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ABSTRACT

-Structures of Hg compounds in fractional oxidation stdtes
lower than +1, Hg3_6MF6 (M = Sb, Hb, Ta), Hg,MFg (M = Nb, Ta},
]1)2 and Hg3(NbF5)2504, were determined at room temperature

and at lower temperatures using X ray and neutron diffraction. The

Hg3_gMF6 compounds, isostructural with Hg3_iAsF6,-contain infinite

rchains‘of Hg which are incommensurate and thus disorder with the MFG

hqst lattice. A comparison‘Letween thelstrucfures showed that the
di fferences observed in the parameters of the chain comﬁ@ugds ére
completely accounted for by the difference in anion éize. {ﬁe chain-
host 1atticé incommensurability also results in disorder among the
chains at room temperature but an grdering develops at 1owér tempera-
tures. Aé in HgB_dAsFﬁ, short and long range order phases were
observed in experiments with Hg3_6$bF6 and Hg3_5TaFGT The character-
istics of the short range order phase are different in each Egmﬂbund
indicating that the details of chain-chain interactions are not the
sarne. Emery;Axe order parameter theory which predicts the development
of long range order phase-Was tested for M = As, Sb, Ta but agreement
was obtained only for HgB-SSbFG‘ ’

. A structure ‘consisting of hexagonal closed-packed layers of
gg"%toms was proposed for the HgBMFé compounds. The unusual 2-

dimensional Hg—Hg bonding of these cowpounds represents an intermediate

stage between the elemental solid Hg and the HgB-ﬁMFG compounds which

EM‘—..T,
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form 3- and 1-dimensional Hg-Hg bonds respectively.

The‘ng(TazFH)2 5),50, consists of finite poly-

atomic Hg ions. The former shows a tendency of cations to link into

-

infinite zigzag chains, a feature also seen in Hg4(AsF6)2, while the

and Hg3(NbF

latter does not show such a tendency. ’
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CHAPTER 1

HISTORICAL REVIEW

1.1 Introduction .

Among metals which are characterized by high electrical énd
thermal conductivity, mercury (Hg) is the only metal which exists in
the liquid state at room temperature. High electrical conductivity of
the metals including mercury is the result of the conduction (or free) y—>
electrons which are not localized within a region of the materié] but k\\~
can drift frgy one part to anather encduhtering little resistance.
| When metals react with other materials to form compounds the
metallic atoms usually either transfer their e]ectrons‘complete1y to
other atoms and become ions without any free electrons (ion{c compounds )

or use them to form bonds with nearby atoms (covalent compounds
™ ’ ’
Since free electrons becomne localized in either case, electroni

-

conduction is not observed even though the compounds contain a metal

1

atom. _ | . L
One of the few ionic compound§ which shows high e]ectriqa]
conductivity is Hg3_6AsF6. It has infinite chains of meté]]ica]]y

bonded mercury atoms (Brown, Cutforth, Davies, Gillespie, Ireland, Vekris,.
1974) and grows as large crystals with a golden metallic luster. Pure

mercury solidifies below 234 K (-39°C) and behaves like a normal 3-

dimensional metal. Hg3_6AsF6 differs in that the electrical conductivity
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is mostly in the direction of the chains and, hence, the material is
classified as an 1-dimensional conductor (Cutforth, Datars, van Schyndé],
‘Gillespie, 1977). - ‘

Since solids with high anisotfopy in their properties (known;as
low dimensional solids) are of considerable interest to physicists the
discovery of this compound has inspired a'search for new mercury
compunds with unusual properties. A number have been successfu]iy
ared over the last few years and the common feature among them is
hat the mercury is in oxidation states which are lower than +1, the

lowest oxidation state of mercury known to chemists before 1970.

«1.2 Discovery,of new oxidation states of mercury

-

It has been known for a very long time that Hg exists in two
oxidation states, 1 and 2, which can be seen in the well-known mercurous

and mercuric compounds. The evidence for lower oxidation states of Hg

-appeared for the first time in 1970 when Torsi and Mamantov (1970)

reported the preparation of Hg3(A1C14)2. The H932+ cation indicates
that Hg can exist in an oxidation state of +2/3. The X ray structure
detgrmination of this material showed the Hg32+.ion to be essentially
linear with Hg-Hg bonds of about 2.564R as depicted in tHe following

diagram {Ellison, Levy, Fung, 1972).

2 551 2-562
H?F—___-_-_-HS_-___-_HS

1744

\

About the same time preparation of a different material but

with the same ion was reported by Davies, Dean, Gillespie, Ummat (1971)



(also see Cutforth, Davies, Uean, Gillespie, freland, Ummat, 1973).
The material was prepared by oxidizing elemental Hg at room temperature

with-an equimolar amount of AsF5 dissolved in liquid SO Immediately

5"
after the reaction was started a crystalline solid with golden luster
was obsetgéd on the surface of Hg while the initially colorless solution
became deep-red in color. The color of the solution then gradually
changed to-orange as the golden crystals slowly disappeared. Orange

crystals obtained from this solution by slowly vaporizing the 502 were

characterized as Hg3(AsF6)2 so that the reaction that took place in the

?6 . e
—2, Hg,{AsF, ), + Asf
93\ ln 3

solution was
Mg + 3As?5

Gillespie et al. reasoned.that the deep-red solution which -
appeared before the orange solution might contain Hg ions in lower
oxidation state than +2/3. By using a smaller amount of oxidant the
reaction could be stopped at the stage %e—eep-red solution and
the golden crystals coexisted in_an equilibrium and the crystallization
of this solution gave red-black needles. An X ray structure detérmin-
ation of this product showed that the material indeed .contained Hg
ions in lower oxidation state (Cutforth, Gillespie, Ireland (1973) and
Cutforth, Gillespie, Ireland, Sawyer, Ummat (1983)) the chemical compas—
ition being ng(AsF6)2, the o*idation state of Hg in this material is +%.

. The reaction may be represented by the following equation.

S0

Mg + sy —=> Hg(ASF ), + AsF

6)2 3

: . .
The geometry of ng2 10n is shown below.



2 688 2620
Hg H 3 13,
137 3 ‘1242 \\.:
Centre OF Sjmwf_{"rj ' \?‘J\
hY
\ v
Hg — P
2+ . 2+ . . .
The Hg4 ion, like the Hg3 jon, is almost linear but with

- S
the difference that the Hg42+ ions are linked by the relatively short

distance of 2.985 R between the terminal Hg atoms. Since this distance
is comparable to the shortest distances in.solid Hg, 2.99 R for a-Hg
(Barrett, 1957) and 2.83 E for g8-Hg (Atoji, Schirber, Swenson, 1959), it
may indicate a significant interaction linking the ng2+ ions together
- to form infinite zigzag chains.

By using even a sma]]er amount of oxidant Gillespie et al. were
able to stop the reaction at the stage of the golden crystals. When
these crystals were subjected to a chemical analysis yet another
oxidation S£ate of Hg, namely +1/3, was discovered.since the composition
turned out to be Hg3AsF6. ;n'the.brief report of the preparation of
this new material Giiiespie and Ummat (1971) expressed the reaction as

502
6lg + 3A5F5 > 2Hg3AsF6 + AsF

3

A subsequent X ray investigation (Brown et al., 1974}, however,
revealed that- the composition of this material is more appropriateTy
written as Hg3_5AsF6(6 » 0). Moreover, the study shows that the Hg
atoms 1inK into uniform infinite chains with a Hg-Hg bond.Tength of

2.64 A. Since the structure of Hg3_6AsF6 is rather unusual it will be
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discussed in detail in the following section.

1.3 The structure of Eg3_6A5F5.

The structure of Hg3_sAsF was first determined by Brown et al.

6
(1974} using X ray diffraction. Precession photographs of this material
showed two distinct features.* One is a lattice of well-defined Bragq
reflections consistent with the symmetry and systematic absences of the
tetragonal space group 1417amd and the other is a series of sheets of ,
diffuse scattering perﬁendicu]ar to a* and b* axes. The lattice
parameters of the tetragonal unit cell were fohndfto‘be a = 7.538(4),

¢ = 12.339(5) 3. The separation of diffuse sheets, however, corresponds
to a distance of 2.64 R which is incommensurate wi?h the tetragonal
lattice parameters and led to the conclusion that the structure consists
of two incommensurate components.

To explain the observed diffraction pattern Brown et al.
proposed a model in which infinite chains of Hg atoms occupy straight
non-intersecting tunnels in the a and b direction of an ASF6 tetragonat
lattice (see Fig. 1.1). The AsF6 ions are ordered on a lattice with a
space group Idl/amd and give well-defined Bragg peaks. To exblain the .
.diffuse scattering sheets the Hg atoms within the chains are assumed to
be separétea by 2.64 B. The incommensurability of the two components
results in the chains being disordered with respect to the A5F6 hqst

lattice which, in turn, leads to disorder among the chains themselves

since, due to their large separation and heavy screening by the host

* ' -
An hkQ precession photograph of Hg3_SSbF6, an isostﬁuctura1 compound

with Hg, AsF. is shown in fig. 3.1.

6



Figure 1.1

Structure of Hg,_AsF, proposed by Bfown et al. {1974).
Taken from Brown et al., 1982. The structure consists
of infinite chains of Hg atoms {circles) occupying
straight non-intersecting tunnels formed by a lattice

of ASFG ions (octahedra) ordered in space group 14]/amd.
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lattice, the direct interaction between the chains is weak. As a
result the X rays scattered from the chains are in the form of diffuse
shegts rather than well-defined Bragg peaks.

| Another consequence of inconmensurability between the two
components is that the ra£i0 of Hg atoms to the AsF6 ions in the formula
is non-integral. Since there are slightly less than three Hg atoms for
each A5F6 ion the composition of the material should be expressed as
Hg3_6AsF6 where ¢ = 0.14. °

The model of Hg3_6AsF6 was later confirmed by Schultz, Williams, Miro

MacDiarmid, Heeger (1978) using neutron diffraction. In their structure
refinement an additional degree of freedom was incorporated into the mode]
by a]low%ng the chdins to be displaced in the ¢ direction since the
symmetry of the space group does not fix the z coordinate of the atoms in
-the chaiﬁs. Their refined model revealed a small undulation of the chains
caused by the repu]sion-of the mutually perpendicular chains at the
crossing points. The maximum displacement of the chains-frbm ?he mean
position {i.e., z = 1/4) is only 0.071 A.
_ ' §chu1tz et é]. also measured the density which indicated that in
spfte of the apparent éomposition of Hg3_6AsF6 implied By the crystailo-
graphic structure, the actué] compositfon is closer to Hg3AsF6 due to a

degree of anion deficiency.

1.4 Attempts to prepare isostructural compounds

Shortly after the preparation of Hg3-5A5F5 similar golden
crystals were obtained by oxidizing Hg with SbF5 dissolved in liquid 502.

As in the case of ASFS, the reaction could be stopﬁed at the stage of the

-« oot

e — —— e P—




golden crystals by usingﬁ%géggggiopriate amount of oxidant. A prelimin-
ary X ray examination showed that this compound was isostructural with
Hg;_  AsFe (Cutforth, 1976).
Attempts to prepare other infinite Hg chain compounds (e.gi with
PF6 and BiF6) were not successful. When the experiments for this thesis
w?re initiated in 1980, Hg3_6AsF6 and Hg3—6SbF6 were the only two

compeunds known with the general formula Hg3—5MF6'

1.5 Experiments and Theories on the inifinte chain, compounds

Becausé of thei:\unusua] structure the infinite chain compounds
{with M = As, Sb) have been stﬁdied extensively over éhe last decade.
The metallic cha?actér:of the compounds wasxestablished by Cutforth et al.,
(1977) who measured fhe variation of low temberéture conduétivity. The

conductivity was high jn the é and b directioﬁs-because_pf the conduction

=3

along the chains. € conductivity observed in the ¢ direction was.

L¢
attributed to the conduction through the crossing pointsibetweén_the
mutua]]& peﬁpendicqlar_chains which are 3.24 R,apgrt. A tehberature
independént ani;otropy pa/pc (Eatio between éond;ctivities in a and ¢
directions) was reported to be 100 for Hg3_6AsF6 and 40 for Hg3_GSbF6f-

- The Fermi surface of Hg3_6AsF6 has been determinéd byrRazavi;
Datars, Chartier, Gillespie (1979} using de Haas - van Alphen effect
(Fermi surface,of Hgé_éSbF6 has also been reported by Batalla, Razavi, .
Datars, 1982). It consists of rectangular cylinders with axes parallel
to the ¢ axis which éré formed by two sets of flat ll51mensiona1 Fermi
surfaces normal to the a and b axes. The rectangular shape confirms.

that the materials have been correctly classified as f—dimensiona1

conductors although high conductivity is observed in two (a and b)

=
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directions. (For a truly 2-dimensﬁoAal conductor the Fermi surface
wauld be a circular cylinder). From the positions of the flat Fermi
surfaces the authors inferréd that éadh Hg atom contributes two free _
e]ectroné, but one electron for every (3-8) Hg atoms is transfgrred to
the ASFB]" ions gf the host Tattice and the rest are responsible for thé
electronic conduction.

Other properties such as optical reflectivity and thermoelectric
power have also been studied (Koteles, Datars, Cutforth, Gillespie, 1976;
Scholz, Datars, Chartier, Gillespie, 1977). When the ‘materials were
- examined by a lTow temperature DTA experiment,extrusion of Hg from\the
host lattice was observed indicating that the thermal contraction of the
chains is smaller than that of thé host lattice (Datars, van Schyndel,
Lass, Chartier, Gillespie, 1978). In a ﬁeutron diffraction exberiment
Pouget, Shirane, Hastings, Heeger, Miro, MacDiarmid (1978) noted that the
contraction of the chains is so small that it is unébservab]e.

Only the diffraction experiments will be described in the rest
of this chapter §ince they are related to this thesis. For therother
experiments the reader should consult the review article by Brawn, Datars
and Gillespie (1982). |

The first low temperature neutron scattering experimenfyon
H93—5A5F6 was carried out by Hagtings,spouget, Shirane, Heeger, Miro,
MacDiaEmid in 1977. They observed phonon-like excitations in the Hg

5 * o .
c¢m/sec) indicating

chains with a high velocity of sound (¢ = 4.4x10
a strong intrachain bonding between the Hg atoms. A room temperature

scan along the first order diffuse scattering sheet in the a*b* plane =

* More recent measurements give c = 3.6x]05 ém/sec (Heilmann et al., 1979).

’

R R |
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aqave a uniform distribution of elastically scattered neutrons from the chains.

"~

This observation confirms the conclusion of Brown et al. (1974} that there is no

3 s B B
coherence between parallel chains at room temperature. Similar scans at

lower temperatures showed intensity modulation of the sheets signalling
\

———

the dévelopment of ordering between the chains. For T > 120 K broad
peaks were observed th as T~ 120 K new narrow peaks suddenly appeared
at different locations from the broad peaks. As T was lowered below
T'C {120 K) thé narrow peaks grew very quickly while ;he original broad
peaks disappeared. Hastings'gt al. associated the broad peaks with 7
partial ordérﬁng between the parallel chains and the narrow peaks with
a long-range three dimensional-order{ng of the two perpendicular sets of -
chains. |
. The nature of this ofdef—disorder phase transition was studied
.thoroughly by the same workers and reportéd in a subsequent pub]icé??gﬁ_f
(Pouget et al/, 1978). g
‘ About the same time Emery and Axe {1978) pub]ished’a theory of
the disordered chains in whiéﬁithey argued that the chains_hust be in a s
1—dimensioné] liquid state at temperatures above TC, j.e.s_bqfore they
fregfé intora 3-dimensional lattice, since a’figjmensiona1‘system cannot
sustainllong range order at any finitejtemperature. Their theory made
"a number of prediﬁtions which cqﬁ be tested by experwmment. One of these
was that the thickness of the di%fuse scattering sheets‘is finite and t
should vary as n2T where n is the order of the sheet. . fhis prefiction wWas
verified by Spal, Chen, Egami, Nigrey, Heeger (1980) using X ray.scattering.
. Eflery and Axe also proposed a theory dealing with the evo]utidn
of the long-range order phase at temperatures befow TC. In thisl

: . . Lo Y.
theory an order parameter is defined so-that it is proportional to the

square-root of the intensity of the narrow peaks which appear on the
[+
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first order diffuse scattering sheet. By using mean field theory the

order parameter was calculated as a function of T.

