,

3

A number of transition metal diantimonides MSb2 have pyrite,

¢ &

marcasite or CoSb structures and these provide a basfs for investigating °

the non-met

s in these structures. As antimony s a full 44 shell

§

this is not expectéd to obscurﬁe effects due to varylng geometry and

. bonding parameters |ss was the case at the metal sftes. The nén—metal
ai’oe coordination colsists of three metals and a non-metal at the vertices
o:t‘ .3 distorted tetrahedron.\ While the diantimonides provide a means of
cbserving the effect of varying the metals, it is also desirable to "

know what erre‘sct‘thea fourth, non-metal, neighb has on the results

[ b
.

» LY
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- range of isomer shifts and a complicated quadirupole-split—spectrum due

(g
- ¢ &‘ .

-
obtdined. A series of sulpho-antimonides MSb3'(M = ¥i,Rh,Ir,Pt,Pd) are

re’porta?/ to have the ullmanite stracture (32,35) in which the non—ﬁetﬂ,: :

are grdered such that Sb-6 paifsare formed. These compounds farm an
ideal 'geries to compare with thel“di\antinmidemo“ observe the effect of .
nrying he non-metal in the eogrdfém%lon polyhedron, In’ asaition s
series of Sompounds Pib, On_ exists (58) allowing the comparison of

S 1215h MBssbauer spectra have twoq,distinct‘ﬁttu}s, a large

*

to the ?/2:+ 5/2 transition,.which u.lth‘mxgh it is rarely well resolved
makes readily svailable the sign ofje®dq. "It is proposed in this section

t0 outline thé ways in which these features may be used in the
/ i

12le spectra. .

. The isomer shift in msb is st entirely dependent

:lnterpvetat,;l/on 1::

the occupation of the 5s and:Sp stomic orbitals as the filled ddlorbitals

will be 1ittle affected by the bonding. jRuby etﬁal. (22){have calculated

values of wa(o)/aj tor antimony ‘in vat electronic confi ons

»
using Hartree-Fock selr-consistﬁi}iel atomic wave functions. Their

results are given {n Figure 6.1 dlong vith a scale of isomer shifts. It

before use pf such a diagram can

~~43 the matching of the iscmer shift scale with tho%csf the electron*

density at the nucleus that is requir

g
[ s {
5

e, CLo

‘ /)5 3 ,
. L]

NG} Interpretation of **lsh spectra : ‘
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O(/ the_,HBls'bmer effect druults are alvays concerned.with the antimony
a.t;:n in a-bonding aituation’.t Such computations are/ HOwever, extremely
useful in predict:lizg trends to be ;xpected from various bonding modéls.
& . «~ _ In order to match the computatiocns to :lscper shifts at :!:eut two
: re renc$ points tre required at- which both an isclier shirt value and a
S e tar ¥2(0)/a 3 are well established. There are three ldealined
! reference points for ‘antimmr; Sb§+, gb° + and covalent Sb (63 5p3)¢ If
these points are to be used either conpmnds must be found in which
i

ant:lnony is in these sta.tes, or some cther m must be found to us:tgn

B

isomer shifts to them 7 '

Theco-pmxd\dInSbisu:iuuyumdtohweSbinangps

hybridised- state as a bcmet},uence of :i.ts tetrthedral atructure. Kjekshus

has recently questioned this uswybion (59) on the basis that the In-Sb
"bonds will have scme 1onic character. He sugqests thce uge of an isomer
. shift value obtuined ’by extrapolating the shirts of the isvstructural

* series A1Sb, GaSb, InSb \to Zero 'band gap. This procedure gives an isomer

\_J shift of -0.2 # 0.1 m/é\ for a hypothetitad compouhd in whidh no bénd
- \ polarisation oceurs. Th(; other required reéference point wag taken by
Ruby et “al. (22) & sp?t \(58 5p ), the isomer shift being derived by
comparison with a scale rﬁ;: 19n due to Lees end Flinn (60). This,

\ iscmer shift value of 12.3 m/s relative to InSb is the same as that of

KS'bP6 (22) vhich has the nighest iscmer shift yet reported for an antimony

compound. It is doubtful, havever, that KSWG contains antimony ,i.n (3
50 5p state as this would i,mply no ‘quadrupole effect from the bonding

orbitals, vhepeas § u:}gniﬁcant -quadrupole effect has been obsérved for

*
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L’“KS‘:’FG (eQQd”s’ 8.0 mm/s (22) and 3.1 mm/s. (61)) which would not Be expectad

*

od .
_ds it is chiracteristic of both

from icnic effects. This leads to the conclusion that ‘the antimony is

in s 5305pn state which gives rise to the .quadrupole effects, although,

as may be seen from Figure 6.1, the-eddition of p electrons would have

© I a
little effect on the iscmer shift, The use of these two reference points

and the 1:‘:’(0)/%'3 sca.:fé-* gives an isomér shift value of 18.1 mmfs for
Sb3+, whereas the lowest reporte‘d value so far is -11.7 mm/s for both
(:::»um3)6ﬂ:c.16 and Co(NH )63b3r6 (62). Again it is elmost cfrtain that
occupancy of the p orbitals is occuring and 4s may be seen thikan cause
e significant incyease in isomer shift in this ‘case. Thus by the use bf
Figure 6,1 isomer shifts can interpreted in terms of a range of possible '

electronic configurations and the significance of isomer shift variations

i
@

¥ I
is more easily assessed. -
W

a

In viev of the egse of determination or the sign of e Qq for

antimony spectra. it is worthwhile considering ‘bhe implications of this '

infoms,tion, especially for the case of a 12]'Sb atom at a. site ogdmetry

@ j:,‘r.r“‘

6’5 tetrahedrally coordinated by three metals and a non-metal. i]};en the

EFG tensor is diagonalised V g Wil lie along the ma,j,pr"'('p ) axis or

o

‘symmetry, a ‘\this is a threefold axis V =Y - and the asymmetry .

>

parameter n will be zero: The value of szu is given by 'che sum over all

&

the ‘bonding electrons P

B ‘ A
v, = -|e|z(3c0s% -1)<r1-3> , m.l

7z i
12151 and the nature of the inVpstigated

d

L

compounds that thg:. lattice makes, very little contrib}tion to' the 5,9

S

quadrupole splitting. If the antimony were at a site of symuetry Td such

{b
» 1

' ¥
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a8 occurs in InSb then all rour«bonds, and hence “’1 's. would be S
equivalent-spd t tHe sum of the gmtr;c t 3«;_0: g T 1) would be
e

4§ - o N = L9
) :ero. Th.the case o& 03” symetry féund in th pyﬁtu\ -only three of

the béads are equivalént, ‘and ds tetrahedrd u:;'le: areinot required by -

>
I3

’ the atructure a ccptribut:ton duc to the nriation from t faheqral

gecmetry occlrs. The sitnation is rum:her cduplica.ted in’ the marcspites

3
s

: where the site smetry 15 even lpwer. . (: ’ “'o.;“ . LRV
, €

As the gemp!:ric term is nega.t for Skkot <o < 125930 P

! 12
it can be’ seen from 6.1 that ‘Sa negative tield gr&enb £o éspond"'t:o 8

..

concﬂkgtrttion 61‘ gharge along the major axis, wd as Q i‘or \ Sb 1?

neaative, this will be obaerved as ycsitive e Qq, K* \\ )
.’ L ! '_"J X/s % ,\ﬂ"u ooh _t“ i
R & Ecpvrmental and Results ' s ;
) . 'The colipounds investiga.ted‘. were all ;prepared and charucterised
us described ,in Bhapt:r 2, x-ray patterns 'beiﬁg'* acmpa.red with {tho;a (ad

prﬁiously reportbg (63 614,65,66,6';’ ,The 12181: Manba.uer spectr&n-i;ere L

€

ail xun st the\University of Aberdeen ‘using s cryostat in vhicli both the

! 4
:tniﬁless ateel shaﬁ; to tlt trantducer. ‘l'he cooling of the sour e vas 2,
meceua.ry u the Fecdil fre t’ion of 12181: T—rm is 'hog 1mr a:b room ¢ .

tempemtuye t6 obtain i'euonable ectra.“'. Experimentu vzrvb run fox, a.bout
three days, in vhicl; -period 60,000 to 80,000 counts per cho.nnel were x

recorded. The lmr cmmt ng rate vas a result of the relatively wesk,

0.5 millicur;te, Sb aoume uscd. This is & typical ttrength for mﬂb

X .
' - sources'and the 1aw couptiug rate is wr the hjor drameks of this’ " e
o b] ,
R - * \ o - & .
> ' M s ! y Fl ~
' . b . T T g -
» » N ™ » A ; "
w R , ﬁ
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. . 5 ' <
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. NBssbauer isotope. The spectra obtained from these gxperi;neﬁts iave‘m