1.6 Discovery of miore mercury compounds and further ggperiments

After the experimental work for this thesis was started with a
structure détermination of Hg3_GSbF6, two more g chain compounds
Hg3thbF6 and Hg3_dTaF6 were discovered. ODuring attempts to prepare
them other new materia]§ were also Yroduced and some have.been successfully
isolated. This thesis reports X ray and neutron diffraction studieg on
these materials.

Basic diffraction theory undef]ining fhe experiments is described
in Chapter Il. Diffraction from 1nfinité disordered chains (Emery and
Axe, 1978} is also discussed 16 thag chapter (séf. 2.5). Techniques
used for X_ray structure determination are given towards the end of the
chapter (sec. 2.6 and on).

Chapter IIT reports the structures of the chain compounds at
room temperature as well as at lower temperatures.

Chapter IV also deals with the chain compounds but Tays emphasis
,on the ordering 6f the chains at low temperatures. Emery-Axe theor;
For the evolution of long-range order is described {sec. 4.6) before
presenting the exberiments to verify the theory (sec. 4.7).

Chapter V reports the structure of two new mgteria]s, Hg3NbF6
and Hg3TaF6 in which Hg exists in the form of.infinite sheets rqther
than chains. Like the chain compounds they are also metallic but have
silver luster instead of gold.

Structures of two new compounds with H942+ and H932+ ions are

l}
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described in Chapter VI.
The last chapter of this thesis, Chapter VII, provides conclusions
and makes predictions about the possible existence of new oxidation

state{s) of Hg and new Hg compounds.

w»



CHAPTER I1

INTRODUCTION TO DIFFRACTION THEORY AND EXPERIMENTAL TECHNIQUES

2.1 General introduction to X ray and neutron scattering; dynamic,

static and geometrical structure factors

In the first Born approximation the cross section of a scattering
process involving an unpolarized incident beam and a scattered beam into

a solid angle d@ is given by (Marshall and Lovesey, 1971)

d%o K'ym |2 e 2
aaer =k (wn) Ll Bk et e g - ) (2)
where E' = energy of scattered particle

k,k' = incident and scattered wave vectors
M = mass of the scattered particle
'A,A‘ = initial and final states of the target
Py = probability of having the ﬁarget in state A
ﬁT(?) = interaction potential between the target and the fadiation
E,»E,, . initial and final energies of the target. ;

Since this quantity represents the proportion of the intensiFy
of the jncident beam scattered with coordinates E' and E‘, it is also
propartional to the intensity of the scattered beam.

To keep the analysis simple one can first consider a target

consisting of N identical scattering centers for which the interaction

-

- 13 -
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potential is represented by

N .
¥) = T V{r-R)) (2.2)

-F

The lack of subscript ) on V(r~§j) emphasizes that the scattering
centers are identical. In this case eq. (2.1) reduces to the scattering

law_ (Marshall and Lovesey, 1971)

Lo o R @56 (2.

where g = k' - K - (2.4)
V(q) = fdF exp(id-FIV(¥) | (2.5)

and  S(q,u) = E;%ﬁf:]dte_iwtjgl<9XP{-15'§j(ONexp{ia'ﬁj-(t)}> (2.6)

where « > denotes the ensemble average which is also the time average of
the system (Ergodic Theorem; Reichl, 1980}.
J The quantity S{q,u) is'calledkthe dynamic structure factor whi&h
describes elastic and inelastic scattering from a sample. It is there-
fore used in the analysis of inelastic neutron.scattering experiments énd
scattering from iiguids. This-is, however; by no means to imply that the
above.equations hold only. for neutron scattering. They are indeed good
for scattering of any-kind of radiation in the limit of the first Born
approximation.

In an X ray scattering experiment one usually does not analyse
the scattered radiation in energy as the resclution is very poor. The
cross-section or, equivalently, the observed scattered intensity is

therefore proportional to the dynamic structure factor integrated over

all energies.

@
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S(3) = [ d(Mw)S(q,u) .
= % J§.<exp{—ia-ﬁj(0)} exp{id-ﬁjl(o)}> (2.8)

The quantity S(a) is called static structure factor.

It is now convenient to define a quantity F(q) so that [F(a)|
is eqﬁ;] to the time averaged total amplitude of the s&attéred radiation
from the target. By considering the interference of wavelets scattered
by a system of identical scattering centers at ﬁj (j = 1,N) one gets

(Woolifson, 1979)

N
9) exp(ig-R.}> : (2.9)
j J

F(q)

F(Q) is called geometrical structure factor and is widely used
in Xlray and elastic neutron diffraction experiments. From {2.8) and

(2.9) the relation between the two structure factors is seen to be

S@) = P@FE (2.10)

The lack of a factor representing the relative scattering
amplitude of each scattering center on the R.H.S. of eq. (2.9) is
again a consequence of having only one type of scattering centers in
the target. For the targets with more than one type of scattering
cénters_such a factor is essential -and is called form factor or
scattering factor. In general, it is a complex number and a function
of 4, hence is denoked by f{q). The phase of f(q) rebresents the phase
*shift suffered by the radiation-QHéh 1t is scattered from the scattering
center. If the sqattering centers are spherically symmetric, which is

a normal assumption in practice, f(q) reduces to f(q). In this case
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eq. (2.9) becomes
F(q) = <

fj(q)exp{i'q'-éj}'» _ (2.11)

.~

An alternative way of writing eq. {2.11) can be found if one
recognises that X rays are scattered by electrons and the electronic
distribution in a crystal is continuous. Each point inside the crystal
can therefore be v{ewed as a scattering center with scattering amplitude
<p{¥)> where the latter is the time averaged electron density at that
paoint. Therefore, (2.11) can also be written as (Woolfson, 19?9)

CFE) = EralP)explidF (2.12)
crystal

2.2 X ray diffraction from a 3-dimensional crystal

In the previous section the geometrical structure factor FEE)
was.def{ned without giving the physical concept behind the definition
eq. {2.11). The jnsight into this quation can be gained by consideriné
the following elastic scattering problem.
| Consider two stationary scattering centers which are different
and are separated by a vector ¥ as shown in fig. (2.1). For collimated
incident radiation the indicent beams are parallel. The scattered
beams are also shown parallel because the detector is usually at a
distance much larger than |F| {Fraunhofer diffraction).

From the diagram;

-

path difference = r(sinu, + sinu,) = F+S' - ¥.S
where § and §' areuthé unit vectors in the direction of incident beam

and the diffracted beam.
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-

Fig. 2.1. Two scattering centers exposed to a well-collimated incident

radiation. Scattering center 2 is located at vector * from 1:

A vector s which is called "scattering vector" is defined as

> S-S5 _ 1> |
R S T | (2.13)

". phase difference = path digference .
Ses o (2.14)

The following simple relation between |§| and the Bragg angle,

28, should also be noted.

' Sl . 2.
1§|2 = (2 - 25"-5)/3° = f%(l—cosZe) = 55%2—9
13| = 2sino/x (215

By using the phase relation given in eq. (2.14) the amplitude

of the resultant rédiat1on can be calculated.

e

resuitant amplitude = f](s) + 1’2.(s)e27_”r'S (2.16)

-

where f](s) and fz(s) are the form factors of scattering center 1 and 2.
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If there are N scattering centers at F], FZ‘ s Ty
crystal
resultant amplitude F(S) = (2.17)

A number of approximations have been employed in generalizing
eq. (2.16) into (2.17). For a real crystal, N is a very large number
(~ 1023). The probability of multiple scattering is enhanced by having
many scattering centers (Primary extinction). Moreover, scattering
centers further from the source of radiation experience weaker incident
radiation bec&Usg some part of it has already been scattered by the
center§ closer to the source (Secondary extinc@jon). As an approximation
both extinction.gffects may be ignored when the. interaction between
radiation aﬁd matter is weak. \The diffraction theory based on this
assumption is known as the kinematic diffraction theory. The approxi-
mation is reasonably good for X rays and neutrons but the effects are
not entirely negligible. (See sec. 2.11 %o} a discussion on methods
of correcting for ektinction).

One should also note that radiation absorption by the sample
has been. ignored in deriving eq. (2.17). This is an approximation in
the theory but the effect is often too strong to be ignored in practice.
{See sec. 2.10 for discussion On methods of corretting for absorption).

For a real crystal in which the atoms are oscillating about

their equilibrium positions because of thermal vibrations

F(s) = <§fj(s)e2"’ﬁj'5:- (2.18)
J

B

which is the same as eq. (2.11). Note that the upper case letter Rj is
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used to denote the instantaneous position of the jth atom, The lower
case letter Fj denotes the equilibrium position of the same atom or,

in the special case of static crystal, the position. Rj and Fj are

related by

R.(t) = r. + U.(t) (2.19)

where Gj(t} is the instantaneous displacement of the aton.
similarly, for a continuous distr%?ution of electron density
o(r) - <o(r)s

FE)-= [ dr(Pexpi2ni®g) (2.20)
crystatl )

Eq. (2.18) and (2.20) are extensively used in X ray determination
of the structures of the crystals. To take the full advantage of these
equations one must study the two basic properties of n(¥); the periodicity

and the spatial extension throughout the.crystal.

2.3 Unjt cell and feciprocal Jlattice

To a very good dpproximation the t{me-averaged electron density
inside a crystal 1s-a 3-dimensional periodic function provided the
crystal does not suffer from any kind of serious disorder. As a
consequence one can define a small parallelepiped with edges 3, B
and € so that the whole-crystal can be generated by translations of
this unit by vectors n]3 + nEH + n3E for all possible integers s Mo,
N3 This is called a unit cell and a, b, ¢ and the angles between them
are called the lattice parameters. The unit cell is not unique but it

is normally chosen to minimize the cell volume V while maintaining as

- high internal synmetry as possible.
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Alreciprocal unit cell is defined as follows.

ax : BXE/V
B* = Exasv (2.21)

The following linear combination of the above vectors is known

-

as a reciprocal lattice vector and will be denoted by K.

K = myds + nB* + n g (2.22)

(n], oy Ny are integers)
Note that the orientations of 3, B, ¢ and 3*, B*, &* depend on
the orientation of the crystal.
The equilibrium position of an atom in‘the crystal. is usually
specified by |

Fe=xa+¥b+Zc = x3+yb et ‘ (2.23)

where a 3/|3|, etc. are the unit vectors.

The coordinates x = X/|3], y = Y/|b|, z = 2/|€]| are the
fractional coordinates in the units of |3|,|b], |¢].

- - : : e -

[f the scattering vector § is expressed in terms of 3*, b*, c*,

2= ha* + kb* + £o*, o (2.24)

it is easy to prove that the phase difference rs is,

hx + ky + £z ' ‘ (2.25)}
v

3
Simi]arly,

I
r-K

1t

Zy + n32 ’ (2.26)

The space spanned by vector S is known as the reciprocal space.

X+ n
Ny

. —————————e e e .
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-,

2.4 The "infinite" crystal

One more approximation is introduced at tﬁis point for the sake
of mathematical convenience; the periodic function o(¥) is assumed to
entend from -« to +» in all three directions. Obviously, no real crystal
even if it is a perfect single crystal free from defects, meets this
condition. Most &f the real crystals are divided into perfectly ordered
mosaic crystallites of smaller dimension {~ a few microns), but as long
as the mosaic size is large enough to accommodate many ordered unit cells
the épproximation is justified.

i

£q. (2.20) now becomes,

F(3) = / d3rH(F)exp{2ni?-§} (2.27)
infinite

The above relation between »(¥) and F(3) is a Fourier transform.

The inverse relation 1s given by the Fourier theorem.

o) = [ &sF(D)exp(-2nit-Ty - ' (2.28)
infinite

Another very important benefit of having p(¥) as an infinite

periodic function is that it can be expressed as a Fourier series.

Y z
TRETY,

- ‘_ « . = ] . _X- -
p(r) = E Z C exp{-2~ni(n]a +n, }

2"3

exp{-2n1(n]x tnoy + n32)}

n
]
~

i1 8
[
=

>

=1

[l

D N S exp{-2ni¥-K1, (2.29)
- n_I:_m n2:_.uo n3=—00 n]n2n3 .- .

the last step using eq. (2.26).

Eq. (2.29) 1ﬁp1ies that p{r) is the summation of exponential
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waves with wave vector -2nK, amplitude |C
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N | and the initial phase
_ 172"3 R
« .  These waves are the Fourier components of p(r).
n]n2n3
The Fourier transform of one of the components can be written as

n

fdrC, o exp{-2avKlexp (2niF-2)
1723

(3)

1l

n.n,n

c [dF exp{2mit- (5-K))
1M2"3

In the above integral, exponentfal terms will sum up constructively

only if § = K.
r3) = ¢ s(3-K) . . " (2.30)

Note that I'(sS) is a &-function at § =X and is weighted by thg

magnitude of the corresponding Fourier component, |Cn an |. Combining
17273
eq. (2.27), (2.29) and (2.30) givesf
Y= 1 I T¢ 5(3-K) (2.31)
= z L _n.n,n
_ N === == N == 17273

fhe_above equation shows that F(S)-is a set of &-functions
located at.the reciprocal lattice points and weighted by the amplitude
of the corresbondiné Fourier component. F(S # E) = 0 which 1mplie$
that the amplitude (or intensity) of diffracted X rays is zero unless
the scattering vector S happéns‘to be equal to one of the reciprocal
lattice vectors E; This is the well-known Bragg conditfon for X ray
diffraction. _

Nhat‘happens_to the & functions if the infinite crystal .approx-
imation breaks down? A complete analysis of this prob]em.is provided by

James (1958) in The Optical Principle of the Diffraction of X Rays.

t
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He considéred that there were N] << @ ordered‘unit cells along the crystal
axis a. The calculations suggested that the s§-peaks would become broader
in the direction of a* with small diffraction ripples around and the
first diffraction minima at (h + 7 Ja*. (See the dotted curve of Fig.
2.2)*. Broad diffraction peaks are indeed taken as the sign of poor or
short range ordering of the crystal.

Since F(3) 1s a set of &-functions for an ordered crystal

eq. (2.2&) is reduced to

[e0] [e0]

p(ry = ¥ T T F(3) exp{-2ni(hx + ky + £2)} (2.32)
gy i) k:-u: ﬂ:_m .
In crystal structure determination the crystaliographer's task
is to calculate 5(¥) in order to find the position of the atoms. According
"to eq. (2.32) this can be done once the magnitude and the phase of F(3)

are known.

2.5 Diffraction from one-dimensional disordered chains

The diffraction from 1-dimensional disordered chains of the
Hg3—aMF6 compounds was first systematically studied by Emer{ and Axe
(1978). In their model the chains are assumed to be isolated chains
* with harmonic interaction only between nearest neighbours. All other
interactions such as those between chains or between the chains and the
host lattice are completely ignored. The physical picture 15 extfeme]y
simple, the chain consists of identical masses connected by identical _

harmonic springs. The strong Hg-Hg bond suggests that springs should

* The same broadeging wil] occur to all the peaks regardless of their
coordinates in b* and c* directions.
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be very stiff. The classical Hamiltonian for eaé& chaln can be expre?sed

;

as follows. -/
H = kinetic energy + potential energy in the bonds (2.33)
2 a :
X - x - d) :

2 +1 .
%Z[——— + mcll2 = ] (2.34)

: . d ‘

th:

where a = o« atom in & particular chain ’ i
d =‘equi]1brium Hg-Hg distance = ng-Hg
m = mass of Hg atom

¢ = speed of sound along the chain (longitudinal)
th

Xa = instantaneous position of utf.atom (origin at 0" atom)
\ . )
p, = 1nstantaneous momentum of the ath atom,

and the summation is over the whole chain. All vector’quantities are

" written as scalars in the‘equationls1nce the system is 1-dimensional.

The instantaneous'posipion of the uth atom\ét time t, xu(t), is related
‘to its ground state position (ignoring the %ero point motion of thé atoms )

ad by ~ . . ) . -
x (t) = &d +iua(t) > L {2.35)

x

Wheré uu(t) is the insténtaneous_diépiacement of the atom.
To comprehend the Emery-Axe model it is essential to consider
the natUrehof uu(t) or j;s r.h.s; Qalue ouz Although the Hg-Hg bonds
are strong they are not perfeétly rigid and the bond length is askociated
~with a small uncertainty o which is défided as the r.m.s.. value of
(x1(£) - d), or equivalently, gi; The meaﬁ square.value o? is directly

proportional to the temperature of thez sample since it measures the ‘
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(amthUde)2 of the harmonic motion of an atom with respect to its

neighbours.

c/d” = a 2/d2 = — (2.36)
1 2
a

m= 3.35x107 2>

kg, ¢ = 3.6x10° ms-] (Heilmann et al., 1979)

At 300 K, &= 3.1x107°

The uncertainty in the bonds adds up in a statistical manner so

that for a string of . bonds

g? = Ju|u2 . <(2.37)

&4

Since ¢ -+ » in a'rea] crystal the 1§st equation implies that
theré is no long range ordering within a chain; a weT]-known'characteristic‘
of 1-dimensional systems with finite interaction. The lack of long
range order, however, déés not prevent one from using harﬁonic approx-
imation and consfdering phonon-1like excitations and the dispersion
relation, bécause there is very good short range ordering due to the
stiff‘HQLHg bonds. In fact, the dispersion curve of the qﬁains haQe
been measured by Hastings et al. (1977) who found a large velocity for
the Tongitudinal acoustic waves. |

The lack of long range ordéring has important consequences on
the sééttering of neutrons and X rays from the chains. The Debye-Walter
factors a]ohg the chains are infinite due to the'infinite’value of‘<u§>
and no truly elastic scattering (Bragg scattering) is possible. The
‘sheets df the diffuse scattéring must therefdre be the result of

inelastic. scattering. . L
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%
For this ]—dimensiogg] case the dynamic structure factor defined

by eq. (2.6) reduces to*

$(Q,w) = E]Tj MUY <expi-i0x (0))expliQy . (t))-  (2.38)

1
\”‘ 9183

where Q is the x-component of a.**

Emery and Axe calculated both the static and the dynamic

structure factors and obtained the formerras,T ~
sinh(Q%%/2)

S(Q) = 2 2
cosh{Q“c“/2) - cosQd

(2.39)

. <
Fig. 2.2 illustrates a plot of S{(Q) vs. Q with o = 0.1. “The

broadening of the high order peaks is more characteristic of the scattering

from liquids rather than solids. The peaks are Lorentzian centered upon

with the width (HNHM) of : ’
Q O 2 | . SN . )
Ky = ~gg~ <nT : (2.41)

" The prédftted'proppﬁfiona1ity of eq. (2.41) has been verified
by usjng X ray scattering (Spal et.al., 1980). The n2T variation
basicé]]y confirms the Emery-Axe model of the chains but the measured

peak widths are consistantly smaller than the predicted values by ~ 20%.

LN -

_* For a classical Ca1cu1ation the h in the denominator haé'been dropped.
* ) ' :
*For simplicity, we are considering only a-chains and this will be the
case throughout the thesis unless otherwise stated.

T In the original paper only the major results were presented without any.
intermediate steps. The calculation has been repeated 1ndependent1y by
Talbot (1979) and presented in detail in his thesis.
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[
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-

. Figure 2.2

Intensity of scattered radiation from 1-dimensional harmonic Tiquid
(solid curve) predicted by eq. (2 39). After Axe (1980). To make the
broadening of the peaks visible in the plot the uncertainty in the Hg-Hg
bond length is exaggerated as if ofd = 0.1 but the actual value is only
0.031 .at room temperature. This is so small that the broadening of the
diffuse scattering sheets s not noticeable in the precession photograph -

fig. 3.1 . For comparison the dotted curve representing the diffracted

intensity {scaled down by a factor of 10) resulted from a finite chain
of 10 atoms but with no uncertainty in the bond length is shown.
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The dynamic structure factor obtained by Emery ahd Axe is
rather complicated but can be simplified for small aQ = Q - Qn to
Ko . K :

S(Quu) ~ L n (2.42)
[(8Q = w/e)® + KT [{aQ + w/c)® + K]

Note that there is no term proportional to ¢{w) since no true
elastic scattering is possible. In particular, when-2Q = 0,
S(Qyu) ~ N 575 . ' (2.43)
[(w/0)® + K, °] |

Since K] is very small, S(Q,w) is very large only when . is
extremely close to zero. For larger values of w, S(Q,w} + 0. This

implies that the diffuse-scattéking sheets arise from inelastic
, _ , .
‘'scattering with extremely small energy transfer,

The disorde;ed Hg chains of the Hg3_5r_~IF6 compounds are often

-

referred to as "l1-dimensional liquid" because the chains do not have
- any long range ordering and their gcattering'is very much like that of

liquid samp]e§.

2.6 Crystal structure determination; practical considerations -
Since the intensity of radiation is proportional to the square

of the amplitude the magnitude of F(3) can eési]y be measured on an

arbitrafy scale.
1(3) « F*(3)F(¥)

[F(3)] o /I(3) - (2.44)

" where I1(s) is the observed diffracted intensity in the direction
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corresponding to the scattering vectar s.*

Note that eq. {2.44) alone is not enough to determine F(s)
since it does not contain any phase information. Crystallographers,
therefore, have to use some indirect methods to deduce the phase of F(s).
The standard technique is to propose a model for o(r), at least 2pprox-
jmate]y, and then verify and improve the model by a least-squares

refinement. The aim of the refinement is to improve the agreement

between |F(s) observed and |F(5)Ica]cu]ated usually denoted by FO and FC
respectively.
- The model most commonly used by crystal]ogrephers is the

"Independent Atom Model" (IAH). The model consists of spherical atoms

(or ions) which are allowed to undergo harmonic oscif]ations, independently

and anisotrqpicaily about-their equilibrium positions.
In the IAM the electron densfty is not continuous But localized

at the atomic sites. Eq. {2.18) is therefore more suitable than (2;20)
.%or calculating F(S). Since the time-averaged unit cells are identical
“to each other the summation needs only be done for one unit cell rather 7
than the whole crystal. This scales down all the F(S) by a common

factor, i.e., 1/number of unit cells, and hence the .proportionality (2.44)
is not affected. Eva]uat1ng the therma] average in Eq. (1.18) is also
easy for the Tndependent harmonic 05c11]ators [n the 1AM, eq. (2.18)'.
combined with (2.19) becomes (Woolfson, 1979)

F(E) =
.n

I~y =

fals)<exp(2n1i, -S)exp(anif, -2)

* -
A number of corrections have to be applied to the measured diffracted
intensities before using them in eq. (2.44) to get |F(s)]|. These
corrections are discussed in the following sections.
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|
oL TRy, i
- F(hk() = ni]fn(s)Expf—Zu (un S ) -}exp(2nrn

-

-5)

where N = number of atoms inside a unit cell and h, k, ¢ are the
components of § in unit of a*, b*, ¢* axes.

In the Tast equation the first exponential féctor is called.
temperature factor or Debye;wa11er factor. For the independent harmonic

. oscillators of 1AM

2.2 2 2 .2

2 2 1 ) +* 2 " *y ok -
+ k™ b* Uy + £7c u, + Zhka*b uxuy +

2*
<h~a Uy

Zhea*c*u u_ + 2kfb*c*u u_>
Xz , y Z

where.gT = 3(transposed) and Un i5 a 3x3 matrix with the elements
Uiy = <Ujuy

Therefore U]], for example, gives the mean square displacement
of the correqunding'nth aton in the d{réction of @ dxis. Note that ﬂn-
15 symmetrfc and.contains 0n1y six independent elements.. general,
the thermal motion of the‘atom i; anisotropic, i.e., U]] # 022 # U33
and &n is called anisotropic.temperature factor. But it is sometimes
desirable to assume an isotropic motion of the atom {in order to Eeduce
the nﬁmber of.adjustable.paf;meters in the model, for example). For such

.an atom ﬂn becores an isotropic temperature factor UnfS for which Un’

a scalar, is the single adjustable thermal parameter and f3 is a_3x3;

unit matrix. ) . P
; / A
The equation for F{hk¢) finally becomes, }_ ' <\
N T e -» | -
F(hke) = } fn(s)exp{—ans Uns}exp{Znirn-s} : (2.45)
" n=1
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Standard crystallographic programs use eq. (2.45) to compute
the calculated structure factor Fc' The form factors are given in the
International Tables for X ray crystallography (1974), Vol. 1V, b. 72
for all atoms and most of the known ions. The agreement between FO and
FC is then improved by a least-squares refinement of Fn (positioﬁa]
parameters) and Un (thermal parameters) which, in combination, are
referred to as atomic parameters.

Success of a structure determination therefore depends on the
‘followingvfactors. ‘

(i) Accurate intenéity measurements followed by a series of

corfections to remove the systematic errors.

fii) An 1AM which represents p(r) to a good approkimation SO

that it can be used as the initial model fqr the least-
§gﬁares refinement.

The rest of this chapter is devoted to the discussion of the,
instruments, corrections and techniques used to meet the requirements

of these factors.

2.7 Instruments to survey the reciprocal space

(i) Photogiéphic methods; the precession camera

Photographic methods are particularly pseful jo survey the
reciprocal space of crystal G?th serious disorder whose diffraction
pattérn consists of unusual features such as diffuse scattering regions
or deformed Bragg peaks. These featuii? can most conveniently be
3studied when they are mapped out on a photographic plate, a two- L
dimensional detector of low accuracy but very large sensitive aféa.

! , s
Although many different kinds of camera are available” to
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X ray crystallographers precession camera is perhaps the mgst convenient
one to use since it gives a non-distorted vigg of a planF of reciprocal
space. Construction and diffraction geometry of this camera are given

in many crystallographic text books.

(i) Four-circle X ray diffractometer

-

More accurate intensity measurements can be obtaigéa from a
-'diffractometer than from a camera at the expense of longer experimental
time since, unlike the camera, the diffractometer examines only one b
point of'reciprocal space at a time. .

A four-circle diffractometer is shown schematically in fig. 2.3.
The angie 2¢ is the usual Bragg angle while w, » and ¢ are the'threé
Euler angles determining the orientation of the crystal on the.inst:Zment.
Any point.of reciproeal space can be examinéd by setting these four
. angles to the appropriate positions.

The incident X ray beam is monochromatized by using a high quality
pyroiytic graphite crystal. The diffracted beam from the samp]e_js
difectl; measured by a scintillation counter without an energy analyzer.
The diffracted intensity at.a point of reciproca] space is usually
measured by performing a éU-w scan across the'ﬁoint. The stan is
iimmediate]y prece&ed and fo]lowed by-a pair of background intensity
measurements. * . l[h |

The diffractometer can aiso be uéed for ]og.temperature
diffra;tion_experiments. The low temperature apparatus usedpconsists '

/

F3
Consu]t operating manual of Nicolet PZ, diffractometer and LT1
10w temperature apparatus for more details.
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CJJP Beam trap
Incident X-ray 0 —
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‘{ //
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' 20 Rotation
/
™
™ Figure 2.3
A four-circle X ray diffractometer. The angle 20 is the usual Bragg
‘ angle while w, ¢ and x are the Euler angles determining the orientation
of the crystal. (From Woolfson, 1979)
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of -a gas nozzle which blows regulated cold N, gas directly onto the
crystal. Since the nozzle is firmly attached to the i -circle its
relative orientation to the crystal does not change throughout the
experiment. The lowest temperature attainable by this apparatus i§
about 145 K but higher temperatures can be obtaiped by warming up the
cold gas usiﬁg a stream heater. The temperature cannot be monitqred
during the experiments but calibration of Eemperature against sﬁréam
heater setting before the experiments indicated that the stability and

reproducibility is within+ 3 K. *
i

(iii) Triple-axes neutron diffractometer

Fig. 2.4 shows a triple-axes diffractometer schematically.
Both the monochromator for the incident beam and the energy analyzer

for the diffracted beam are pyrolytic graphlte crystals mounted

axes perpendicular to the plane of the instru entfso.that scat

angles at these crystéls_can be set to\Bny deﬁired vaiues. The

enclosed in an air—tight Al sample holder {see fig..2.4) is mounted on

a third axis which is parallel to the first two:. Since fhe crystal -
can be fotated only about this axis {no x circle) the diffractionigg
confined in the plane of the instrument and no region of_reéiprocal

space outside pﬁis plane can be studied without remounting the samp]e

with a different orientation.

For the low temperature experiments the sample holder is

~cooled by a close-cycle He refrigerator cépab]e of stabilizing the

* Consult operating manual of Nicolet PZ]'diffractome(;ﬁ)and LTY
Tow temperature apparatus for more details. \\

%

&
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_ Figure 2.4(a)
Top view of a triple-axes neutron diffractometer.
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Hollow Al cylinder

“Teflon disc as seal
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7 Figure 2.4(b)
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“temperature within : 0.1 K in the range of 10 to 300 K. The temperature

of the sample holder is continuously monitored throughout-the'experinent.*

2.8 Scaling the diffractometer-measured intensities

Because output power of the X ray source fluctuates over a
period of ~ 1 hour the'Bragg intensities. measured by a diffractometer
ovar a period of days should be scaled Based on;the systematic variations
observed_in a number of selected standard reflections. These refiections
are measured periodically, say, every hour throuéﬁout the experiment.
Another reason to measure the standard ref]ections is to
monitor ‘the crystal a]ignment.on the diffractometer. Any mechanical
movement of the cyysﬁh] ?nside the sample holder, for example, will

result in a sudden decrease in the intensities of all the standard

reflections.

2.9 The Lp correction

The Lorentz correction (L), is required since the time spent by

the crystal in reflecting position differs from one Bragg reflection

-~ £

from another depending on the position in_the‘reciproca1 space. For a
4-circle diffractometer this correction is a function of 28 alone.

(Nicolet P2] and P3 reference manuals). .

L= = y

-

The polarization correction (g) is reguifed for the following

~ . . s/ X .
reason. A certain fraction of incident bedfi cannot take part in

* A triple-axes d1ffract6m§ter and He refrigerator at Brookhaven National .
{aboratory were used for the neutron diffraction experiments. Reference
manuals may be consulted for details.




reduced and hence the diffracted beam intensity decreases. Since

{i) MNumerical integration method
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3

. S
scattering if its polarization vector 4 happens to be in the direction

N

of the diffracted beam., 'The effeCtive incident beam intensity is thus

this effect varies from one Bragg reflection to another the following
[

"correction is required (Nicolet reference maruals).