& N 4
2 I
i a ]
-

P

absorptict of .about 10f, the ssmples containing about 10 g of nstural

e

antimony per sqwe cey{neter. rigure 6.2(a) shovs a typical speetrm.
The apectra were -.11 fitted to an eight line quadrupdle model using both:

nega.tive and gcsitive starting \u}k)tox:knatécns for e Qq. 'Although, the R

1

fitting program converged in bothycases, a comparison of. x2 walues

s8lloved an allotation of sign for most samples, as did a visual compsrison '
of fits such ‘as those, ahmmain Figure 6.2(b) and {c}). The parameters -
obtained rrou thesge fi‘bs are listed in 'l’a.ble 6. l » The linev:l,dtha

. 'obtained rran,ul the spectra except Cr8b2 c¢ompared well with thﬁ*‘*
obtained from a single line £it of InSb, in vhich the antimony is in a
-ite of’ecubic symetry and hence zero EFG. Cr8b2 orders a.ntiterromgnet—-

. -ictlly at 273°K (68) so a ml.L ugnebic rield can be expgc'bed at the .
sntimony site vhich \r.tbll give rise‘to a 1ine broulening eftiot, Analogy

o

, with antiferxmgnetic !tn'l'ea

Vi1l be <50 kOe (9)." As the magnetic spectrim from the 7/2 + 5/2 “Pigb

! - - - ¥ !
L2 - x ¥

indiéatea that the ugnituge of the field

* ks

A prelimina.ry cmnnmicstion of these reaults was included- in a pape%
e
preaentbd to a meeting of the Cheuifu.l Society MBssbsuer Discussion oup

at Exeter March 1972, At this time it vas discovered that Donaldspbn,
Kjekshus, llicholson end Tricker hed also investigated» these compounds,
and they kindly supplied & preprint of's paper they had sutmifted for.
pub;licntion, (69). A 1list of their resulls, mostly'at 4,2°K, 14 included

| 4 it »

in Table 6.2, -

2

@i'

4
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YRelstive to Inéb.

o
m marcasite, & arsen?w

Quoted as lenumber of degrees of freedom,

Table 6,15 la?’Sb MBssbau;r results (source and sbsorber’ at” T7°K).
Compound Structu'ref Tsomer Shirt’ e®Qq ILinewidtn 2 3
| (7‘"‘ 8. (wm/s),  (mu/s) (m/s) -+
b “
Cer n rCf-TS(S) ; 12.4(9) 6.0(2) - . 213/194
cFy. ..Feo,j p om + -L2KE)  13.8(9) '3.1(2) " L100n0h |
FeSb,, n ~1.09(5) 11 6(8) 3.0(2) 187/194
RuSb,, T <0.57(}) 12.9(6)‘ 3.0{2) 204719k
' OsSh,, m -0 -0.2(3)  12.6(4) .3.203) = 211/19k
CoSb, & u-o.ég(h) 8.6(8)  3.3(2) 195/19% !
" RuSb, a . =0.79(%) “&.h(9) 3,1(2) » 208/19k
IrsSb, a ¢ -0.1‘;3(3) 8.4(8) 3.2(2) 208/12
Msb,  m a3ty wostzee)  aTs/ol
’ .’Q;”y&s’ba ‘ P -1.1351(2) - 3.32(1) 1887195
\:‘ | Py Cor o) - s 221/195
.+ Ausp, p " ~2.65(k) - o 3.0(1)  228/195
NisbS(natural)’ —2.58(6)  -15,5(6) 3.2(2) 21679
miSuS(synthetic) u  -5.67(6) . -15.6(6) -29(2)-, 199/19h-
4’ RmSbS -, w y__ ~0.k5(10)  -29.8(1.2) 3.2(3) - 231/19%  J
“mebs . . w 0.48 . -20.4(5) 3.6(2)  2b2/19h
‘Bigvre | pt . -1.20(6) '7.0(1.5)*3.2(3\' 175/19%
rite (C‘oSb o/ » D pyTite, u ullmanite. Y

5

)

75

2

Singl\e l:{ne fit was equally good- but’ gave an abnormally large linevidth.

X~rays.

-

1

r

|

'

&

N Banple E1912 from Serrsbus, Sardinia. ¢0rdering cannot be defected by

A

t
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Y Isomer shi‘rt relative to InSb at 78°K probable error. 0.1 mm/s.

- P S 4 ' N s '
Table 6.2, . lale MBssbauer - result§ of -Donaldson et al. (69).
AY -f‘ ) -
o t o X 2. §
Compound | Structure ' . T{(°K) Isomer shift® €"Qq
) “ * (ma/s) {mm/s) -
l"p ’ ] rs
b chbe N | h,a \ - ? -
“Crsh,, R -0.9.
FeSbes_ ' @ ~ - W2 - 1.5
' Sbé\dr) - ! R "4 ’ L 3 o
g FeSb, * s om 78 T -1.5
. Casb, . e L. h.2 1.3
CoSb, a 78" -0.9 )
4 HiSba ; , m 14.2 ™ i "1-5 4
NiSb, . n 78 B
- RuSh, “om he o, -0.8 ™
. : ’ !
RSb, 2 h.2 0.6 ,
ﬂl e % . ”“ ¥ ,/
 PSH, - "' p 18 A S
‘ ﬂ + i s -
0sSp, & m P e -0.h 131
IrSb, & w b2 RET I 7.6.5 =
Pts.ba . p hfé . -bos 217 -
N R " 5 I - .
Aﬁs})a p ) lha "’2b6 300
E )  § - o .
¥ nm marcasitef, a8 arsgnopyrite, P pyrite. ° :

1 Y . F ; ’
Probable error il mm/s _ . v
Quoted from Montgomery and Ruby (75) )
. ‘ . .t
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" transition is somevhat complicated no attempt was made to analyse the

cr$b2 spectrum ipn detail. No indic;t:lon of ug-netié ordering was
observed for the mixed cmpcund' Crn 51' 0.5 2, linewidths Pbtuined being
34(@2) mn/s compared to 2,8(2) mm/s for InSb and 6,062) m/s for the d
ordered CrSb,, y | a P
119$n spentra. vere. also taken of thé cmpound: in the series
Ptsz xsnx‘ These spectra were fitted to the tvo line quadrupole nodel

expected from tin spectra and the results are listed :l.n Table 6.3.

('S
-~ 1
\ P
4. Disoussion ,
i \ , '

{

:..% o The compounds. investigited in this work were all either
letaa.iic con&uctors or seniccnductnr; with quite small band gep energies,
'I'he tetra.hedral coordimtion of the, antimany indicates an electronic
conﬁsuration aimilax to tha,t of an ap h;ybr:ld and such & model .agrees
Well with the o‘nserv‘ed isomer shiﬁ;u which are all close to the -0.2 zm/'s
that would bp expected from sp® hybridised 35, Pigure 6.1 shows that
the isomer shift results areconsistent with an 8 ‘occupency’ of clope to 1,
but the p occhpancy is virtually undetermined. 'I'he relatioi;ship of the
:lamer shift to structnral préperties is smewhat of a problem with these
cc:hpmnds. It would-be exp:cted that the bondins vaiistions at the
non-metal site would be yeflected in the Sb-Sb ,distances, but thest
‘distances all 1:le in the rs,nge 2.79 - 2. BQAe In view of the nccuro.cy to
u‘hich this distance can be dﬁﬂi?ed (see Chapter h). it 1}\pot gosai%lé

td”cons&ger varfations within thik range as being mpaningru.l If M-Sb

'distances axe considered’ the oantribution of the net-.l to this dist;nce

a - . ‘ ]

- e a
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"

-p

»



]

a
&

must be evaluated when metals from different p&*&qu are us;d Dcnaldson

et al. (69) correla.te structural ya.rameters@th isomer shifts us;lng )

g

only the compounds Geré, Fe5b2 and i!iSba on the»grounda that’, although s

[ they are restricting themselves to ‘three compounds these all have the .

4

o Y. % ¢
" same gtructure and cﬁ:ontain metals from the same period. Their donclusions

o

g

. are however éus_pecf. for two rdsaEOns; firstly, CrSb, is ordered anti-

2 : ° 1
. ferromagnetically gnd although an 'acceg;tablea' fit is cbtained n‘;ah &

€ B IS

e , pure qua:d::u_pt?l“e model the parameters are undoubtably modifieé by magnetic
effects. Se?ondly y NiSl';a is a metaltic conductor ajnd as will be seen
° ‘ below, the isomer shift is v;ry sensitive tc; occupation of the conduction
/ band. -An &alternative ?}roach is to consider the results as a whole to
’ \ se¢e if any meaningful trends can be observed. Figure 6.3 shows the
"L - iscmer shift resulta for ’tfhe diantimonides in a dlagrama / fprm. As |

, can be geen it is possi’ble to split the results into two groups on the

' basis of conduc'bivity. If tl;e 'bonding schane outlined in Chapter k is

¥

q [

. i/considered )where Jis the nun;ber of electrons per formula unit in excess
of the o bonding requireme‘ﬂtsf “the criterion for- metdllic conduction is”.
‘either J > 6, or that the conduction band energy overleps that of the

. e metal t banda. As the conduction band is,formed from the 'sp 5 .
an&ouy:crbital; occupaﬁpﬁ of it _has,a direck ffect qn 112(0)/!. o : .
cu\tsing a decrease in t}xe isomer sh)[(&R/R being negat:tfve) 91" ?he .
. J = 6 compounds this errect iz most pronounced in PdSb vhich might be
. . expected to have an isomer shi\f’if 5?! gbout ~0.6 mm/s if it xfere e

2

N,
- L *  semiconductor: hwe\low value of isomer shift for PtSb, relative to (f:"Sba
. . r
P8 uu% OsSbg is probibly:due to its ana.ll band gap energy, T.O‘{ eV, giving ¢ .