L

1+ c0s?2y 05220 1+ COSZGm-COSHZGC

€+ (1-f)
1 + cos?2u 1 + cos2u
> ““m m

p = [f

{

where f = 0.5 (depends on the mosaic size of_monochromator)

20
m

24
c

monochromator angle = 12.160

usual 2¢ angle at the sample crystal . -

2.10 Absorption correction

A correction to remove the‘gystematic errors in the measured

intensities caused by radiation absorption of the sample is necessary

'iﬁ-it contains highly radiation absorbing elements such as Hg. The

following techniques were used for the stﬁgsture determinations

reported in this thesis. ' \\

. - \:l

~

For a crystal with linear absorption coefficient n the fraction

by which the diffracted intensity is reduced by absorption is

" {Woolfson, 1979) . "~

21 - . L
A= 7 fcrysta]exp{ p{ 141" ) }dv (2.46)
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where V

o{t')

volume of the crystal

1]

length of incident {diffracted) beam inside the crystal, where
the scattering takes place at volume element dv.

The correctigp factor applied to the measured intensity is A* : A

R, the factor/A* becomes a function of 2¢ and its values_ﬁgs tabulated
t i ) '

in the Interné??ona] Tables for X ray Crysta1lograph (1959)3 Vol. 11,
p. 302. But ifithe cryéta] has an arbitrary shape A% depends also on
the other difffactometer angles an& it has to be calculated for each

reflection by gva]uating the integral (2.46) numerically. In this case

the volume of the crystal is a.pplyhedron defined by a set of crystaT

planes whose orientations and distances frgm an arbitrarily chosen. -

)

L TN o
YT

origin inside the crystal are specified.

\,

This method -developed by.Walker and Stuart (1983a) assumes that

(ii) DIFABS correctiont

the absorption correction factor can be factorized into two factors,

. v
one representing an isotropic absorption as if the crystal were a .

-

'perfect sphere and the other a slowing varying ..n tion in the reciprocal
spacedrepresenting the.anisotropic absorption dueAto the irregular shape
of the crystal. The method is particularly useful if the crystal does
‘not have well-defined faces and cannot be repfesenteﬁ by a polyhedron.
'/i}ge absorption correct®on is applied as foliows. . o
The measured 1ntensi}ies which have been scaled (sec. 2.8) and
corrected‘by‘an'Lp-correctign (Hﬂ} 2}9) are subjected to the standard

.spherical absorpfjon correction. The radius of the crystal R assumed

s

1

tal of regular shape, e.g., a sphere with known radius \

/

-y

"




- 39 - .

for this correction is the average radius. The resultant intensities are

used to refine a model (IAM) in which the atoms are represented by
isotropic temperature factors so that the yet uncorrected anisotropic
absorption errors are not incorporated into the sfructure. Since the

affected by the anisotropic’errors they can be trewtedds the best

structure factors calculated from this model |F1 O| aij;;ot greatly
d%timates of absorption-free structure factors.. Thejarogram DI FABS
(Walker and Stuart,1983b) is run at this stage to construct a slowly
. . . . o~ _
varying correction function (a Fourier series) and apply it to the all
‘F . ]

measured structure factors.

2.11 Primary and secondary extinction

=D
- Primary extinction is the weakening of the diffracted X ray
intensity caused by destructive interference betweén the original -
di ffracted beam and the. diffracted radiation arising from multiple
scattering. Its effect is therefore serious for a large crystal with

smali mééaic spread where a large volume of Crysta1liggfmateria1 can

be brought into a Bragg scattering condition enhancing-ihe probability

of multiple scattering. Darwin {1914) has shown that for a perfect

. crystal the diffracted beam intensity 1s greatly reduced and is equal

fb YF*F rather than F*F where F is given by eq. (2}20). Since the

crystaTs used for-X ray structure determination are smél] and usually

have considerable mosaic spread_p}imary extinction is negligible.
Secondary extjnction is the wéakgning of the diffracted beam

due to the weaker incident radiation experienced by the layers of the

:'crysta1 further from the source since part of the radiation has already.

-

.
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been scattered by the tayers closer to the source. [ts effect is usually
seen if the crystal is in-a strong scattering position. Instead of
applying a correction to the medsured structure factors an addifiona]
parameter g (Larson, 1967) representing this @ffect is introduced in

the least-squares refinement and refined along with the parameters of

the 1AM.

2.12 Averaging equivalent reflections

Because ' of the Fourier transform re]atigﬁship batween B(F)'énd
F(s) most of the crystal symmetry elements are(ref]ected in the diffrac-
tion pattern. Ffor a tetragonal crystal, for instance, any hkf reflection
is symmetry-related (or equivalent) to the kh¢ reflection due.to the
symmetry between a and b axes.

In practice, the observed intensities of equivaient reflections -
are not equal to each other because of the anisotropic absorption
-e%fects. The agreémgnt between absorption-corrected equivalent ref]ec—
‘tions is used as an indicator of the accuracy of absorption correction.

Equivalent reflections are avéraged'after the absdrption
correction (if ﬁeceésary).. The program used for this purpose is AVER
(Ng, 1978) which cbmputes weighted average of eduiva]eﬁt reflections
us;i_ng'oc'2 aé the weights where o is the statis;ica] counting error of
| Fol direct]y-re]atedwtothe counting érrot in intensity calculated and

. recorded by the diffractometer. New o for the averaged |F0| and 1ts

e.s.d. o, based on the spread of the equivalent ref]ecﬁions are also

A
calculated. Genera]ly-on‘é 9. since it reflects errors from all sources

of error while the other represents only the. counting statistical error.

N
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Variation of o _ vs. [F,l and iy VS- |F0| are shown in fig. 2.5 and 2.6.
As an overall agreement index the following function, the
internal agreement factor between equivalent reflections, is also

calcyl ated.

‘ v - . . .
where ! and % represent summations over independent (non-equivalent)

h
and equivalent reflections respectively. - Note that a low value of R1n£

- ~

' implies good agreement between the equivalent reflections.

2.13 Methods to deduce initial 1AM fyom the ME95ured intensities
N ] = \ .

(i) ,Patterson function

Patterson (1934) ﬁointed out that the information on the relative
Spositions of the atoms is contained in the observed p}agg intensities.

{ :
He-pro«ed that the Fourier transform of the intensities (corrected for
. N

- . ’ )
various systematic errors), P(¥), has peaks corresponding to all inter-
\

atomic vectors of the structure. As an example, if a structure consists-

- -)-t
of two atoms, say, X and Y at Cy and Ty of the unit cell the Patterson

. . -» - .
function will have peaks at v, - Fx’ r -

Fwr - v andF - ¥
X y*y  x y- oy
Since the first and the Jast vectors are null-vectors these two peaks

will appear superimposed at the origin but the other peaks will remain
resolved indicating the orientation of X-Y bond, a useful hint in
postulating the initial mode1;

The Patterson function can always be éalculated onc;’the

intensi ties are measured since the phajffof I = F*F is always zero.
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N

However, for a Eomplicated structure with many atoms one might find it
difficult (sometimes impossible) to interpret the Patterson function since
it contains too many peaks. The aim is therefore to locate only the |
heaviest atoms of the structure wh%ch produce the strong Patterson peaks

and then use other suitable methods to 1bgg;étthe lighter atoms;
N,
\

(i1) Direct methods [

One of the properties of the electron density distribution of
the crysta1‘F(F) is that it is a positive quantity t/gvery point of the
unit C;TT: By using this property as a constraint{it is‘péssib]e io
assign trial phases to a small number of accurately neasured Bragyg

A ‘ £
reflections based on the inequality relationships between the magnitudes

of the st;uctUre factors (Woolfson, 1963). The pha§e assignmqpt is not
unitue and a number of trial solutions are usually obtained by this
methaod. |

The so]h£ﬁons are displayed as E-maps which are the Fbuﬁier
transforms of theAnorma]izsd/gtructure factors E(hke), a quantity

directly proportional tQ'F(hkﬂ) but without the reduction in magnitude

produced by the small form factor value$-.at large 20 angles.

E(hke) = NF hk£

2 by
{7 f:(20))° _
i=1 ! <”’“wf\;.
The cr§sta11ographer has then to decide which of the E-maps

" shows the most chemically plausible arrangement of the atoms. As with

- L
heaviest atoms of.the structure are
o -

the Pétterson function, only the

-~

usually visible on the E-maps. &

X N . ' . ) . . v
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(ii1) Difference synthesis - -

A

This technique is used to(search for the lighter atoms once the
N Rk

neavy atoms qf the stru;turé have been located. The difference map is

obtained by Faurier transforming the quantity (|F0[ - |Fé|)e1¢ where
' . >

s' is the phase of the structure factor Fé calculated by using the

—
already found heavy atoms. Since the missing atoms are responsible for

tﬁe di fference between |T0|'and |Fé|} thé map shows peaks approximately

at those atomic sites. , \
The tg}#ﬁﬁ?fff} of th% ﬁzp brogressively 1mprove§ as more and

more atqﬁ;‘ére 10Catgg*énd added into the parfia] médel used to calculate

Fé. When all the atoms have been included the difference map should

ideally show no peaks. Any significant features seen Qd the map at this

stage usually indicate Fhat the model is incépab]e of representing the

actual electron density of the crystzé;ﬁuﬂor example, sigﬁificant residual
electron density is often seen in th (ﬁanding regions of the completed
model {an IAM) since.the model does not Tave any adjustable parameter to

' . > .
represent the bonding electron density.

o
\-. — \ . |
2.14"° Least-squares r@f1neanL/IrH\\T\H’

{ncé [c of eq. (2.45] does not relate linearly to the paraneters
an

n-linear least-squares refinement is required to refine

(& g..oHoolfson, 1979) and highly efficient computer programs are
availdhle for this purpose. The programs used to refine the structures
reported in this thesis are CUDLS (Stephens, 1964) and SHELX (She]drick,

N

1976). ‘ ) N

i
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The program CUDLS minimizes the following function using full-
1natr1x refinement.* |
Smin = L0 WOl - KF_])°
reflections
where w i§ the weight given to.a reflection depending on its reliability.
if 0, represents the total standard deviation of |F0| due to all sources

of error
A -2 <

-

L t S:
is a suitable weighting.scheme (Stout and Jensen, 1968). 1In CUDLS, gy

is calculated as

2 2.
oy = (oo + g|F 9"

—

where o is the statistical counting error of averaged |F0| calculated

by the program AVER (éee sec. 2:7). The second term represents the

errors from other sources such as slight crystal misalignment which can be’

shown to be approximateTy linear with |F0| (Grant et al., 1969)}. Fiqg.

2.6 shows a typical variation of o-vs. |[F_|. For large |F, | values,
a. - 0 and
o,z /§|FO|
~

where /g is the s]opé of the straight line shown in the figure.
A number of _methods have been suggested to estimate the slope -
(e.g. see Stout and Jensen, 1968). In this thesis the parameter is

chosen so that a best fit is obtained between the straight line J§|F6[

" ;

The coefficient k of |Fc| is called the overall scale factor. It is
required as an adjustable parameter sincg/the diffractometer-measured
|[Fo| are still on an arbitrary scale.

by w .

rm e . rm———r—
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. -

and the variation of g (e.s.d. of |F,l based on the spread of equivalent

- reflections) against |F0| as shown.-in fig.‘2.6.
A
4

;(/ fAs the indicators of agreement bg&ween ]FO| and |FCL of the

ik
refined [AM the queram computes the following functions. (A1l reflections

are included in the summations)

al -
{ \

R 0 |

)WFO

11

W 2 .

‘\ _ . . '
RHIARRAI |

AN
T,

A |Fc|)2] L

"e.s.d. of observations of unit weight o) = [

NR - NV

number of refiections

where NR

and NV number of parameters varied during the refinement..

Obviously, the lower the~Rw and R the better the agreement. The
expectation value of oy is 1 since ([F ] - |Fcl)2 should approximatety
be oi =w ). The value of o].>;ﬁT‘EUggests that the model is ‘incapable
of representing actual electron density. When oy ¥< 1 it usually implies
\}hat the weighting parameter /g has been over-estimated.

The ﬁrdgram SHELX is similar to CUDLS‘except in the weighting

scheme which has the form

~

W = k/(cg + gFZ)

~ . : .
where k is a parameter to be determingd after each-cycle of refinement.

(g is estimated as in CUDLS). When the new set of structure factors has

been calculated after the refinement k is determined by fitting
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approximately equal, the expectation value of k is 1; t.e., the parameter
A . !

k plays -the role of o, of CUDLS. For this reason o

2

to (uc + gFZ).' Since the two quantities should be

) is not calculated

3

by SHELX.

S
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CHAPTER 111
STRUCTURES OF Hg, MF

ME, (M = As, Sb,-Nb, Ta) COMPOUNDS

d
by

- . . . . -

3.1 The 1ndependent atom model for structure determ1nat1on of Hg

3 6——6
Compounds )

‘As described in sec. 1.3 the diffraction pattern of Hg3_6MF6

compounds cOrgists of two incommensurate components,/ one being series

of sheets of diffuse scattering in the tetragonal a* and b* directions

and the other ]attice of‘Bragg-refTéctjons-with the symmetry and
systématfc abée;ces of uhe spaue.group;141/é@d:(see\fig. 3.1). Tue_
sheets arise entirely from the Hg chuins runufng'é1ong the twg~equiv- \
alen£ tetragonal axes while fhe %iégg ref]ections:are most- from the
MFg Host lattice. Since the sheets do not coincide with thg'Brggg.

peaks their intensity is not included in the measured Brugg reflections.r

However, there are certain Bragg reflections which contain contributions

from the chains for the following reason. The position of the. cha1ns

with respec to the host 1att1ce is determined and co urate w1th

 the host lattice spac1ng because the chains occupy Qﬂp tunnels?™

by the lattice. The & Ehaihs for instance, have y and z coordinates

- ..ﬂ

,)determ1ned by” the ]att1ce and give a Bragg scattering contribution to
/ ' ' N -

" the OkE\Q\fks (ﬂs the result, the measured._i teqsities in this plane ¢

gl

11

Note that the infinite

are propo&tlona], to lgost chainl"'

R

A

-1

e wem s wm ama— e e
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Figure 3.1,

The. hkO pirecession photograph of Hg3_SSbF6 showing well-defined 'Bragg
reflections from the ordered host 15t_t1'cé and diffuse scaltering
sheets perpendicular to a* and b* axes (can be seen as lines) from

the disordered mercury thaiﬁs.
[MLY COPY AVAILABLE
SEULE COPIE DISPONIBLE

arm e d——
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term ofAthe Debye-Na]]er/kactdr does ﬁot quench the chain contribution

to the plane with h=0, since hZU]] is\?ihité (see eq. 2.45)..

It is obvious that one needs a special (a;d rather unusual)
model” to represent the electron density of the crystal p(¥) in pomputing
Fc' A1l standard ékyéta]]bgraphic computer programs assume that the

un;;/c%?ls are identical. One must ﬁgﬁel the chains in a way so that
J

array of partial Hg atoms (16 per cell length)*. From such a chain

Ay

contribute only to the Ok reflections and no ‘other.

Brown, et al. (1974) modelled the chains by a closely spaced

the first non-zero contribution after the h=0 layer is on the h=16
layer {28 > 95° for MoK radiation). Since the reflections with h > 10

have never been included in thé refinements th;béhain Contribution is

e

effectively ﬁestricted on1y to the QOkf plane. The partjh] occupancy o%
the atoms was held fixed throughout the ref1nement at the value

correspond1ng to the aETua]'ﬂ1near dens1ty, i.e., 3- 6/]a| o~ i
-, With h ¢ 10 it is possible to dgé:ct any periodic strucfure

of“fﬁe.chains‘cbnnmdsdrate with the host ﬁ@iiiggthat‘mave wavelengths s
) ’ . b : F ]
> 3/10. The'undu]atioq of ‘the chains described™~in sec. 1.3 i (\‘

1.3 s s
_ > . _
" a structure reportef'E{/§chu1tz et al. (1978). N\ )
. C I - N
, - - CY
3.2 General procedure for structure determination

L)

For X ray structure Jetermination Hg3;5MF6 crystals were

seleéted inside;&ﬁ ultra-dry dry-box equipped with a microscope. It \\h‘/éﬂ

--was desirable to use spherical crystals in oifer t°f§1TEllfy the

— -/ o
The rest of the mode] represent1ng the host ]att1ceLi§<; sﬂgndard y
1ndependent atom model. . o~ e

»
-

o~
-~
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absorption correction but attempts to gré
o ,
: Y

the atmosphere of the dry-box or the crystal grinder,was not completely

moisture-free so that the crystals decomposed during gr1nd1ng Crystals

with we]]-defined faces were therefote\se]ected wherever possible and

were. inseptéd into glass capillaries of diameter 0.2 or 0.3 mm. Before

sealing off the capt}]aries the crystals were puehed_Ei/ystﬁﬁﬂz\Eﬂass

fibre in order to wedge them against .the tapering inside wall. This

was the only means to achieve,megyﬁnica}fstability as the crystals-were .

highly hygroseppic and no glue could be used. \
" .

The drystals were Yirst examined on a precession camera to

confirm thayf they were of good quality and isostructural with Hg3_ AsFc.

" L :
The spacing between the difﬁqse scattering sheets on the photographs was

measured, to calculate the Hg-Hg distance within a chain.
8?399 intensity measurements were performed on a Ricolet PZ]

‘{our—circ]e diffractometer, .either at room temperature or at a lower

temperature* using the standard LT1 unit supplied by the manufacturers

More 1nf0rmat1on about tt;uﬁ1ffractometer and the low temperature

apparatus is prov1ded in sec. 2.7. “The 1ntens1t1e; were_measured in
\ PR
two groups, data set (1) and (I1). 'The'former was used as usual in
the least- squares ref1nement while the latter, chosen to include ]4\
complete sets of equivalept (symmetry-re[ited) reflections, was used

s . ¥ .
to improve the accuracy of absorption coyrection as follows.
)

v

*
The temperatuvewas_low enough so that the chains were in the long
range order phasé described in sec. The order-disorder phase
transition temperat is 120K for Hg ASF (Hasting et al., 1977)
but it is 186K and J9BK respectively gor Hg3 5SbFg and Hgs. STaF6»-

oG

the crystals failed. Either

®

waly
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To apply an absorption corre;tion by using numerical integration
method described in sec. 2.10 1tfwas necessary to know the-orientatiqps
and distances of the crystal.faces'from an arbitrarily chosen origin
inside the crystal. These measurements were made on a STOE two-cir¥le
optical goniometer. Because of the tow magnification of the mi croscope
attached to the gonjometer the distance measuréﬁents were not ;ery
accurate. Any error in the distance measurements wiﬁ] result in poorer
agfeemgnt between the absorpt{on-corrected equiva}ent reflections. This
effect 1§_dramatic especia]]y for data set Il since it contains only
strong low-20 reflections' for which abserption is the major source of

error. The distances were therefore varied within the range of their

experimental uncertainties to minimize the internal agreement(fact Rint
o : : ‘

”y

of data set Il after application of the absorption correction.*

(Defiﬁﬁtﬁon of Rint is given in sec. 2.12. A lower Rin represents

t

better agreement between equivalent reflections).
‘The absorption correction thUE\Qgéained was applied to Both data
sets I and II. Other corrections applied at this stage were';éa1ing of

the measured intensities based on the fluctuations of the standard .

reflections (sec. 2.8) and the Lp-correction {sec. 2.9). .The two ddta’

-

sets were then combined and the intensities werk converted into magnitudes -

of observed structure factors |Fo|' N
The |FO| of equivalent reflections were averaged as described

in sec. 2.12 and both.data sets I and 1I were included in the averaging.

* . . .
Orientation of crystal facess and distances used for the absorption

correction in each structure determination are given in Appendix I.
/ . .
LS

)

—
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[t was possible to calculate the estimated standard deviation 9a of

each average based on the agreement between the equivaient reflections.
Sintq up to four equivalent feflections were inciuded in the averagjng
for most of the reflections, 9 could be assumed to be an estimate of
total uncertainty in the average |FO|. The parameter g of thé‘weighting

scheme used in the least-squares structure refinement was then chosen

- 1 .
so that oy = [ui + g|F0[2]‘ was approximately equal to o (Also see

A
- sec. 2.14)
The model to be refined by a least-squares refinement has been

described in sec. 3.1. During refinement the partial Hg atoms representing

the chains were allowed to move in the z-direction so that the small
’ [

undulations of the chains could be determined. The initial parameters
T

used in the refinements were those reported by Brown et al. (1974) f?r
Hg3_6AsF6. A new feature of the preseﬁt refinement was gﬁat in the
final rounds U, of Hg atoms (temperaturefactor along the. chain Since
the chaiF refined is a b chain) fas held fixed but Uy and Uy vere-
allowed to vary separately. |
The secondary extinction parameter g (Larson, 1967) was also
refined in the final rounds. During the last cycle of refinement all J,;

parameters were refined and a difference map was-calculated.

Thg magni tudes of the observed and calculated structure factors

)

have been tabulated and deposited with McMaster University (Tun, 1984).
Tablel3.l summar%zesidetails of the general hrocedUre descfibed

above. Each of.the next three sections discusses structure determination

of the individual chain compounds with M = Sb, Nb and Ta. In each case

the general procedure was followed unless otherwise stated.

B . [} - \
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Table 3.1

Sunmary of general procedure for structure determination

of Hg;?ﬁMFS compounds

The following parameters were comuon to all structure determinations.

Bragg intensity measurements: N -

Di ffractometer: Nicolet PZ]
Graphite monoachromated MoKa radiation,ugyé 0.71069 A 4
Lattice constants determined from 15 well-centered reflect%gns
Scan procedure: Z2u-w scan \lgy

. - S
Scan angle: 2° + angle between Ku] and Kaz peaks // -
Background measuring time/scan time = 1J/>

-, Data set (I)
&

-

 Maximum 26 = 55

e N e . '
0<h, ks Io'iﬂﬁf < £ < 16 . 2

Number of reflections measuréd: 144 s ~_

u S

Number of unique reflections: 14

‘\\k‘_— . R --
Absorption correction (numerical integration.method)®
Progréqy ABSORB ~ g - -
Number of grid pointé for integration: '1;>x 10 x 10 -

Averaging:
Program: AVER

Laue group: 4/mmm

A

~

N
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Table 3.1 (continued)

Least-squares refinement:

Program: CUDLS 7 ’ \Jff

Initial parameters: refined parameter of Hg3_ﬁAsF6

-

Scattering factory: neutral atoms from Internag}pnal Tables for X ray

i

“Crystallography (1974) “

Weighting scheme: w = [oz(counting) + gFg]'] h

—

)
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3.3 Structure of”lfgj_éSbF6 at 293K and 173K

The samples were produced at McMaster University by Dr. K.
Morgan. A crystal with well-defined faces (sample 1) was used.for the
room temperatyre (293K} structure determination. Data set 1l was used
to establish the absorption correction bﬁt not inc]uqed in the averaging.
The ieast-squares refinement was therefore en;irely based on data set I.
Sihce the hbsorption affects were corrected accurately a re]iﬁgle room
temperature structure was obtained. Details of the structurg determin-
ation are summagized in Table 3.2 while the refined atomic parameters
are given in Table 3.3; The bond lenyths and the impdrtant distances
depicted in Fig. 3.2 and Fig. 3.3 are listed in Table 3.4.

Sénp]e 1 was lost during an attempt to measure the‘Bragg
1nt¢nsities at low temperature. Hence, a difféfent crysta] {sample 2)A
was used for this éxperimeqt. It was concave on one side but the oxﬁeri
sides had well-defined faces and the absorption‘corréction obtained for
_this cry;ta] was not very accurate. Structure refinement was based only
on dafa Set I. To permit comparisons between the low temperature and
room temperature structures sample 2 was also used for a room temperature
refgaement but, because of‘the pporer abéorptidﬁ’correction, the
structure was not as accurate as thaf-from sample ‘1. However, since
the two structures fromngample 2 sufferdf}om fhe S ame ébéorptibn,errors
it is better to compare these rather than compare thé sample 1 rooT__
temperature structure with the sa plé.2-10w temperaturg structure.
Because of the 1imited athragx,gf the structure factors only isotnggig//
temperature factors were gsed on the Hg atoms in fhe_]east-squares

refinement. Details of these structure determinations, the refined _
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< ‘ & Figure 3.2

' iﬂﬂrrangement of atoms in the x=0 plane. The shaded sections represent

Hg chains seen-end on {circies) or side on (bars). The undulation
of the chains is too small to shqyfbn this scale but the maximum
. displacement, Uy Eskes place in the directions indicated by the arrows.
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- atomic parameters and the bond lengths are listed respectively in Tables

3.2, 3.3 and 3.4.

3.4 -Structure of Hg, Nbf. at 293K

a2

Crystals prepared at McMaster Unjversity by Dr. P. Ummat were
used for the X ray investigation. Since the crystals were small
(about 0.1 - 0.2 mm) they could not be wedged securely inside the
capillaries causing sample movement during the inténsity measurements.
IThis problem was extfeme]y serioué at Tow temperatures and no low
temperature ﬁeasurements could be made for thijs reasonll
The small size of the cFysta]s made the numerical integration
absorption correction unsuitable since it was impossiﬁle to make
;yfficientfykaccurate measurements of the crystal size. An approximately
spherical crystal with diameter of 0.1 mm.was therefore used to measure
.the Bragg intehsiﬁieg whfc@ were thén'tqrrected by qsing the standard
spherical absorption correction déspribed in sec. 2.10. Since the '
y intérqﬁ] agreemeﬁt factor Rint of data set II wd§ only 0.056 the

ht . . . '
spherical absorptionwas all that was needed. See table 3.2, 3.3 and

« 3.4 for details of structure determination and the resuitant structure.
o s ] R oo . R

.;!f' 3.5 Structure of Hg,  JaFc at 293K and 150K

e ;?
: A crystal with well-defined faces produced by Dr. P. Ummat
N T
/ was:used for the intensity measurements both at 293K and 153K. Data
{ : T A
. set 1] was only measured at 293K as it was only necessahf,to es&gblish

4 — -
- . LN
‘the absorption correctionrat one temperature. Details of structure

determination, refined atomic parameters and bodd lengths and other //;==
: ra -

{
distanqgijare given in Tables 3.2, 3.3 and 3:f;respecpjbe§}, b .
N . ' )
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3.0 fiscussion «

R

Ly

In Table 3.4 the chain compounds are arranged ;n the order of
increasing size of MF6 ions. The fonic size'variation can be seen in
both M-F(1) and M-F(2) bond ]engths. For the AsF6 and SbF6 (293K) ions
M-F(1) is slightly shorter than M-F(2) but the dif%erence is insignif-
icant in the other cases, Brown et al.(1982) attributed this difference
to the different environments of the F atoms, F(1) has a single nefgh—
bouring chain at 2.87 3 while F(2) has two Euch chaiﬁs at 2.98 K.

“The table also shows %hat the other interatomic distances which

do not invdlve the M atom (i.e., d , chein-chaiﬁj\H(T)echain,

Hg-Hg
F(2)-chain) 1é£i§?nstant {n all the compounds at room temperature.
Thqﬁyndu]ation of the chains is observed in eﬁery compound. It
is 1argest in the case of smallest Asf6 ion but decreases for the 1arger.
ions. Fig. 3.4 shows the chain undulation ebsefved in the room temper-

ature structures.

None of the room temperature 3 d1stances differ s1gn1f-

g-Hg
icantly from 2. 671 A the value found at $%Wer temperatures in both
Hg3_6SbF6 and Hg3-_6TaF6 1nd{gat1ng no qbservab]e thérmal expansiop of
the chi@ins.* Since zero expansion 1sg§ characteristic of a harmonic
potentia (Kitteﬁ? 1976), the ordered lattice formed by the chains
helow th. phaséﬁtrensitidn temperature TC must be harmonic.Tr The
temperature-independent bond 1ep§th is jgieccordance with the jnverse

relation known to exist between the bond velence and the thermal

S
Lack of thermal expans1oﬁ¥of the chains in Hga 5A5F was noted by
7

Pouget et al. {1978} who measured dH _H A over the &
tempefature range of 300 - 10 K. 9219 . -

T Emery-Axe theory (1978) discussed 1n sec. 2.5 treats the chains above .
TC as l-dimensional hamm;zi_11qu1d. -, {Q?‘ v
. 3 .
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‘expansion coefficient of a bond (Khan, 1976) .~ The Hg-Hg bonds are strong
/’(Aﬁ bonds with a qigh bond valence of 0.77 (Brown, Gillespie, Morgan, Tun,

‘”“z\ l Ummat, submitted to Inorg. Chem.) and are expected to have very small

thermal expansion.

° ' The host lattice whose ions are Tinked by bonds of relatively
(:\ Tow va]gnce contracts s}gnificantly with temperature. .fﬁe effect can bé
| seen in low temperature structdfés of Hg3-ast6 and Hg3_6TaF6 listed in

Table 3.4. Anmng'the interatomic distances the contractioﬁ is most
noticeable in the F-chain distances and chain-chain distance which are
~ the weakest interactions of the structure. The M-F bond 1ength$ (bond-
;aleﬁce = g : 0.83) do not change significant]y. No stress is exerted
on the chaiﬁg by-the host lattice contraction because, as argued by
(\\ Sgcco’and Sokoloff (1978), the two components are completely decoupled
j and the chains are rigid enough to flow almost freely along the tunnels
hi? the AoSt 1a3t1ce Th1s leads to the phenomenon of Hg extrusion from
9 ~ the lattjce at low temperatures (Datars e't al., ]978).
The pnisotropic temperature factors U]] and U33 of the Hd atoms
< | listed in Table 3.3 measure the extent of the 1atera]rvibrations of the ,
chainsldirected along thféf}fxis None of the compounds show siénif— ‘f\“\\
icant variation of Uﬁﬁ al ng the chain 1nd1cat1ng that the 1aterab | ’

vibration in the a-b p]ane is’ un1f0rm However, U33 whlch measures

the chain vibration in the ¢ direction does vary and becomes a minimum

- r. - -

. at irrfs where the chain is clamped by the neighbourifg perﬁégg;231a}

chain and &{1) atom (see Fig. 3.2). ‘ -
I g )‘ &
e

The thermal parameters of th'lw atoms show a sm‘%l anisotropy
-~ " = -
with U]J ; U33 (see Tab]eis. The an1sotr0py is the™ 1arge3§l1n the . .

[ case of Hg3 6NbF6 but this is probably an artifact of the simple® N

) *f“/ . " p
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spherical absorption correction which leads to ]érgéf than usual U]]

values for all the atoms.