L]
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_rise.to thermal population of the conduction band. The effect of

g ¥
.
- v +
“ ° N o ’n‘ﬂ"
. N ot
~ P2 =
L4 -
i

e populat”ion of the con&uction’"’ﬁi‘ﬁ?”‘ia most app&r\g@ compounds such as

' Aqu-’e where J >6. In this cage ] = T, corresponding to a population

M-ug, '

of one electron per formula unit,"and. an iaaner shift-“ of ~2.65 m/s ‘is
~ ‘ »
. observed, The ternary compound NiSbS also has J = 7, although the extra

electron in this case comes from the non-metal pair, resulting in an
. . ) o,
isomer shift of 2.6 mm/s. There is a trend within the semiconducting

comp,gun&s' gor the isomeér shifté to increase as the principal quantum -

ntmber of the metal ifzcreases, the shifts i‘or ‘the 54 compounds being

close to the value expected for sp a.ntimony. This trend ig not unusual

>

:t‘or ant:hnonid,es-a.s antimony belongd to the same period as the 5d '

bl 4

- n

/ tra.aaition metals, ~ ¢

#

' - It will be nc‘bed from Table 6.1 that“the range of e Qq values

observed in this work is large. It is reasonable to assume that the

121

electric field gradient at the St mucléus is entirely due to,the

R

; local ébondi;,ig environmez}t. The causes of the EFG can be considered as

a

« - twgfold: i) the gecmetric distrib Lwon of the bonds and iZ) the electron
4 d:i:priﬁution within the bonds. At this point two as;umptions ~}\ta.tlc'.e in -
.the kfél.loﬁi‘ngﬁargument "should be mentioned, i:hey‘ ‘are: b
‘ ’ Z) Only in pyrite - and ullmenite does the EFG have an esymmetry
parameter 1 of zero, whereas n has been neglectga infthe #itting of all
S » Xhe spectre. The results cbtained sre, howefv,er, c?Zidered valid 'ss n
> “ is not iexpecteci to be large and except in extreme ca.se: the.inclusion’ of
naeasa parmetér in the ﬁtting prog.ram would have no aigniﬂcant effect

. ! ‘the values of e Qq and iscmer shim obts:lned. i '

-
~



ot o

'va.rittion of «<r

ii) The C'o.ébx structure type has two cryofculodraphig‘ﬂiy nON~
niv&lent Sb giteg and h&bge two Hﬁisl;nuer absorptions are expe;:ted
rrou uonpounds with this structures The experimental speétra show #o.
evidence ot this and when fitted to'a single quadrupole model liuev-xldtha
coupm‘nle to those from the pyrites and marcasites are obtained. It
is thus concluded that the atructural difference in yhe sites is such

that 11'. 13 not observable by MBssba.uer spectroscopy -end in j:he rest of

this chupter the spectrum-is considered, with due care, to be that of a

e
site which is an werage of the two non-equivalent sites,

-* o The valuea ofM tor the diantimonides are all po,sitive $0,
,assuming that L lies along “the Sb-5b bond, and using equation 6. 1 ’
. -3, .
|2< Tsp-8b 3] < 32(3cos o, - l)q‘b >]. , 6.3

If the aeries or compounds Cr5b,,, FeSba, Cosz and Nisba are congidered,

for vhich reasonsbly sccurate structural psrameters sre avatlable (66,
2 2

3

67,68), a-correlation betveen e“Qq md the geometric term I{cos 8, - 1)
for the Sb-M bonhds exists, as is ahmm in r;;gure’G.‘h. The implications
of such & correlation are that it is ;euonable to treat the Sb-M bonds
in the marcasites and arsenopyrites as 'beﬁng equiva,lant, as it would

othervise be impossible to sepgrate ”the gecmetric term from the .<r -3,

3 "
term. The mean value of Top M must de less than Q‘Sb-Sb > by a.t

least a factor of 1.k, else the observed ézﬂ,q_ would be 'negat:l\:e. This
35 can be attributed to two causes; 'rirst‘ly, the 8 *
character of the Sb;.S@ ‘bond could be higher than the Sb-M bonds; and
secondly, the Sb-Sb bond i;‘probubly highly localised, whereas the, Sb-M
bond 1s part of the o bondi:?s band.which would indicate & high degree
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in

. sextension of the series PtSn,.+ Pté'b . well as being the tellurium

. =

o \ 4 g

of* delocaliution and hénce & \cw value of <r 3 . :

¥
[y +

The temry ccnpounds\ mm were investigsted fall into tvo i

3

8
cutegorres. the sulpho-antinonidg\s ‘and the’ tin-nnt:lmon:ldea. The cmpaund

I:tSbTe tom a bridge between these categories 1n thnt it iz a na.tura.l

analogue of PSHS. The sulpho»-antimu:ldes ugree well\with the isoner

° shift scheme proposed for the diantimnides ‘KbeS {3 =T) naving » o

siniler shift to AuSb, sud RuSHS and IerS' (3 = 6) haying sbifts )
eogrespcgding to thoae expected from séniconduct%rs. The pos:l'bive isomer

;hirt obtained for IerS indicates mpoaaible pplarisation of the Sb.S -

bond resulting in & depupulltion of the Bb s orbital. 'J,‘his not unéxpected
ei'fec’ is ccrnrimgl by the large negative uluea of e Qq found for tht;se

° compounds , which,ag/ the Sb-M bonds are i:bpiitr :l:o thabe in the

‘-3 -3
diantinonides corresponds to Tep5 > being much smaller than Top gy, >

Thex structures of IerS and RthS haye not 'been as well eatablished as

&

that of ul]nanitb. !!'he hrge nego:h:h'e value of e Qq that arises from
these cmpounds strongly pointl tc the existence of 8b-8 pairs vhich are
_eqnsistent‘ with, but not necesu,rily proof or, the ullmanite struct}xre. %
A further discussion of this point is giveh in the appendix. A, polarisation
effect also expltjm: vhy PtSbTe does not h‘ave the large negative e2Qq

vhich might have &een expected rrm an examination of the sulpho-
3 [ ¢
antimonides, the $1ectronegativiw of tellu:‘shm beins clése to that of

ay 4

its neighbour ant:!ncny. ; \ Y .

«
-

The ser:les of compounds PLSh, 2. xSnx.accnrs with the marcasite

structure in the rt.nge 0.7T<x 513 (53) 8uch « homogeneity range
} .

‘
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could indicate a random s.rranganent of tin and antimony, however, no

Y

evid.ence is availabl;}: either from x-ray or MISssbauet expei‘iments to

v

aupport this supposiﬁon. The isomer shift. trend Within thi; series ig

in gene:;al that as gi‘& increases thé number »of electrons I the compound

the value ‘of \02‘(0)/& 3 decreases. This indlcateao that the electrons L, e
e )

orbita.ls, as would be ex;pected, and that

ol

LY

afe going into the metal 1:2 g
~ populetion of these orbitals affects the M-5b bands ~1n g.uch a way Bs to

cause & small decredse in § (0)/a a’E the antiuKmy and tin' sites. The -

L 4

‘ ﬂiscmer sh{f'b of the lnga spectrmn for PtSn2 dpes mot agree with the

3 )
1 - )

general trend %ut. this is not unexpected as this e,ompound has the

v 8 = -

* flourite structure in which non-metal puirs do not exist. gs an'bimony

and tin sites cad be expected to be similar i'b is 1n‘f,erestmg to not,e -

T

that, vﬁereas a well resolveble splitbting is obtained from the ti speetra,x
no significant effect is obtained from the antimony, “ ’
* L3 o5 ¢ i
5;, The low 121%1) isomer shift value obtained for PtSbTe jis/an

- expectgél result as this compound is a metallic conductor. The shift is

perhaps noi quite' aé low as might be predicted from an examination of
M + o 2

other metallic cempounds. * C

» 4 -
& . N .

’

t ¢ v
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CONCLUSIONS

/;Ov

-

-
)

e x

It is nov possible to re-examine the bonding scheme outlined
-

in Chapter L in the 1igh'E of the repults described in Chapters 5 and 6.
As the scheme is quite & general one this éxamination should be epproached
Al

with two questions in mind; firstly, ave the results of tléis work ‘

% o .-
consistent with the scheme emoutlined and secondly, whet details can be

%
o s T

added to the scheme. - ‘ N
Y

The detailed interpretations of the results g:{,ven in- Ohapters

3
3

5 and 6 indicate that the resilts cbtelned in ‘this work can be interpreted

:

within the scheme., In sane cases, however, it ia ncﬁceable that the

encrw séale in Fig&ré‘ k 6 is arbitraryand overle.p of /the ', ' orbitals

2g
and the conduction band can ceccur’ such as in IH.Sb2 and PdSb/* This scheme

has its of;lgins based on the interpretation-of a number o physical

»
° )

properties which have been measured in some detail for theae con;pounpds.
As such 1t is to some extent a formalised scheme the details of which
have either 'geen neglected or established by somewhat intuitive arguments.
The MBssbauer effect yieids results in the form of iscmer shifts and
quadrupole splittings which are directly relate;i. to the electron
distribution within the Eompaund being investigated. It would therefore
be z:euonable to expect theae'reaults :co reflect at first hand deta:lg.c

»

of the bondingl’ '

¥ »
"y ?
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effiect regardlgss of whether the variation of 3 is brought about by a

. i PN
Perhaps the moai; interesting feature of the proposed acl’mxe

i the allocation of the bonding electrons from both +f} metals and the

non-detals first to the o O and ax X orbitals and then the .1 exc-en

electrons to ‘the metal 'tz;' orbitals aad the g,  * cnnducl,tian band.

As in 5eneral ‘l’:he"fnergy of the *23 orbitals is Jgss than that of the

conductlion band t%e effect of varying J (for j s 6) is to vary the

dings &f the metal and leave the nqn-m%tal}unchinge/d. This id th;

change of al or non-metal. This reatura, is confirmed by the preaent

results in two ways; firstly, the mia.tion of J for Isé6 gi:ves rise to o
iscmer sh:lrt changes at the metal site Xypical of d orbita.l shielding, t

¥ ana quadrupole splitting changes can be traced to variations in tZg \
occupancy. Thus variation of § is established to cause s variastion in

the metal elex;tron{c coﬁﬁgurg:bion. Secormdly, the minimal vario.tiongof

fsomer shifts of both 12 Sb and ngSn at the non-metal sites in the geries
PtSb <50, indicates thit the variation of J by changing th?_s.';’:Sn ratio

has little effect on the bonding at the non-metal site. That the metal

%ty Orbitals are in fact non-bonding slso follows from the sbove rqsults (

V4 . ~
and this is in ageement with the conclusions reached by Kjekshus and '
-
Nicholson (41) on the basis of structural parameters. The parrow band

or localised nature of these orbitals is already well established as

“partial filling does not lead fo metallic conduction.

1213b isomer shift between metallic conductors

The change in
and aemiconductors is evidence that the conduction band is in fact the

band. vhich is formed from the metal bonding orbitals and s and P
{

“M-x

’
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“non-metal orbitals. The range of isomer shifts encountered in this

o | A (..

work 1s indicative of an electronic contiguration close to ap ¢

hybridiu.tion, vhich, 18 algo nuggested by the t rahedra.l coordination

-

of the non—metaﬁ.s. The quadrupole parameters for the diantimouidea give

a further insight into the bonding in that for the correlation between

e Qq and crydtal structure to be considered reasonable Topm -3, smust be

A

3 ) .

significantly less than <rg, -Sb'- >, It is immediately apparent th

“this effect is the opposite, to that which would.be expected if some .

A

L

degr ions.c bonding vere introduced, and Msllick and Emtage (70) ’ y

L

when digcussing {’MR measurements on PtSb2 reach.the conclusion that
Pt""i"(Sb*Qé ig more probable thax .PtM(Sba')a. A :nori reslistic vay of
formulating this is that thek Sb-M bonds :éom:lng & band sre probai)ly quite
delocalised with a consequent low value of <rg, _“'3
8b-5b bond which is & localised one. A case of bond polarisation vas
observed in :iis work when Sb-S pairs were found to result in large
negative values for eaqwq. A similar effect has been cbsetved in a series

of argano-antimony compounds (71), 8p3 antimony in PhaSb has an e2Qq of

+17.5(1) mm/s, a lone pair being aligned in the same: direction as Yoz
' The irigonal bipyramidal Ph SbX, (X = F,C1,Br,I) compounds have'V,  along

the X~8b-X direction and the high electronegativity of X ceuses a {
polarisation of the £b-X bonds and e large negative value for e2Qq of
about -20 mm/s. .

’ " I ]
; It view of the overlap of this work and that of Donaldscn et

al. (69) it is of interest to compare the tvo sets of conlusions. There,
are two Mr\nrmces in interpretation concerning the isomer ahit{s

\

/

»-gompared to the -+ -

®
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of metallic conductors and the §mrelatipn of eaqq vith structural
properties. To a large extent the presens 1nter§retn.tion is a result of
the comparison of results for both binary and ternary compounds whereas
Donaldson ¢ al. confined their investigations to the dinary me
compounds. The difference in interpretation of iscmer shifts has been
discussed at some length in'Chapter f , while the effect of populating
the'ém;duction band is comfirmed by the re;ultn for NiSbS and PtStle it
is not immediately clear why Donaldson ¢t dl. do not discuss the'low

. L o
isomér shift value of Aqua. Donaldson et gl. do not choose to pursue

the analysis of the quadrupole effects in these compounds, concluding

oniy that the Sp‘ popuiation relative to that of the pr and Epy orbitdls

is more localised on the .antmony;\:!.‘t hng been fouxﬁzd in the present

vork that a corre].;tio; between structure and eZQq exists snd this .,

_ conclusion can be expanded in terms of the delocuiiaea nature of the og .
band, As a result of looking at the ternary ;dutp?nris to examine z;h'e
effect of .the fourth pon-metal nesrest neighbour it hes been found
possible to confim the existence of Sbvs’ﬁpa:lrs in IrSbS and RhSHS and
to provide direct experimental evidence that the metal tzg orbitals are
not involved in w-back-bonding. \

. In addition to providing details of the bonding in pyrites,
marcasites and arsenopyrites the present vork has shed further light on
the magnetic structure of CoS,. Within the &sgrcup of structures
investigated COS’2 is the only binary cmpaumf to ordf_r t‘erroqagnetically.
The lov value pf saturation msgnetisation and Nhirﬁculty in determining

the magnetic structure as a"&meqpence of the high _space group symmetry

+
"
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has lead to much speculation on this topic. Whilst it must be admitted

\ e

that the cirefumatgnces. vere to some dggree fértuitous, it was found

possible by performing simulations of the M3ssbauer spectra for various
p&asible megnetic structures to rule out entirely the possibility of a
collinear alignment of a.tau:iq moments. The simulations geve ‘good .
agxeeuen'b with the experimental spectra. for a helical arrengement of
mcments ,(a atructurﬁwhicb agrees well with other experipental eviderice
and which is aigsil‘ar to the antiferromagnetic ordering found in the

L < &

isostructursl MaTe, ' - ) : : .

In the preceding chapt;rs it hes been shown 'that the application
of the M¥asbauer effect has allowed information to be obtained which is
not availnl}i:e from the usual crystallographic techniques, It should be
émphasised, however, that the analysis of M8ssbauer spectra gqnerally
requires an intimate knowledg'e of the structural properties bf the
dcmpoun:d in question. In most cases MBas:nauer abectf’oscgp; s?gxoulci be

considered as & method of asugmenting rather then replacirg an x-ray
Eid g‘ A

investigation of s,ccmpound. ) -

1

T‘} ”
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Br

2 - ’ . ) ° .
GOHPUT&TI?N OF THE NUMBER ;)F DISTINCT ISOMERS OBTAINABLE BY
- MONODENTATE SUBSTITUTION OF POLYHEDRA -
L N
1.  Inmtrodustion ’ o i
, v It is fast tecoming apparent that‘ in order to obguiz; the
nximm amount of information from MHsa’na.uex: spectra § rigorouz, analysis
of the available data must be pade. Many experiments involve alloys cnd'.

compounds where a disordered situstion cbtains and in order to understand

¢ the spectra each possible environment of the Missbauer atom must be

considered. The purpose of this’ chapter is to describe the computation

of a set of tables vhich may. be used to find outsthe number of possible
N 4

o

enviromments such a MUssbauer atom may have. Such aﬂHBsabau;r problem

4

can be approached -in two ways, an exact enumeration of all the possible

’ v M 3 *
. sites or a computer simulation using Monte Carlo methods. 'The tables

gomputed a.{f\art of this work will be of use as ‘a check in the exact

approach, They will also be of use in evaluating which approach to %ake,
. . -
as-simulation is not always the quickest method if It requires a large

amount of programming or computer time,
The computations described in this chapter enabled the

9

production of a set of tebles for determining the.number of distinct

.