A much larger anisotropy is observed in F(1) and F(2). The U£2

of F(1)+, i.e., the mean-sqwi;igtherma] motion of F(1) parallel to t%e

nearest chain is ~ 3 times Twrger than Ui] (see fig. 3.2) while U33 of
F(2) is ~ 2 times larger than the corre§p0nding U]]. Tun and Brown ’
(1982). explained this Unusua]Ty 1arge‘anﬁsotr6py as follows. Since the
chains are incomnmensurate with the host lattice each F(1) ato%ahas a
different arrangement of nearest Hg aUmE;which in general a}e not
symmetfica] about the M-F(1) bond. This asymmetric,drrangement induces
a static disorder of F{1) in the direction o%{@he chain leading to a

static librational disorder of the rigid MF6 ion and also the apparently

large U33 of equatorial F(2) atoms.. %he argument, however, is not

‘supported by the low temperature thermal parameters of Table 3.3. Since

the chains remain incommensurate with the host lattice even at Tow

temperatures, according to this argument only a small decrease is

. D
expected in Uy, of FL/{ Its dramatic decrease which is apbrox1qﬁte1y

proportional to k T suggests that the 1arge an::%Fropy is due to a real

thermal motion of the atoms rather than a static disorder.




CHAPTER IV
DENSITY FLUCTUATIONS OF THE CHAINS OF Hg3 6MFE COMPOUNDS

AND THE FREEZING OF THE 1-DIMENSIONAL LIQUID

'}
4.1~ Introducpion
—_——— | - ~
In sec. 2.5, it was pointed out that the room temperature

~

behaviour of the chains of HgB—GMFG compounds can be explained by a ;
model in which each chai® s assumed to be an isolated harmonic chain,
j.e., the neighbouring atoms of a chain interact with a harmonic
potential but do not interact with the nearby chains, either parallel -
6r perpendicular, or with the host lattice. The chains age comﬁﬁete]y
(or almost completely) disordered with respect to ealh other and hence
the room temﬁerature phase is called the disorder phase or D-phase.

In the D-phase each chain is an independgnt 1-dimensional
system. As in the otherpj-dimensiona1 systems, the chains do not
havé a long range jntérna1worder in spjte of a goo& short;range order
resulting from the stiff Hg:Hg bonds. The X ray orneutron diffrac-
tion from the 1-dimensional cha?ns\}s typical of that from a liquid
samp]é and each chain behavas like a 1-dimensional liquid (Spa] et al.,

1980; also see fig. 2.2).

Fan
4.2 "Prediction of low temperature;phase(s)

What happens to tha cha1ns when the sample is coo]ed to lower

temperatures? One might expect a Peierls transition because of the

&- | _ 72 - Z
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large flat Fermi surfaces at + EF' .The tranﬁition will occur if the
energy gained by introducing a new periodicity with the_wavevector‘ZIiF
is larger than the energy required to diétort the Hg-Hg bonds of-the
chains; Since these bonds are very stiff it is unlikely that the chains
will undergo a Peierls transition even at a very low temperature. : \\\
For a djsordered gystem one generally expects to observe an
increase in O?&ering at lower temperatures because of the'1ower.gntropy.
Development of an infinite long range order within a single chain can
be precluded since, as _shown in sec. 2.5, the chains will never have a
long range order 55 long as their diméhsiona]ity is not higher than“one.
In order to incfe&se_}he dimenéiona]ity each chain must order with its
./ surroundings, either with the Hqst fattice or the nearby Ehains, and
becong,a part of -an orderedl1attice'of higher'dimeﬁsion.
Sacco and Sokoloff {1978) have demongncated that the chains in
Hg3-5MF6 crysta*s can f]ow almost freely through the host lattice. The
most possible orderi;g p%ocess is thgrefore the one'wh?Eh involves
displagement of the chains in qpeir channels. Since the-Hg—Hg bénds are
assocyjated with a high bond valence the bond length is expected to be
« {almost) }emperature-independent (Khan, 1976). There are tﬁreé
Tt possipi]ities: 01: ordering between agghain and its sur’r?undings.
(i) chain-host 1aftice-0rdering
(1%) ordering between parallel chains -
. “

(ii1) ordering between perpendicular chains -

The rest of this section is devoted to examining the above

v

--\\jfossibi]itfes. A theorem which will prove useful for the @iscussion 15/’\\\~,
- Axe™s Theorem (Axe, 1980). - | . .
ﬁ . - ' Cw ‘% . ‘ o th
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Axe's Theorem: Two (or more) interpenetrating;sub]attices
are coupled coherently only when they share
at ileast one set of reciprocal lattice
points. *
This theorem.is the ”Féurier transform" of the principle which
Systates that two sublattices can couple cohgrent]y only if they are

conmensurate at least in one common direction. ~—

)

(j) ch;in—host lattice ordering _
"Fig. 4.1 depicts the hkO plane of the feciprocal space. It is
similar to the precession photograph shown in Fig. 3.1, but the
:systematically absent reflections are alsoc included. The closest host
reciprocal lattice points to the first order Hg sheet (n=1) are the 3k0
reflections. If these reflections could be moved onto the sheet the
required orderiﬁg would be achieved since the-chains could then arraﬁée
themselves to form an Hg unit cell of 2 = aHg-Hg = %3H’ b = EH and
¢ = EH' This however does not happen becadse_the 3k0 ref]gctions move
further from the sheet when the sample is”cooled. I[s it pogsible to

. achieve ordering by warming up the crystal? The required expansion

of the host lattice is %xlOO% or ~ 5%. Because of the size of thﬁ;ﬁ\-

* "Ordering" and "coherent coupling" are not the same and are used "n
this chapter with the following meanings. : K

-

Two (or more) lattices are said to be ordered if they share all
rec1proca] lattice points, i.e., they combine into a gne single lattice
. _.which 1s(descr1bed by a single umt cell. ~

Two (or more) 1att1ces are said to be coupled coherently if they share
only some of the rec1procal lattice points.

" Both ordering and coherent coupling are associated wtih a lowering of
the total energy but the former is a special case of the latter.

& N
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. expansion one may'safely ignore the possibility of Q:dering between the

host lattice and the chains at any temperature.

i

(i1} Ordering between paraliel chains

According to Axe's Theorem the parallel ordering is possible.

’ TN , . . /
since it will produce rec{proca] lattice points in the planes of the

diffuse scattering sheets which are common to all the parallel chains.

-

This ordering would be favoured iﬁ'the temperature is Tow enough so

that the parallel chain interaction is « k.T. Each chain has foyr

B

nearest parailel chains (v 7.4 A apart) and two second-nearest paraliel

-

chains (~ 7.6 A apart). Separations of > 7 A.are too large for any kind

~of direct interaction ®¥xcept a pure Coulomb interaction which would be
heavily sékeened by the host lattice. However, an indirect interaction
through small 16ca1 distortions of the host lattice is a possibility.

‘Any paraillel chain ordering will result in replacing the diffuse

I

seattering sheets by Gragg peaks. It is'not possible to predict the
exact position of the 5 without knowing details of thé interaction
but t éy must appear in the planes of the corresponding sheets since

'ng—Hg remains unchanged on cooling. For exampie, an orthorhombic unit

cell with a = ng—Hg’ b = bH; = ¢ will produce peaks at'n(3—6)qﬁ,
kﬁﬁ, ﬂEg. A~change in the unit cell angles will be reflected by a

I3

displacement of the peaks in the B* or C* directibn but they widl remain

H H
- - h
on the\g(3-§)aﬁ 913”?5- |
- " . A ] . . - -
{(iii) Ordering between perpendicular chains ‘ o \

-

)
N . . ) : . . .
Y The interaction between perpendicular chains at their pojntswof-

closest approach is probéb]y strong because of the short contdct

w

~ ‘ - LS

D - . . ) T -

i e i e — Coa-
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distance (3.2 E)‘which is comparable to the distances found in metallic
mércury. As in the case of parallel chains, indirect interactions
through sma]{-]océl distortions of the host ]attiae are also possible.

Hogever, the positions of the crossings of the chatns have the
host iattice spacings and will a]ways'be incommensurate with the Hg-Hg
distance 1h the chain. A full perpéndicular chain ordering is theréfore
preyented by the same factor wh%ch prevents the chain-host lattice
ordering. -

This obstruction to_fhe ordering does not necessarily rule out
the possibi]itylof estgblishing coherent coupling between the berpen- |
dicular chaiﬁs;‘ According to Axe's Theorem the a chains and b chains
can coup]é_coherent’y if thgy arrange themselves to produce reciproga]
lattice points at tée~iniersections of the sheets. The resulting
lattices are indicated by the light and the dark lines shown in Fig.—
4.1. The ordered‘a*éhé1ns and b chains are\cohp]ed by shar1ng
remp ocal 1at?®po1nts at n(3- 6)a}* n(3- G)b* iic* The crystal may -
__have another domain in whPch the chatns are coup]ed by shar1ng n{3- 6TdH,

-n(3-8 )Eﬁ ch reciprocal-lattice po1nts

Although Axe's Theorem predicts that both the parallel ordering
and the. perpendicular cdherJnt coupling are possible it does not
p}ovide‘any tlue ;b which ordering mechanism would be dominanE at a
given temperature since the details the chain interactionseare

unknown. For this matter, one wou]i/iiﬁg,to resort to experimental

investigatipns.
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4.3 Early low temperature neutron scdttering expérinents on Hg3_SAsF

5
& The Tow tempefature Ardering of the Hg chains was first studied
by Hastings et al., (1977). They observed both parallel ordering and
perpendicular cdupling between_the chains. More detai]ea'resu]ts and
interpreﬁation.are'provided By the samé.authors in a 1ate} publ%cﬁtion
(Pouget et al., ]978)._ Fig. 4.2{a) and*(b) are Ehe reproduction of
two diagrams reported in that paper.”

The first diagram shows the %ntensity dfstribu;jon flO”S the
line (3-6, n, 0), i.e., the<intersectfon'b9tﬁeen the first diffuse
scattering‘sheet and the a*b*-plane. “The room temperature §can.gqve
almost a uniform intensity distribution.*_ When the temperature was.
Towered broad peaks'qradua]ly appeared at n = + 6.4. Since they |

appeated-at é-genera] position rather than at the intersection of the
! : . .

shee}% Pouget et al. identified them as arising from parallel chain

N drdering. " The peaks grew in intensity as the temperature was detweaséd g

but'rémaiﬁed bfoad; They reéch%d a maximum intensity at T = 126 K and
J : . '
then suddenly dropped (see Fig. 4.2(b)). At 120 K they had dropped by

%actor of 2.

more than

' | )
Ove} this same temperature range a new sgt of peaks appeared

af n = §. The posﬁtion of the peaks at the sheet intersections

shows that they resulted from the perpendicular chain coupling predicted

by the Axe's Theoren. -The peaks were narrow even at T = 125 K and no

critical scattering could be observed méan{ng that the ordered regions

* . * a . L a .
The scan in fact shows a small intensity modulation which presumably

will disappear at higher temperatures. For convenience in this thesis N
the room temperature phase will be treated as if it is completely
disordered. * .

-
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must have grown very quickly to macroscopic sizes. At 120 K the
intensity of the narrow peaks is already higher than that of the broad

<

peaks and this temperature is taken as the phase trénsition.temperature,

T . | .
‘ The broadness.of the peaks observed at T » 120 K indicaies that
- the ordering between the parailel chains is poor and extends only over
short distances. For this reason this phase of Hg, AsF. is called
the short range ofger phage or S-phase. The D-phqse'and S-phase are
not separated b;‘a'phase boundary. . The former is meré]& the extreme
casé‘of the latter with a vanishingly small ordering between the
parallel chains. . | |

.The narrowness of;tﬁ% peaks at T < 120 K 1is charactgristic of

ordering over very.large distances. The corresponding phase is there-

nge order phase or L-phase.

~fore called the 10}9
‘ This thesis dg; ibes work on the S-phase (sec. 4.4) and the
L-phase (sec. 4.5) of Hg,  SbF. and HQB_éTaFG. To make the dis%ussion
‘completé the corresponding phase of Hg3_5AsF6'studied by Pouget et al.
-{1978) is reviewed at the beginning of each sectian béfore describing
the work on the new compounds . NQ stgdy has been made for HgB-aNbFG :

because the crystals were too small and could not be fixed inside the

capillaries especially at low temperaturésﬂ
i

-
4.4 The S-phase
(i) Studies on H9§;5A5F5

Pouget et al. observed broad S-phase peaks of HgB—dASFG at
3-6, + 0.47 0 (Fig. 4.2(a)). On the £=1 layer similarly broad peaks

were observed But at 3-6, +70.6, 1. Although these peaks attain a

h
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maximum intensity at T = 125 K no intensity médu]ation was observed on
the second order diffuse scattering sheets even at that temperaturei
The authors explained this diffraction pattern by assuming two domains
of partially ordered parallel chains. One such domain is shown in
Fig. 4.3. The cHa?ns at y-= 0 (z =Qand 1) and y = % (z = %) are
ordered so that the unit cé]] defined by the Hg atoms is body—center;d
monoclinic while the chains at y = 1 {z = 0 and 1) are shifted with
respect to_these at y = Q by about 0.6 ng giving the diffraction peak

at {3-s, 40.4,‘0). The peak at (3-§, -0.6, @) is systematfca]ly absent
becausé of body-centering. In order to explain the_broadening of thg
peaks on the first/dﬁffuse §dattering sheet Pouget et al. could not

simply assume that the orde;ed regions are small since this would give
broad peaks with simi]ar.width on-all the higher order sheets (see._

sec. 2.4). The absence of the peaks on the second order sheet was
explained by introducing an ﬁncertainty e in the displacement of the
chains at y = 1. This uncertainty which }E\associated wjth an uncertainty
in théuuhit ;ell angle y broadens the dﬁffrgction peaks and, as shown in
Fig. ﬂ.j. the higher the order of the refléétion the broader the peak
(]alldependent broadening}. If the uncertainty in y is in the right

range all the peaks on the second order sheet will bé.sufficiently
broad as to be upresolved while those on the first order sheet are
Astil] narrow énough to be resolved. The S-phasé péaks shown in Fig.
4.2{a) have a width {FWHM; fu]]-wiﬁth at half-maximum) of about 0.43ﬁ
corresponding to an uncerfaihty in the relative position of thé\chains
¢ of about + 0.2 d

Hg-Hg’ .
In the other domainithe shift of the y = 1 chains is about
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Arrangement of the chains in the S-phase of Hg3_6AsF6 (a) and the

corresponding diffraction pattern (b). The S-phase peaks broddened

by the |q| dependent broadening are represented by the shaded areas.
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-0.6 éH producing the diffraction peak at (3-s, -0.4, 0)}). The peak at
(3-8, 0.6, 0) is again systematically absent due to the body-centering
of the cell. Fig.™4.2(a) shows approximately equal S-phase peaks from
the two domains over the whole range of temperature indicating that the
"relative vo]umgs of the domains rémain approximately equal. Tﬁe growth
of the peaks as the temperature is lowered must be interpreted as the
result of more of the crystal being in the S-phasg but the value of ¢
does not decrease with temperature as indicated by the ;onstant width of

the peaks.

(i1) Studies on Hg3_6SbF5 and Hg3_6TaF

6
The S-phase of Hg3_6SbF6 was initially.studied by using neutron

di ffraction bﬁt no intensity modulation that could be interpreted as an
S-phase was found (Axe, Brown, Shirane and Tun, unpublished). The L-
.phase transition temgerature T. was measured to be 186 + 1 K during
this experiment.. However, when the intensity distribution of the first
order diffuse scattefing sheet above TC was-re—exami?ég\in an X ray
diffraction experiment using a very low scan speed, a-weak S-phase was
found* (see Fig. 4.4). Like the case of Hg3_6AsF6, the proad peaksr -
are centered at (3-§, * O.i,'O) but‘have‘a much weaker amplitude and
larger width while no peak is visible on the second order sheet. The
a;}angement of the parallel chains of Hg3q68bF6 must therefore also be
as shoyn in Fig.,ﬁi; but with a Lirger uncertainty ¢ in the relative
“positions- of the chains. The value of ¢ corresponding to the -observed

\ ) A .