. positional isomers that may be obtained by monodentate substitution of
convex, polyhedra. In the case of the Missbauer problem outlined above

the polyhedron in question is the coordination polyhedron of the

o
s ¥

9 .



s

%

92

?

wubauer atom, The mmbe¥s of configurations are of course vell known
for small polgrhedra ot high symmetry, however, the cases of a large ’
pumber of vertice: a.nd more than two substituents have not until now been
treated. A knowledge of the m.mer of distinet configurations is %n ’
these cn.sebé a prerequi%ite for the enumeration of possiiﬂ.e igomers.

' The primary concern of this woik was the cowputation qf the
tables vh:tgh due to bulk and the exqet nature of the results required
the use of sone unconve?}{%onal programming techniques. As it 18 intended
to submit tl‘xe rather exjensive tables for publication only ‘an example of

then will he reproduced in this chapter. .

?
A ¥

-~ n

2. Pathedra

-

o

A listing of the polyhedra for which tables have been compiled
is given 'in Table 8.1.” This 1list has been made as extensive as possible .
but as the number of vertices V :lncjreases such a task becowes umtielciy.
The polyhedra included for the higher values of V have heen selected“for > "
their chemical inter;est, and include polyhedra common.in  first, slec d .
and even third nearest neighbours. Jusq as the number or polyhedra’
increases with ¥V -so does Ae mmber of partitions or possible compositions.
It has ‘beexg necessary for ﬁra.ctical' reasons of space and time to restrict .
the tabulations; it is also dublous whether an unrestricted tabulation
of all the partitions for large values of ¥ would be \gg potential use.
Tabulation has been unrestricted for V < 80, partitions up to Tive
substituents have been tabulated for V = 9, four substituents. for

5V s12, three for 13 $ ¥ 5 16 and for V 2 17 dnly binary partitidns

+
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Table 8.1. List of polyhedra

Xo.! F E _ Polyhedron ’ P.G.2 Typed
3-1 2 3 Triengle ] u Dy, P
%% § 2 ok Square ‘ Dyp Po
k-2 4 6  Tetrahearon T, PL%
s ! ) . .
L-2(c;, ) 4 6 Trigonal pyramid: C. Py
k-z(DZd) L 6 Bisphenoid bzd Apr
5-1 2 5 Pe;ztagon ' Dsh Po
5.2 5 8 Square pyramid Cav Py
5-3 6 9 Trigonal bipyramid Dy Bpy, A
‘5--3((13 ] 6 9 Tetrahedron + 1 “6'3”
»
6-1 2 Hexagon Dgy Po
6~ 5 g Trigonal prism D3h Pr
6-3 6 10 Pentagonal pyramid ’ Csy Py -
6-h 8 12  -Octahedrog o, Pl, A"
6-&(1734) "8 12 Trigonal antiprism . DS d Apr
6~k (Dg) 8 12 Tetragonal bipyramid Dy Bpy
6-h(D,,) “ 8 12 Tetragonal scalenohedron Dyy ’
7-1 2 T Heptagon D?h Po
7-2 7 12 . Hexagonsl pyremid " Cor Py
T-2(C;) T 12 Singly-capped trigonal prism Cap
{

.

©

L3
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Table 8.1, (Continued)

9k .,

T-2(Cy,) 10

?-—2(6’201 8

T3 10

) ~

8-1 .2

) 8-1(0,,) 10
# o

8-2 6

> 8-2(1’d) .12

8—2(0*’”) 6

8-2(D4h} 6

8-2(92d) 12

. 8-2(0,,) 8

8-3 8

B 8

8-5 9

8-5 (cs) 10

a = 8“‘6 12

. 8-6(Dy) 12

15

13

15

16

- Hexagonal bipyramid

Tetrashedron + 3 = octa.hedroﬁ +1 ’°¢C

= singly—capp'ed trigoqal antiprism

Trigonal prism + 1 - 021)
Pentagonal bipyramid ‘ Dsh
| \ \
Qctagon "’ah
" Square antg'ism Dyg
Trigonal prism + 2 - sz
3 ” b} o R
Cube Oh
Tristetrehedron () r d
Rhmbohedronﬂrigoml streptchedron .Ds q
Tetragonal prism . - b4h
Dodecadeltahedron “Dzd .
. , Pop
Heptagonal pyramid 6’7v
. . Doy
Biéapped trigonal prism ﬂsh

SingYy-cepped trigonal prism + 1 (4 .

Dep
Hexagonal(ditrigonal) scalenchedron Dgg

Nonagon DFh

Octagonal pyramid 08”

AY

By

&
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o \Y ‘ Table 8.1: ¢ (Continued)

9-2{ Cqy?) 13 20

)
Sing]y-c:pped sgquare mtipriu,l

4

9-3 9 16 Singly capped cube
§-4 12 19  Blcapped trigonal prism + 1
9-5 2

Tetra;kaidecadeltmdrm
9-5( h) 8 15 ” _
9-5 (D zh) ll 18 L

egquilateral) '
9-5(Cg ) 14 21
9-5(C §) 13 Y2(.’0
9-6 i 21

Octahedron + 3 (syyng-‘) .

Heptagonel bipyramid -

t J 1
© . 10-1 \;;» Decagon a
10-2 7 . Pentagonal prism_

10-3 .10 18 Nonagonal p;rramid

10-% 12 20 Pentagonal antiprism

10-5 12 20 Bicapped cube .

10-6° 15 23 I Bicapped trigonal pris + 2
10-7 , 16 24 Petdgonal bipyramid

10-T(D,,) 8 " 16 i "Petragonal" ut::gpiohedron

“10-8 16 2% Singly-capped trigonal prism +3
10-9 16" 24 Hexakeidecadeltahedron

10-10 16 24  Bicapped square antiprism (faces

not all equilateral)

* Trigonal prism + 3 (faces not all

! .
Singly-capped trigonel prism + 2

‘D

v
ai

¢
Dy,
3h
sh
3h

v

'REEEE

P dian

Ca

ek
anEy
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- Table 8.1. (Continued) ot =

’ 3 L\ .

% ot

E 7
f .
N1 , 2 1 Hendreaagon \ , Dy1n Fo
o4
' - 112 J1 20 Decagonal pyramid ~ - C'z ov Py

nzg(a5v) 16 " 25. Icosahedron - 1 = aingly~cépped c

4 0. 7 L]
pentagonal antiprism

6

1-3 ., 15 24 . Cube +3 (equat.) o Coy
11k 18 27  Nonagonal bipyramid Dgy Bpy
A1-5 . 18 27 - " Bicap;ed tetrakaidecadeltahedron - D-ah ' .
1-5(Ce,) 15 2k Cubeﬂ + 3 (vicinal) - Cg,
1n-5(C,,) 18 27  ~"BC.H,," skeleton ’ I Ca
116 ,3.2A 21 . *+ Y Oy, \
12-1 2 12 Dodecagon S Dy B )
12-2 § 18 Truncated tetrahedron ‘ T Ar
12-3 8 18 Hexagonal prism : ¢ D6h ' Pr
12-k ' l2, 22 Hendes:agonaﬂl pyramid Ca10 Py
12-5 W2 Cuboctahedrap” : 0, Ar
12-6 b 24 ~ Hexagonal Qntipriam‘ Dyq gpr
12-7 . 18 28 . Cube + k {equatorial) D
12-8 18 28 Cube + h (vicinal) ] = Coy
, - 12-9 20 30  Icosahedron I, Pl A
' 12*9(D5d) Bicapped pentagonal antiprism Dy
. 12-10, 20 30 Decagonal bipyramid élfﬂh Bpy -
. 12-11 8 18 Basally truncated rhombohedron Db’d
‘ 1212 0 20 Basally truncated tetragonal ‘ . Dﬂh. '
\\ A bipyramid !
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.

.
4{"'\:,_4\\
&

< eg

12-13
12-14
12-15
12-16

13-1
13-2

133 ).

13-4
13-5.

k-1
1k-2
14-3
14-3 (T4
1h-3*
prr
A
14-3"(7,)
1h-h
1h.5
16 !
k-7
14-8
1%-9

12 “ge
12 22
15 25
16 26 ~
3

2 "13
13 %’ah‘
13 24"
& 32 °
2 3
2 1k
9 =2
2y 36
2y 36
2k 36
12 k¢
12 2k
1 26
18 30
24 36
2k 36
2 36

o

&

~

o
Tridecagon | 4

Dodecagonal pyramid

Cube + 5
Hendecagonal bipyramid

-

Tetradecagon
H;ptagogal prism *
Tetrahexahedron
Hextetrahedron
Trisoctabedron  ®
Rhombie dodecahedron )
];eltdhedrop ~

Tridecegonal pyramid

Bicapped hexagonal prism

Dodecagonal bipyramid

Bicapped hexagonal antiprism

Bicapped icosihedron
Heptagonal antiprism

Bicupped’pentagon{i prism

Drap -

EA #1209
Singly-capped hexagonal prism

R

Apr

97
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Table 8.1. (COn'lfinued) ‘

s

!

=

hal
~

W10 9 21
15-1 a2 15
£ Y
152 - 12 25
P e
15-3 1T 30
A5k .26 39
15-5 26 39
<
16-1 2 "16
16-2 10 2k

16‘-?(0 4d)n ﬂioo 2k

163 16 30

164 18

16-5 18 32

16-6 ° 28 42

17T=-1 2 17

18-1 2 18
L T

182 127

19-1 2

*

. ;

Pentadecagon

Basally truncated pemtagonel -

bipyramid

' Hexagonal prism + 3

Tridecagonal bipyramid

Kasper-15
< .
Hexadecagon

Octagonal prism

Pristetrahe

faces
. S

Octagonal antiprism
Kasper-16

Heptadecegon

Octadecagon, =

trunecated on aﬁ

quallx: truncated bicapped trigonal Dsh

prism

[ g

,‘: ‘

v /
19 \mdecagcm ﬁ\(a r
b

- \
\ "

‘;L

Dsh 4
Disn B
Dy,
Day
D L.
13n . BVY
Digp, « FPo-
Dy .
Tq
¢ D4d
Dgq
Ca X
‘. m
DI?h Po
. Digp P
g+
Dyow P

———
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P SR o
. T o ’ - :h‘éle 81 (gogtimd) . .ot
e ) - — " : ’ .
201 ;12 30 Pextagonal dmclhad:ron © . S oom
g-lé'.’h) 12 30.. (c.‘nbic) pemtagonal dodecahedron ¥ sy
w-lm 12 &30 Tetartold . " r )
01v(r) 2 ke - Codesb T L, -
202 . 12 30 ° Decagosal pris . by P
' 2&-1 - ‘1 3. Truncated octa.hndro; : 0  4r
R YOI %o Buubcue o o Ca.
242 1 36 Fencated cube ' 0 T & .
24-3 ' 1k 36 Dodecagonal prism . Dygp  Pr
242" 26. 48  Rhombicuboctahedron . " o, Ar
2k 26 ua mum{cuwmnedron D‘d. A
' 26-1 2% 43 | (Deltoid) tiapeschedron (Trapesoiasl 0, ' Caq
. ; . . . icositetrahedron) ’
- 26-1(th 2% M Diplotd © z,
. 261 ¥ 72  Hexoctshedron . .0 ca - @
3o~i ‘ 32 6 - Ioostdodscshedron L A
i Q321 .30 60 -Rhowbic triacontahedron / LS Ca
32+ 60 90  Trisicosshedron . L, e
3.3 60 96  Pentakisdodecahsdron I, 3 Co
« o
. i 36-1!‘ 2s 60  Oyroid (Pmt:ml icositetrahedron) 0 ca
5 "82{‘} _ z/ T2 Zrunceted cuboctahedron . O% . Ar
.{. v ’
. . ‘ - - -
‘ N e e e
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L. 4 2yble 8,1, (Contimued)

. 60-1 32 90 Tryncated dodec-bgj.ron I, Ar

60-1(I) 92 ,150  Buub dodecehedron I -4
. 60-2 32 90 Truncsted icosshedromn - I, '

- , :
; 1603 62 120  Rhombicosidodecahedron I, Ar
62-1. 60 120  (Trapesoidal) hexeccfitahedron L, v Ca
- N - ~ * M l‘ *

, 62-2 . 120 180  Hecatonicosahedron (hexakisicosahedron) I, (az

) : - . LI . ‘~ .' %
92-{ . 60 150 Pentegornal (pentagonoidul) I Ca

% 'L 4 . -
L hexecontshedron
\ ",
. - \» . i
T 120-1 62 180 Truncated .icosidodecahedron -* Ty Ar
S , X
1 '1.* ° 1

. N o t 4
~ ! Wumber of the polyhedron, tiirst part is V. W—E(sz) is a polyhedrom
obtained from, or related to, the polyhsdron V-2 by lowering the mymmetry

¢ - o cﬂ?‘ . ’
. 2 Point cnq%?
.- 3 Type of polyhedron: Ar Archimedian polyhedron, Bpy bipyramid, Apr spti-
- N - [ ’ ‘
prism, Ca Catalan polyhedron, Po regulsr polygom, P platonic, Fr prisa,
e * Py pyrmuid, Xa Kusper poalyhedron.
n’ o ) . L4
» { g
-,
- . ® X
j o X ” W‘ \ l
B L N " !
', . . . >
_'j‘,i:‘u ,md B . . . . ) % . . by "l" ~'. »a:? - f’
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bave been tabulated, ° . . ' ,
5. Pamulation of the Problem \\ . )

The object Gf these computations was to dsrive the mumbers of
distinct configurations that can de produced by modenﬂtat- substitution
on convex polyhedra or their isomcrphs. This is sometimes rermods to
as univalent substitution, but this term will not be used as it could
lead to mmbiguity)in a chemical comtext. The problem is a combinatoris)
one taking into ‘lcm reduetion by symeetry and may b solved directly
by application of Pélyd's inventory thecrem (72). Stated in s simplified

form this 1s°(73): Let # be a finite collection of cbjects asd G =

1y

finite group of :ymtrie: ror thou objects with » qpmtim ¢1.¢2..:.gﬂ
__{oge of which miist be the identity operstor). Let c(g) dencte the mmber
ofob.‘lectl mthecollcctiouSIertﬁndbythemtrygorG. Then -
the mmber ¥ of objects in s distinguisbable relative to the symmetries

»¥

orc;h given by - . .

"

. : ¥ » (1/n){C(s,) + é(az) + oennese * c(g,)}. ”' 8.1
. , .

., -

To apply this theorem to the ent problem one has to consider a
particular polyhedron and a fcular point group. It is m..pon:m;-
using & simple set ‘o_r rules to write dowm the oyala inda(at the
coufiguretion group. Once this is done a finite counting series can be

, substituted into the cycle index and a genersting function for ¥-is

arrived at. As this generating function is a polynomisl it may be
apma.nd as the sum of & series of partitions. lwh purtitton corresponds
toa wticulu' ccnbinnion of monodentsate m:titunn;a or ‘chemical

¥ -

.
-
‘.
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« 102

»



.

¥
! R

4

composition’ and the corresponding go,em;iant is the pumber of unique
Wn for thet partition. I¢~IW thissbreakdown.of the results .
into dirr;rent compositions t{a;t makes these fables chemically useful.
* “fo arrive at the cycle index in a given case it is first
. necessary to mmera‘be the individual symmetry elements of the :point

group being eon\-idma and relate these to the polyhedron. An example,

d of point group Ds » ¥ill be glven as the méthod ism
explained. The |symmetry elements of D 4 &re as follows:

I -\ identity operation (one)

g = | 3-fold rotetfon axis (ome) o )
ry - |2-fold rotation axis (three) ! ®

8; - |3-fold inversion axis (one) oot

my, « hoxizontal mirrcr plane {one)

»’/ m, ~ vertical mirror plnne (three) ot i
The relation of thege elements to the trigonal bipyrmid id shown in
!‘igure 8.!?. The required cycle indu is; ,

I = (1/""’)“'15 + 12 31 + 31'11 22 * 1”'13"'21 * 3’"13 zl + ""’31 sl) “8.2

N

Thc factor 1/12 is e maximm multiplicity of the point group; the
indu.ﬂdua.l terms are irrived at by considering each symmetry element of
Sh according to the following rulei d
i) Thc(ﬁ.rut term corresponds to the identity operstion which is
aquivalent to a 1-fold rotation axis, 7). The exponent 5 refers to the
7 pumber of vertices that have to beispecified before the symmetry operation

a
a :

will generate all the vertices not on the symmetry cg.a?nt.
i

~ +
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The relstionship of the Mry}olmnts of the point
group DSh to & trigonal bipyramid. -
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iif The reu.i:ning terms are compourd ones as a result of the aym%ry
eluintg passing through one or more vertices. For example the second
temn cérruponds to the 3—r;>Id axis, Tyi whilch 'ha'ving one vértex sper:‘itied
will generate the athpr two not on the axis, h;nce rsl. The other tV?
vertices each correspond to an identity of)e;‘ation glving rzz;rsl.

i;ii) The multiplying factor, 2 in the case of the second term,’ occurs
rrm tvo considerations. Firstly there i3 1 ry axis and secondly that
o.xis can generate the vertices in two ways, opemting as r, or (1-3)2

#°

Er 3
The *factor 2 u in fact 1 ?@g
1v) The mirror plenes sre symmetry elements of order two.

. ») The 3-fold inversion axis compounds with a 2-fold inversion exis-

mopeuting on a single vertex, . .o

The :r’igurg-icaunting series is now substituted into the cycle

index in the tollowing manner, the specific nature of the sme'bry

operation is disresnrded m & function (a. + bi ....)d is inscrted in
place of each element 51".5 The mmber of letters, L, in the neries,, ‘
corresponds to the ntmber of pcsslhle substituents and is therefore aqu;l
%o or less than V. For the seke of brevity (LZ*)d will be used to dencte
t‘;is funetion. Following this procedure the generating function for s

trigonsl bipyramid of symmetry D‘,"h is - .