\ .
% .
/"%Diffractometers and<%0w temperature apparatus used for both X ray

‘and neutron diffraction experiments are described in sec. 2.7.
/.
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width (FWHM : 0.6 a#) is abaut * 0.3 dg-Ho"
No neutron diffraction experiment can be done on HgB_dTaF6 since
the crystals are téo smail. This material was therefore studied by X rag
diffraction and the L-phase transition temperatu;e TC was found to be
193 1.3 K. The S-phase above TC is weak and shows a different ordering
from the previous cases (see Fig. 4.5). The 3-6, n, 0 scan ha; peaks at
n=0and 2 in thé scan range of -0.25 to +2.25. On the £ = 1 layer a
peak centered at n = 1 was found in the same scan }ange. As in the
previouys cases no peak was found on the second oraer sheet. This
%jiffraction pattern is consistent whth an A-face centered orthorhombic’
cell as shown in Fig. 4.6. Only one domain of ordered parallel chains
is-required in £his case but the possibility of having two‘domaﬁns with
vy angle slightly deviated ffom 90° cannot bé excluded. Since the width

{ FWHM) of the S-phase peaks js v f.O aﬁ the uncertainty ¢ in the relative .

position of the Hg chains is about + 0.5 ng-Hg'

4.5 The L-phase
(i) Studies on Hg, Asfe

Pouget ét al. (1978) observed sharp L-phase peaks of Hg3_6As%6:
at T << 120 K not only on. the plane of the first order diffusé scattering
sheet but also on the p]aﬁés corresponding to the higher ordér sheets.
However, itf}gro th of'}hg peaks was not uniform. When tﬁe temperature
was just under 120 R only the fjrst G}der peaks (i.e., peaks on the
first order diffuse scattering sheet) were visible 1ndicatfng that the
evolution of the L-phase was initiated by development of a pure sinusoidal

fluctuation in th&\mean atomic density of the chains. This fluctuation

had a wavevector whosg x-component was Q] defined by eq. (2.40). The

-~
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Figure 4.6
Arrangement of the chains in the S-pmase of Hg3_6TaF6. The chains

partially order to form an A-face centered monoclinic lattice.
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higher.order peaks grew only when fluctuations having wavevectors with
the x-components QZ’ 03, ... set in one after another at lower temper-
atures. As T - 0, fully developed peaks could be seen at n{(3-s),

K # ng, £ points where n + k + £ = even integer.

Pouget et al. pointed out that the above diffraction pattern is
consistent with the two domains of the crystal predicted by Axe's
Theorem if the mutually perpendicular chains couple coherentiy (see sec.
4.2). In the first domain n{3-6), n(3-6), £ reciprocal lattice points

are shared between the two sets of the chains. The situation is

depicted.in Fig. 4.1 whjle the corresponding unit cells formed by the Hyg

atoms are shown in

ig. 4.7. Note that (13D) planes of the a-chain Hg
ce]T are héra]]el toyand have the same spacing as (310) planes of the

2w

b-chain Hg cell and both are perpendfcular to the [110] direction of the

host lattice. In order toind out the relative position of the (130)

planes of one unit ceil with‘respect to the (310) planes of the other,
Pouget et al. measured 1nteﬁsity at the common reciprocal lattice points.
The peak at (3-¢), (3-6), 0_was found,to‘beTabsent while the beak at
(6—26)3 (6-28), 0-was four times stronger than the other refTections
with similar 26 angle. This indicates that the p1$nes of the th unit _
'cells.are out of phase for ‘the first reflection buf in phase for the
second, causing its amplitudé to double and-inten;ity to increase by a

© factor of four. Such arrangement of the planes is shoyn in Fig. 4.8.

(ii) Studies on Hgy_ SbF and Hg,  Taf

6
The L-phase of Hg3_GSbF6 has been studied by using both neutron

~and X ray diffraction. In the neutron diffraction experiment the )
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[170] direction of host lattice

a chains - b chains

Figure 4.7 '

Ordered chains in the L-phase. The black atoms represent one domain

‘whiié fhe white ones represent the other. Note that both the (310}

planes of the a chains (consider on1y tHe'b]ack'atoms) and the (130)

plénes of the b chains are perpendicular to the host lattice [110] = =

) . ~
direction, i.e., the two sets of ordered chains are coupled coherently

by sharing reciprocal lattice points in that direction.
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ﬂﬂ chain _g_
T
bd "0 (& chain)
o '/t-[ ( _b_ C.ho.;n)
. iy (o cl:g._in)
o #y (& chain)

Figure 4.8
Relative posi-tion_ of the (310) Bragg planes of the ordered a -
chains (1Ii_qh_t solid lines) with respect to the (130) Bragg planes of
the o_rdered _tl chains (dashed Tines). The monoclinic unit cells

defined by the Hg atoms .are indicated by the dotted-'.lir)es.
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intensities of the first order peaks and the second order peaks were
examined at various temperatures rangfng from TC (186 K) to 10 k. As

in the ?5§éng Hg3_(S F6’ the ordering was initiated by the dgve]opment
of a pure sinusoidal flluctuation with the .wavevector Q] (the x-component)
and only the first order peaks were visible at T close to 186 K. The
1n£ensity of {3-6), {1-58), O peak was found always equal to that of "
(3-8), (1+8), 0 béak suggesting that the amount of cryétal ordered in

the L-ph;se is always equally dividéd between the two domains.

Fig. 4.4 obtained from an X ray diffraction experiment shows a
short scan about the peak 3;6, 1-6,0 at T = 164 K. The width (FWHM) of
the peak is about 0.06 aﬁ.orl0.00B R'].T Fig. 4.9 shows a scan across
the same péak but in the cﬁ direction and th;‘width is less than 0.10 cﬁ;
the size of a step of the scan, or 0.008 R' indicating that the ordering
in the c.direction is at least as good as in the a-b plane. Intensit{és

of (3-5), (3-8), 0 peak and (6-26), (6-28), 0 peak were also measured
and, like the‘case of Hga_dAsFS, the former'was found to be ;Lsent while
the Tatter was four times stranger than Fhe near-by reflections. The
relative arrangement of the g§¢hain Hg cell and the b-chain Hg.ce11
must bé as showniih Fig. 4.8.

‘L-phase studies_of Hg3_6Tdﬁ6.have been carried out only by

X ray diffraction experiment because of the small size of the crystal

and the phase could only besstudied in the neighbourhood of TC (193 K).*
As in the previous two compounds, only the first order peaks were visible

¥ Resolution of fhe diffractometer is smaller than a step in the scan
which_is 0.0S'aﬁ. _ ‘ . .

%
The lowest temperature available on the X ray diffractometer is 145 K.
See sec. 2.7 for details.



50000} o
" . )
N
N
£ .
£ 400000
i
~
]
£
3
[+]
("3
u =3
2 .
7 & —
v .
-t
£
™ 0000 ~
~/
."./I
— LY
0 .F % t—h—") VI | |
=05 . 05
S
R

Figure 4.9

Scan across the L—phasé‘peak of Hg3_&SbF6:in the c* direction.
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at T < 193 K but higher order peaks grew at 19wer temperatures. The
arrangement of the chains must.a1so be identica] to the previous cases
s;;ce an jdentica] diffraction pattern was observed. Fig. 4.5 and

4.10 show scans across the L-phase peaks. The noticeably wide peaks of

Fig. 4.5 could be due to the highly anisotropic shape of the crystal

which was a flat plate of the dimension 0.2 x 0.2 x 0.01 mm.

4.6 Emery-Axe order parameter theory

_ Emery and Axe have proposed a m?ap field theory in order to
explain the evolution of the L-phase in théﬁHg3_6MF6 campounds (Emery

and Axe, 1978; Axe,.]§80).‘ According to the experiments described in
-the previous section, the phase transition into the L-phase fs triggered
- by the &evélopmént of a gure sinusoidal wave <in the mean atomic density
of the chains. The amplitude of this fluctuation, n],Ais employed as
" the order parameter in the theory. |

The mean atomic density of a single chain is denoted by

<px(x)$ where px(x) = Zd(xfxa) and- the summation is over the whole thain{*

. ) o3
The Fourier transform is,

@ () = fdxep (x)e' T . L (e

-'Wheh.the chain does not have a Tong range o}def_<px(x)> is a
constant function of x.
<0, (0)> = 8(Q) o (4.2)
In the L-phase, <pg(x)>.sh0w§ fluctudtions with amplitudes

Nps Nps = - and wavgvectors Q], QZ’ .. . In generél <ox(Q)> is a

o

* . .
In this section all the vectors, both in real space and reciprocal space,
are written without an ‘arrow since they are always along the direction
of the chain.
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complex number but for a suitable choice of origin it can be made

real. For the first sinusoidal wave

ny = <o, (Q ) = (4.3)

The interaction Hamiltonian for ordering can be constructed as
follows. For an isolated chain with harmonic potential between nearest,

neighbours, the Hamiltonian is

o K . = 7 ' ’
Ho = Lign * 2lUgay = 009 SRR
where
2,2
5 = me /ng—Hg

éee sec. 2.5 for the definition of othef parameters'in eq.
(4.4); When the chain.is ordered with respect to ;ts neighbouri:g
chains the isolated chain Hamiltonian Ho is Qegﬁgrbed by anlinteraction
potential. Emery and Axe assumed that eéch chain experiences al(commen-

surate) .mean field V(x) pfoducéd by its neighbouring chains. The

perturbation is given by,

H' = [dxV(x)e,(X) : . | | (4.5)

fdQ¥(Q)e, (Q)

F

. —
When T ~ Tc’ thg, only non-zero Fourier component of Y(x)
N

is V(Q]). Hence,

() = (@ )e, (0) | (4.6)

-

- The magnitude of the mean field V(Q]) itself depends on the
order parameter " since the field is produced by the similar density

fluctuations {n the neighbouring chains whose ampljtudes are also given
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by ny- Therefore

)
where the potential h represents the total interaction of the chain in

question to its parallel and perpendicular neighbouring chains. It is
not necessary to know the details of the potential h, since it can be

. . *
eliminated in terms of the phase transition temperature Tc'

The atomic densi ty px(Qm) can be expressed as

0 _
fdxox(x)e1 m* (m=1,2,...) _(4.8)

ﬂx(Qm)

Tcos(Q x )

H

ma

Ycos(q u) - o (4.9

By combining €q. (4.4}, (4.6), (4.7) and.(4:9), the total
energy H = H0 + H' can be obtained.
2 -

Z{Em + = U4y " uu)2 + n]hcosQ]uu} (4.10)

Because of the stiff Hg-Hg bonds, the displacement U“ is a

stowly varying function of x. Therefore, U g1 - U, can be approximated
as,
. du,
/ Uer1 Y™ 2x Yig-Hg (4.11)

Such a relation can be derived by applying the linear response theory
to the problem of interaction between the mean field and the chains
at above T, and considering the divergence of fluctuation scattering
as T + Te. See eq. (14b) of Axe, 1980. (Note a m1spr1nt in Axe's
paper; the sentence after eq. (14b) should read "... setting the
denominator of (11) to zero ..."). )
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wﬁgn eq. (4.11) 1 \B\substltuted into (4.10), the P.E. part of

——

the total Qﬁmilinn1an {(i.e. thi second and the third term of eq.

sicdl- {ine-Gordon potential. The following

(4.10)}) becomes the ER>

—

-~

average is to bg Calculated by using this potential.

- . ,
N = .Y
R X Tl' ‘COS(Qm m)
- -3{P.E.
= Tfduy - ducos(Qu e (P.E) (4.12)

.For a sine-Gordon potential this integral has been solved
exactly by Gupta and Sutherland (1976). Emery and Axe followed the same
approach ana obtained the amplitudes of the first three sinusoidal waves
nps Ny and ng- The three parameters, normaliZed to 1 at T -~ 0 K, are
shown in Fig. 4.11. Since the parameter; Ny Moy Ngs - are the
ampiitudés of the fluctuations in the mean atomic density of the chains

(by definition) the growth of the intensities of the corresponding L-

phase peaks is expected to vary as ni VS, T{Eﬂd-this can be tested by

-

an experiment.

4.7 Testing the‘EmE;;j;;;\;>QEr parameter theory

Emery-Axe order parameter theory can be tested by measuring

the intensity of various L-phase\peaks at different temperatures below
Tc' Experiments have been completed on Hg3_6AsF6 and Hg3_ﬁSbF6 by

*
using neutron diffraction. A preliminary X ray diffraction experiment
has also been carried out on Hg3_6TaF6. Each of these experiﬁents will

be discussed separately in this section.

* C
A project carried out by Brown ‘and Tun (McMaster University) in
collaborationrwith Axe and Shirane (Brookhaven National Laboratory).
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6

(i) Neutron diffraction experiment on Hg3_6AsF
The experiment was carried out by using a triple axjs diffracto-
meter at the Brookhaven High-flux Reactor (see éec. 2.7 for details}.
The crysta]; mounted in an aluminium sample ho]de;: was ar%anged so that
the ¢ axis was perpenﬂicu]ar to the plane of the instrument.‘ The approx—
imate dimension of the crystal was 15x12x0.8 mm:
The monochromator and the analyzer of the diffractometer were
set tb select neutrons with k = 2«/) = 2.670 A", The a* and b* axes
were located by centering on-the 400 and 040 host lattice reflections
at T = 125 K. Intensities of these reflections were maximized by adjusting
thé arcs of the goniometer. Readjustment of the arcs wés npp necessary
as no sign’of_crys£31 movement was seen throughout the experiment. The
positions of the L-phage peaks were calculated by using the host lattice
unit cell and the previously measured Hg-Hg bond length of é;670 3.
The intensities of the (3-§ * (1-6), 0 and (6-26), ¥ 26, 0'
peaks were measured at 15_differeﬁt'températUreé <-125 K. The peaks
“{especially the second order peaks) were barely visible for two higher
-temperature measurements (125 K and 120 K) but became clearly visible
at Tower temperatures. It Qas therefore.b?ssible,to monitor and update
the centering on the peaks by doing alteigéte scans in the a* and b*
directions. The scan range was alwax;Jképt large enough so that the”
.background intensity was recorded for at least 3 steps on either side
of the peak. Since the hyéteresis of the peaks is known to be small

{(~ 1.5 K; Pouget(1§78)) no attempt was made to measure the intensities

in a warming cycle.

" Note that + pairs belong to different domains.
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-

The backagpund corrected tntensity of the (3;a), (1-8), 0 and
(3-6), -(1-8), 0 peaks were added to remove any error which might be
caused py the redistribution of domain population as the temperature
was_]owered‘* The sums were then normalized to 1 at the extrapolated
temperature T = 0 K. The intensity of (6-2s&), -26,Q%and (6-2s5), 25, O
peaks were treated simitarly. l
| Fig. 4.12 (a and b) compares the experimental results to the

- ' .
predicted variation ni. ~The theory clearly predicts a slower growth of

the peaks. In fact, the figure shows that the intensities of both

first order and second order peaks vary as n rather than nz.

(ii) Meutron diffraction experiment on HgB_SSbF

6 .
The experimental procedure was similar to the previous experiment

but®a smaller sample (2x2x0. 3 min) was wsed. The variations of the first
order and the second order peaks with T are shown in Fig. 4.13. Unlike
the case of Hg3_5AsF6, the agreement between the theory and the experi-

mental results is good.