(1/12)1(61)° + 2081383 + 3(s1HD)2 + 15 + 265N, 8.3

It is the expsnsion’'of gensrating functions such as these that is the

k]

main topic of this chapter.
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i. ‘Computational Comsiderations.
., The task ‘or oxpcnding & n.t of gensrsting functions such as
8.3 for esch of the polyhedrs in Table 8.1 was & major ome. Whilst maty
duplicaticns arose it must be remembered that uot only was the full point '
group of the polyhedren treated but every subgroup of that point group.
As a result the computations hsd to be organised in such & way as to
minimise the number of arithmetic operations: This need 1s immediately
apparent if compitation times are considered, the muitiplicstion of two
elements such as (82)%(8%)3 vhere L and V are only etght took as long s
three or four minutes on the IBM 360/50 used for the bulk of the
calenlations. ' - \\ ;

Aniother problen associsted with the mmber of ‘polyhedra

coiuidered iz one of husan error. Almost certainly some errors will and

.

aid occur in the formulstion of the large mmber of generating functions
and the copying of these functions into a machine usable form. Mary
checks were made, although no perfect wey of checking was touz;d, the
most fective one ‘being besed on the probability of a misteke giving

se to « valid generating function. For the purposes of the check this
was construed to mean & function that when expanded gave integer
coefficlents for all the partitions, o

"l'hc t.wo largest considerations from & computational aspect

were the identification of partitions within the progrm in an easily
uui;mluted form, vhich will I:e treated in a later section, and the sheer
numerical magnitude of the numbers encountered. The nqeessity for exact

results involved the use of fixed point Qa\thetic for all operstions on

> i
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! the m&ting functions, ii this case it is the’size of the mumber tzm )
is detmimd by uchine characteristics as opposed to the exponent in
‘“‘“’"ff/ﬁu point srithmetic. The largest integer that "can be stored in
the 32 bit word of the IBM 360/50 is 2>~ (1.e. 2,187,965,28) which is
of the same order of magnitude ns 12!1. As a atraight-forwu‘d evaluation
of terms for V vertices :f.nvolves the use of ¥! the expansion of generating
‘ functions I )nr polyhed.m ﬁih more than 12 vertices hed to b% performed
5 in such a vay as to avoid Qn Anteger overtlow.- "
' Whiht it is possible to progran a cmputer as a black box -
’ thhe efficient u,se of ‘such a mchine requiren that the available ‘hardwere
abd software be considered vhen approsching & problem of any a:[:e. .,
~pEven the hiqh-level languages such l; FORTRAN and PL}J. have restraints
imposed on their implmtation by the machine cont:lmxrution. Such a
‘ restraint is the maximm avai:lab],c integer size referred to above. This
Beries of computations was performed on two machines, the major portion
of the tables was produced using an IBM 360/50 vhich vas replaced by a
CDC 6400. As a consequence an suxiliary set of routines was implemented
on the CDC 6400 in order to finish off the project.

The IEM system consisted of a cemtral processor and 128K bytes
of central memory (IEM messures memory in 8 bit bytes), tin‘.: being 32K
vords each 32 l;itn in length, There were four on-line disc packs.

. Hovever, as three of these were reserved for the cperating system and )
scratch r:paco, and space on the fourth m at a premium, only program
modnles ware lu;rcd on disc. 'I'h'e intermediate data for the computstions

was dtared on magnetic tape and as 360-08 allows allocation of specific

%
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perifyral units this facility vas used to minimise operator :.ntemtim
betveenprogrm. The CDC 6400 made unihblemacmtulnmrym
the form of 49K words of 60 bit length, and at the tiu that this work

was in progress tha a.uilp.ble disc space (3 storm of data on‘ tape

unnecessary. The u.in dindnntue was the J.nck of a PL/J. ccuputr as
» K

-

all the, 360 programs were written in this language.
5. Computational Method
“Mhe ‘expansion of- functions such es 8.3 can be divided into

*

three ateps: "
1) The expansion of single terms of the type (z1yd,
1) The multiplfcation of two (or occasionally three) such terms.

g

iit) Sm-;.tion of the individual terms of the function with the '
eppropriate factors and d:ividina thro'ngt‘x by n.

The approach taken was tJ\ perform each of these steps in s different
progrem. In this way use vas made of the fact that the generating
functions were made up of varied combinstions of a limited number of terms
and m;e terms had only to be expsnded once. This duplicstion of terms
within tle table fo:;. given polyhedron is a consequence of all the

symmetry group. Thus only those symmetry elements which occur in the’
highest pointn group can ;ﬁpolr in the lower groups. The duplication
bctwoen' polyhedra with the same number of vertices is beceuse each element
must be & polynchisl of g-aer' V and the rumber of ways of forming such
&nlynoniuls is limited, . Steps 1) and {{) were used to compile a library

1
“

[EOUSE———— -

. possible symmetry groups for the polyhedron being subgroups of the highest . )

~y
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of expsnded el&antly. step i*;',i) .then selected the appropriste elements,
mltipliad. them by the oorrect factors and performed e summation. After

. divition by n the results were printed out. A further saving in time
and spage vas made by the cbservhtion that m;y' of the tsyms in the
expansions were redundant, e.g. in the expansion of {(a + b + d)3 the .~ -
coefticient of aa‘n is the same a8 those of a.ec, bec, bza, c'a and czb
In ataer to make use of* this relationship only partitions in which ‘vhen
the letters were arranged alphebetically the powers were in arder of
usnitude irerc kept throughout the calculations. For examplg labac swould
be kept vhereas a3be? and ac?a (= £3b%%) vould ve deleted. As the
miltiplicetion process required that a1l partitions be used 8s, input and
the redundant terms be deleted after the product was taken, two versi:ogls
of step Z) were used, one as a feeder f;r step 77) and the \gecond “to (
produce expansions of single term elements for the ljbrary tape.

The representation of partitions was a major problem and
together with the need for good file-management capsbilities was the
resson for choosing FL/1 as the programming language. The partit-ﬁn:
were described within the programs in the form of a cteollec“%‘ion of n'borage )
locations referred to as a structure (76) which could be accessed either
a8 A whole or by 1ndividulzl elmat. The structuree used cons,uted of an
integer number aq_ua.ted to the ‘coefficient of the partitlon, a character
string vhich identifled the partition, e.g. & b-c would become AO3BO2COL,
and any other varisbles required by the : progrm to handle the partitions.
The use of strwotures also alloved the expandod terms to be transferyed ~ .

between programs with grea.t esse, as PL/1 allows atmhmu %o be vriiton

I.-x
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on and read from magnetic tape az & vhole. .
The problem of number size was cme by use of |the excellent

character facilities provided by PL/l. As edra with more—than eight
L . Y
vertices were only tebulated for.s limited of substituents

coemcientx; 2 121 did not occur in the tinal results; however, their
occurrence in intermediate steps had to be allowed for. “An umnple is

the expansion of {a + b)ah where the coefficient of- ‘12b12 is given by
2k1/(121 x 12!), 'The most obvious way of ing such an expression’ i
is to evaluate 24! and 12! and perform the a iate division, but if

sttempted on a computer this would lead to & fixed point overflow. A
possible modification to the method would be to introduce the fact that )
2k1/121 may be vritten as 24.23.22......13 vhich although reducing the
magnitude of the mumerstor would still lesd to an overflow. The solution
sdopted for these programs wes basically the apprmh~m would take if h
petforming the calculation by hand. The mumerstor and dencminator were

written out into character strings as .

] '2&.23.22.121.20.19.18.17.16.15.1h.13 . -
| 12.11.10.9.8.7.6.5.k.3.2.1 K
Then st at the left-hand sile the Tirst mmber in the denominator

" was divided into each of the numbers comprising the mmerstor until an
" integer quotient was obtained, At this pdint the sppropriate component

Of the mmerstor was replaced v( the quotient and the denominator ccuponmtt
mreplacgabylf' should no integer quotient be found no change wag made.
This proceu was repested for esch componsnt ar the dencminator after

vhich the expression was evalusted bty dividing the produst of the

s

y -

-
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m:_mrttor components by the 1;roduct of the denmin;tor components. An
iaternal check was made for ai imteger quotient,-the MOD function being
& good method of making such a check. ' ‘
. _ The prt?éea; of expcm;ing A generating funetton‘ is probably
best destribed by giving & brief outline of the proérm involved,
£) All'the sin}le polynomials of the type (1.‘,3‘)'j are expanded"
using the appropriate ml'binmial relationships, e.g. éor‘ (42 )5 the
pix\ution a*b%2 has & coerricient given by 51/{(k/2)1 x (L/2)1 = (2/2)1}.
Two versions of this program are used. Those sing terms wh;ch ocour
in the generating functions as such have only the unique partitions %
‘ evaluated and each is stored in a sequentially nmbered‘ file on a library
tape. Those terms which are required for forming products are expanded °
completely and stored as file‘s on & scratch tape.
1) Products are formed in a straight-forward manner, the two
required files are lotated and each element of one term is multipiied in"
turn by each element of the Btgixer. This maltiplication rcq,u:l:res an ,
operation on both the coefficient and the partition identifier parts of
f-he stiucture. The results ?e checked to see whether the resulting

pertition is required or not, and if it is, it is stored either in central

memory or on disc 7’/ The terns of the product are then sorted by adding
together the coeti'iciehts of 1ike partitions and the resulting expansion
is stared on thef library tape.

1) At this point a library tupe is avajlable with all the ponibla
camponent elements of the generating mnction, uch identified by »

sequence number. The generating function :l- specified by giving the file



o

%

mmber Of each slement, & multiplier for sach elemest and n. The nLQz
element specified must be that cm-ppondi;m to‘the identity operstiom, °
vhich contains all the possible partitions. This is located and ru«f\j a
1n‘l;o central memory . The subsequent files are then 1ocntgd., the -
coefficient of eaci1 partition is multiplied by the specified factor and
added to the accumulating total for that purti%ion. Artcr all the files
have been processed the total coerﬁeg’ant of each partition is divided
by n, a check being performed for an integer result, and the remlts
printed aut

The replacement of the TBM 360/50 by the CDC 6400 occurred
m{er the bulk of the calculations had been performed, The remaining
/ulculut:lons consisted of generating functione that had been missed in
the original emmeraf;ic_m. As a result of this and tpe relatively higher

1

:peedqrtheCDthineaninslepmmmmuminmmN 4 P

&

embodying most of the above three /propm, but not allowing for the ¥
intmedia.ta /r\.orege of results. In this program each term .of the

generating function is expanded as required used only once. .

S

8. Usss of the Tables v

The use of tﬂwu tl.ble; is not restricted to the analysis of ¢
Missbauer spectra, They have a potential juse in any situation in which
an emmerstion of distinct isomers is required for a nom-trivial polyhedron.
Such problems are very real in both organic and innr;y.nic chui:try. one
example being the detaiud txnlysu of NMR spectia ruulting from borms.
Anatha cxmpi.e is the calculution of the mmber of snantiomorphic pairs

-
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th:t ey be expected f‘ro: & given chemical eu;sitian. Table 8.2 is

an example o{.’ the tgblu ed in this work, 11': gives the results
obt;im for thaf trigonal bi 4 considered sarlier. If one were to

. consider lclecula that has such a shape, ®.g. myabclz in which the

mtimuw i.a ‘4urrounded by five ligands at the cormers. of & trigoual

Fial

btpyrnid, e, maY ‘well desire to know how w optical uoufm one
could cbtain. The mumber of distinct isemers for a given composition
can be obtained frow Téble 8.2, if one looks under point group Dygyi
the distinction betyeen enantiomorphic peirs. This di;tinctién is, ’
however, ade if oneagoea to po:ﬁ:t ‘gronp D; vhich is the highest point
group without these symmetry elements. Thus as enanticmorphic pairs are
counted as one isomer each under Dy, and two under Dy the aifference 1p
the tmnbu- of isomers is the number of such pa.ir: One ‘finds in thu
::-e that Ph35b012 has fio enantiomorphic pairs, however suznac m L
A?&m one, SbA,BCD would have three, and SbABCDE would nave ten pairs.

° a

I

o

g

L4

_ however, the existence of mirror planes and & centre of symmetry preclude

L3
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' Appendix

S!lggxﬂlk OF THE SULPKO-'Q!*TIHOIIDES M8b8 (M = Ni,Rh,Ir)
b

- U
R

The sulpho-antimcnides MSHS all give x-ray powder p;ttern: ’

and have lsttice parsmeters similar to those that would be expected from
the pyrite structure. The only difference is the appearence of a co;mple ‘.
of x-ray diffraction p;lkt that could nm: occur if the space group was
that of pyrite (;‘.'as). The pyrite structure would for these compounds
rec.;uire that the z'xon-\-letal: be randomly distributed on the 8(c) equipoints,
If this does not occur and ap ordered distribution of the nonimetals
exists, a lowering in space group symmetry will result and the diffraction
conditions for Pad will no longer apply. Even if the conditio; is met
that the un.[tt—cell remain the same size as the pyrite cell, it is v
immediately apparent that 'there are many ways of ordering the nop-metals,
Each ponifle at.rucf:ure.‘ however, must belong to a space group that in a
" subgroup of Fz3. In view of this it is worth noting that there is only
one subgroup of Fal that retains cubic symmetry, FJ 8, and only one of
the possible structures belongs to this groump.

- The structure of HiSbS\Qﬁu been established (\3'“5) by & single
crystal x-rey investigstion as that shown in Chapter k& for ullmanite.
The structure is ‘;she one that retains the cubic symmetry of Pzzs. A
characteristic of this structqrg is the arrapngement of the non-metals in .
Sb-8 pairs vh‘ilch'rerlects the polur pature of the space group. The

structures of the rhodium and iridium compounds ) have been assumed to be
J d
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the saze as that of NiEbS om the basis of similerity of x-ray powler
diffraction patterns. Whilst th.e cubic nature of these patterns makes
ullnanite seem the most likely structure, it is not impossible that the
compounds are only pseudo-cubic and the non%eta&s are ordefed in some
other vey. ‘ |
K There is & second problem assoclated with determining the type
of czrd:ring, that gf the degree of ordering, In order to chai‘act'arise
Mtha sulpho-antimonides used in these MUssbauer investigations it became
desirsble to know whether the semples were completely ordered and whether
RhSHE and IrshS do 151 fact have the same structure as NiSbS. An attempt
was nede tgﬁ noive these problems crystallographically bzﬂqg;lecting X-ray
intensity data for the powder simples. The compounds were all réacted
at 800°C after which they were ground to pass 100 mesh and mnnesled for

a week at 550°C then slov ccxled to room temperature, The main in'dicntior‘x
of ordering in the x-ray pettern is the presence of the 110 reflection,

80 if partial ordering is encountered the relative intensity of this
reflection should be indicative of the degree of order. If the samples
used in this v;nrk we;e only partially ordered it is probable that the
degree of disorder would increase with temperature, To investigate this
s mmber of samples were quenched from 600°C, however, no d:lfterenc: in
the relative m;:emity of the 110 reflection could be detected. The
observed intensities for NiShS agreed well with s set of calculated
intensities obtained using the atomic positiors quoted by Takéuchi (35).
Comparison with intensities calculated on the assumption that some degree

of disorder existed -in the sample lesd to the conclusion that ordering

P *



of parameters required to describe these compounds sdequately.
' cmpomﬁ; wvith one positional parameter generally give good results when

the structure is re!:ined from powder data (see for example ;er. 1). . ¢

When Holseth and Kjekshus refined a series of marcasites using two

positional parameters and powder data (Th) some difficulty was encountered .
) v:;.}th false minima. It is tl;arefore quite possible that the ullmanite
structure, which requires three positional parameters to be refined, is
not sufficiently over determined when powder dats are used. Added to this
is the problem of a polar :pﬁ"ée group 1n1vhich the possibs{l.lity of - (
ancmalous dispersion arises. As quite high values for A" occurred in all
three compounds mtm;ities for the reflectim;l hkil and AKI had to be
computed independently using ccnp%ex structure factors and added to give
tn¢ final intensity. A further complication in this structure vhich may
have contributed to the failure of the refinements is the real possibility
of the spherical temperatures being & bad epproximation. An examination

of the metal site, for example, in Figure b.2 will show how the grouping

of the non-metals makes a nehr spherical electron distribution unlikely.

In vi.w of the problems .cmtlined above dbper somevhat more

circumstantial evidence must be invoked to chl.raet:eri‘.‘se the compounds

RhSDE and TrdbS. Of all the ternary compounds ¥ith an 'ordered pyrile’

structure the sulpho-antimonides should probably deviate most from pseudo-
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cubic cell parameters’ if they do not have the ullmanite structure. It )
is therefore important fo note that no splitting or brosdening of fthe
high angle x-ray diffraction peaks could be found on careful examination

of diffractometer charts. In addition to this the Missbauer spectra

. gave e2Qq values that indiz_ca.tad & structure containing Sb-S pairs.

LY

It is thus not unlikely that RhSbS and IrSbS have the ullmenite structure.
The question of complete order is a somewhat more difficult one as the
MBssbauer effect in 12lsh would probably be quite insensitive to a sma};l
smount. of disorder. If a significanf\emount of disorder occurred 1t would
nanifest itself as Sb-Sb palrs whicﬁ would be expected to give rise to a
second sbsorption with a somevhat more negatiw're isomer shift and a vastly
different quadrupole effect. This would undoubtably ceuse a bad fit and
possibly show as a shoulder on the M8ssbauer peak, neither of these effects

4]

was obgerved, ’ *
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