(1i1) X ray diffraction experiment on Hg3_'6TaF6

- The four-circie diffractometer and the cold N2 gas low tempera-
ture apparatus described in sec. 2.7 were used for this experiment and
the sample had dimensions of.0.2x0.2x0.01 mm. Calibration of temperature
againét the stream heater was done before fhe X ray intensity méasure-
ments.were.made-and fhe uncertainty in. temperature for a given heater

setting was found to be + 3 K. The crystal was centered using 15 host

-

— . - -
 No evidence of redistribution was observed, however. The two domains -
were equally developed at all the temperatures.. :
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Figure 4.12(a)

Observed variation of the intensity of n=1 L-phase peak with
temperature in Hg3_6AsF6. Hote that the obsgrved variation is

closer to ny-vs. T rather than n% vs. T.
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Figure 4.12(b)
Observed variationrof the intensity of n=2 L-phase peak with
temperature in H93_5ASF5' Again, the variation is closer to n, vs. -
T. Number of counts plotted dn the y-axis for the n=2 peak is

higher than that for the n=1 peak because of lenger counting time.
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Observed variation of the intensity of n=1 L-phase peak with

- temperature in Hg3_6SbF6.
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Observed variation of the 1'ntensit_y"of n=2 L-phase peak in Hg,_ SbF.
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lattice reflections and the position of the (3-s5), {1-8), 0 peak was

“calculated using the Hg-Hg distance of 2.671 R. Crystal ceﬁtering Was

repeated and the position of the Hg peak recalculated whenever the

-temperéture was changed. .

The pe;k intensity was measu}ed at 5 different temperatures
(betweén 150 K~anﬁ 182 X) during a warming cycle. The results plotted
in Fig. 4.14 show that the variat%on of intgnsity with temperature is

closer to the variation of n, rather than n?-

,4.8 Discussion

The chain ordering is weak at room temperature in all Hg3_6r'}F6

compounds indicating that the interchain interactions are very much less

than -300 K (300 K is equivalent to 0.026 eV). Hoﬁever, the different

S-phase§ observed in the three materials studied (Hg3_6AsF6, Hg-3_55bF6
and_Hg3_6TaF6) suggest that the detéiis of these interactions are not
the same. Studying-the S-phasés provides an insight into the parallel
chain interactions. -

" Fig. 4.15.shows the arrangemént of nearest and second nearest
.neighbour para]]el'chains'in the fhreg_compounds studied. Since the
third:ﬁearest neighbour pafa]le]‘chains are about 12.6 R apart, £he
hara]]e]ochain ordering fg-probaély fnfluenced oniy by the neagrest
nejghbour—ihteraction (v]) and the second nearest neighbour jnteréction
.(VZ)‘ The arrangement of thé atom; will be determined by the sign (+

for repulsive, - for attractive) and the relative strength of v, and

V2. ' )
' For the case of HQB—GASFG’ vy and Vo have been determined by
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Figure 4.14
Observed variation of the intensity of n=1 L-phase peak in Hgé 5TaF6'
_ iy _ -

Also in this case the variation is close te ny vs. T.

o



- 108 -

o Figure 4.15

Arrangement of the parallel chains ahd the-neargst neighbour diétances

in Hg3_6mrt;) compounds. Taken from Brown et al.(1982).
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Emery and Axe (1978) using intensity f]ucfﬁationg observed in the S-
phase. %he values they obtained are v, = —2v] : 0.14 K. The'negat}ve
Jalue of vy indicates that the interaction is not a Coulomb {bare or
screened) intéﬁaction. The authoés suggested that interactions through
the host lattice migh£ be‘important.

| Attractive interchain interactions can be seen also in Hg3_6TaF6.
Since the Hg atoms partially order to form an A-face centered lattice
which min?mizes the distance between the Hg atoms from differenf‘ﬁhains,
both vy and’v, musf-be attractive. |

‘Although the S-phases are'different the L-phases of the three
materials studied are identical. It is partially because this is the
only solution allowed by Axe's Theorem but there are'certain features
of the L-phase which are nqt required by the.theorem but are seen in
all three compounds. For'instance, the z-coordinate of the L-phase
peaks are'ﬁot required to be at 0, 1, 2 ... Cﬁ but sharp peaks centered
at z = 0 are seen in the c* direction scans shown in Fig. 4.9 and 4.10.
The Emery-Axe order pakametér'%heory does ﬁ;t debend on the

detaijs'of the interchain interactions. It 1s';herefore expected to work
in all the compounds but when the theory was tested disagreements were
seen in Hg3_6AsF67and Hg3;6Taf6 since’ the intensities of L—phaée peaks
vary as ;a rather than nﬁ with temperature. Ignoring the less reliable
X ray diffraction experiment on Hg3_6TaF6, two explanations can be given
for the disaéréément observed in the case of Hg3;$AsF&;—__\H

(i) The perfect agreement between the intensities and n-

rather than nﬁ suggests that the disagreement is caused

By a strong primary extinction (see sec. 2.11). The
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large size of-Hg3_6AsF6 crystal usgd in the experiment
is consistent with thfs explanation.
(ii) Another explanation s provided by Emery and Axe (1978).
It is.possible thaf the disagreement is due .to the strong
S-phase of Hg3_éAsF6 which is not included in the formul-
ation of the order parameter theory. The authors claim
that they have worked out a theory (unpublished) in which
the competition between the paralTei chain ordering
(divergence of S-phase) and the perpendicular chain coupling
(the observed L-phase) is considered and thjs theory
predicts faster growth of the L-phase peaks and a lower
L-phase transition temperature. The low value of TC
observed in Has_sAsFc is in agreement with this explanation.
However, none of these arguments can explain the dfsagreement.
observed in Hg3_STaF6. The cryéta] used in this experiment was small so
that a serious primary extinction cannot be exﬁected. On the other'haﬁﬁ,
T. for this material is high, 193 + 3 K, even higher than that of
Hg3_65bF6.' If the mesults of the experiment on Hg,_ TaFg are assumed to
be reliable theﬁ_a different explanation is required for the obéefved

disagreements.

4



CHAPTER Vv

AN ALTERNATIVE STRUCTURE FOR THE STOICHIOMETRY Hg3ﬂ£6

~

5.1 Introduction

wheﬁ the infinite chain compounds Hg3_ﬁNbF6 and Hg3_5TaF6 were.
prepared, it was found that the go]den_crystals were not the ultimate
end-products of the reaction if the liquid SO2 was not removed from the
reaction vessel. Under thg liquid, the golden crystals slowlv trans-
formed over a few hours into silvery plates which were apparently
softer than the golden crystals and looked very much like small pieces
of crumpled aluminium foii.

" The silvery cryéta]s were isolated and studied by X ray

diffraction as deséribed below, Thé} were found to have a sihi]ar

composition to the golden ones, j.e., HgaNbFG'and Hg3TaF but with a

6,
different structure.-

5

5.2 Structure determinafion of HgENbFs_
Céysta]s of Hg3NbF6'were prepard by Dr. K. Mbrgan at McMaster
University. The u]tfa-dry dry-box was ﬁsed to select the flattest -
crystals and SeaI fhem in glass capi]]afies of 0.2'or 0.3 mm diametef.
Dimensians of a‘typicai crystal were 0.3x0.2x0.05 mm. Because of.the

softness of the crystals they could not be firmly'wedged inside the

capillaries.

- 11 -
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« The poor quality of the crystals restricted the X ray studies
to photographic meéhods. Precession photographs of the zeroth layer
reciprpca] piane parallel to the flat face clearly showed hexagonal
symmetry but the peaks were deformed into arcs of about 6° (see fig.
5.1).* The arcs suggested an orientational disorder of the crystal
domains i; the hexagonal a-b plane of approximately + 3. The reflec-
tions geeﬁ on the photographs can be classified 1nto'thfee groups as
follows. | |

(i) Strong peaks: o~
These peaks, indicated by dark arcs in Fig. 5.2, are
much stronger than opher peaks with similar 20.‘ They
form a prominent reciprocal sub]attice'corresponding to
a hexagonal unit cell-with a = 2.90(1) R.

(i) ‘weak peaks:

These barely visible peaks of the photograph are represénfed
by ligh; arcs in Fig. 5.2. They, fn combination with the

strong peaks, form a reciprocal superlattice correspbnding

o

to a hexagonal unit cell with a = 5.02(1) A. "Note that

this hexagonal lattice is rotated from the sub]attife of

the strong peaks by 30°. When the peaks are indexed in
térms'of the cell of the reciproca17super]atf1ce, the strong
peaks have 2h+k = 3n {n is an 1integer). This- condition has
also been foundlon'the first.layer'(£=1) precession photb-

3 graphs. - It was observed tﬁat the. intensity ratio between

* One sample éhowed two hexagonal domains one of which was rotated by
30° from the other. : . .



Figure 5.1

-

The hkO pfecession photograﬁh of Hg3NbF6
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Figure 5.2

Classification of the Bragg ref]éctidnsﬁéeeﬁ in the precession
photograph of Fig. 5.1 as (i) strong peaks (dark arcs). (i1} weak
peaks (1fght arcs) and (iii) extra peaks {(dotted arcs). The first
and the second are truly-the hkO reflections and fif into a hexaongal
fattice but not‘the third which are the tails of higher order
“reflections deformed into-large arcs by orientational disorder about -

axes in the a-b plane.
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the seﬁ]attice_ref]ectio;s and the superlattice reflec-
tions varies from sample to sample. In two out.of ?ive
samples examined the superlattice reflections were
conp]étely absent. -
{iii} Extra peaks: .
There are some peaks which do not fit either of the
lattices of (i) and (ii). They are indicated by dotted
arcs in Fig. 5.2 and arise from thel1arge orientationaj
disorder about axes lyingein the a-b ptane. This disorder
causes the tails of the reflections from the nearby higher
layers to be visible on the hk0 precession photograph.
For 1nstance,'Fig. 5.3 depicts the appearance of an hkl
reflection in the photograph since ‘the arc spread out
_by the disorder is large enough to intersect the hkO plane.
Photographs of the hpf projection showed few reflections for
| £] ; 1 except for a complete series of weak 00£ reflections corresponding
to the ¢ axis length of 7.68(7) R. Since the fadiation absorption wés
extremely serious in this projéctjon fbr a thin flat cfystaT it was
expected that only the strongest reflections would be visible. The
reflecﬁiqns were deformed into large arcs with a 20° apex indicating
that the orientational disorder about axes in the a-b plane is about
+ 10°. The éize of thelarcs varies .from sample to sample since it
depends not only on the ortentational disorde; but also on the extent
fi which the sample 1s crumpled.

The observed diffraction pattern is consistent with the model

shown in Fig. 5.4 (alsoc see Fig. 5.5}). The model consists of layers of

3



- 116 -

T cx axis

W bkl
: pea

£

1]
o

F
"
k \\Angle of orientational disorder

g,

1]
o

L% axis
>

peak  The hkl peak spreaded out,4s an
arc by the orientational’disorder
about the axis perpendicular to
the pape.

Figure 5.3

An hkl reflection wi]f\appear as an extra peak on the hkO precession

8

photograph if the angle of orientationafﬁdisorder about the axis

~

perpendicular to the page is larger than ta'n_l (SOOi/Shko) wherg

Shke is the magnitude of the scatterjng vector Shkg"
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Figljre 5.4

Proposed model 0f¢193NbF6. The Hg, F and Nb are represented by grey,

white and black atoms‘respectively.
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&

/

| (b)
Nb atoms at z = 0 e F atoms at
"z = 0.143 (~1/6)

y

7
Wi
i,

| 7%

)
W

' P({_;)att.arﬁ.s; atz =172 -« F atoms at

z = 0.857 or
-0.143 (~-1/6)

- .Figure 5.5

The proposed model (Fig. 5.4) shown in various atomic layers. Note
that the sublattice of Hg in (c¢) is 30° rotated from the unit cell
defined by the Nb atoms in {(a). In some samples the Kb atoms may

as well occupy the sites shown as % ).
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hexqgoﬁa]ly close-packed Hg atoms which are separated by layers of
hexagonally close-packed NbF6 octahedra. The space group of the model is
P31m and the hexagonal lattice parameters are a=5.021), c = 7.68(7) E.
In this model all the atoms except F are located at fixed special
positions (see Table 5.1). The pqsition of the F atoms was calcul ated

by assuming a regular octahedron with an Nb-F bond Ieﬁgth of 1.90 E as

observed in various NbF6 ions. For this Nb-F bond length, the distance

N ~

between the F atom and its neighbouring Hg atoms is about 3.2-3, a
distance comparable to those seen_in other Hg compounds. Note that the.
ca]cﬁ]ated x coordinate of F'is close to 1/3 and could indeed be that
value if the NbF6 ion were slightly larger. In such 5 case the'F atoms,,
Tike the Hg atoms, onld form an exact hexagonal close-packed layerywith
an interilayer distance and orientation the same as in the Hg layers
(compare Fig. 5.5(b) and (d) to (c)).h
) Fig. 5.5(c) shows that ihe intralayer Hg—Hé béﬁd length is

a//3 = 5.02/Y/3 = 2.90 R énd the Hg subTlattice is.30° rotated from fhé
unit cell defined by the Nb atoms. Diffraction from the Hélatoms there-
fore results only in the strong sublattice peaks. Also Eﬁe F atoms
contribute mostiy to the sublattice peaks since their intralayer arrange-
ment is almost Adentica] to that of £he Hg étéms. The}efore, apart from
the‘sma11 contribution from the F atoms as a result of their not being
-exactly at 1/3, the weak superiattice ref]ections.érise entirely from
the Nb atoms.

This model predicts a\high intensity ratio between the sublattice
‘and superlattice peaks, namely (3fHg + Bf? + be)Z: fﬁb = 6% where fx )

- a )
represents the scattering factor of atom X. Such a large ratio explains

the apparent difference in intensities_of the strong peaks and the weak

* . t
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Table 5.1

Proposed model for Hg3NbF6

Hg3NbF6, M. = 808.67, trigonal, space group P3Im,
2= 1, a=5.0201), c = 7.68(7) A, O = 8.0(1) Mg m >

Atomic coordinates:

atom site X ¥ o 4

CHg(l) 1b 0 0 Rz
Hg(2) 24 . a3 2/3 o
Nb Cqar 0 0 0
F 6k 0.309" 0 0.143"
"

2c (1/3, 2/3, 05 2/3, 1/3,\0).

s
]

%éégu%?ted_assumjn%/ig, . storted NbF,

(

o

octahedron with Nb-F =

o o ——
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peaks seen in the precession photograph (Fig.(?.]). The absence of.
superlattice peaks as found in some samp]es_iﬁﬁicates that the Nb atoms

réndom]y occupy different positions in different layers, i.e., the

position of the Nb atom in the nt
might be'%,%,n or %,%,n (see Fig. 5.5(a)).* This occupational disorder

layer is not necessarily 0,0,n but

is equivalent to having % of a Nb atom at'each of the positions and
since the dimension.and the orientation of such a Nb layer are identical
to those of the Hg layer d1ffract1on from Nb resu]ts only in the sub-

]att1ce peaks, causing the tota] absence of the superlatt1ce reflections.

5.3 Structure of Hg,Ta

When the crystals’/of the Hg3f6TaF6 chain compound'are.prepared

and the crystals are left under the SOé solution for a few hours they
‘also transfonn into silver platelets. The hk0 preceSSjon photographs
of these orystals-are essentia11y identical“to thbse'of Hg3NbF6 layer
compounds suggesting that the mater1a]s are 1sostructura1 Because of .5f

the extremely poor qua11ty of the crystals no photograph of the hO£

-~
projection was taken but the c axis length cou]d be est1mated from the

h o = _
position of the hk] extra peaks seen on the hk0 photographs The lattice

parameters thus obta1ned a’= 5 03(1),and c = 7.444) A, are indistin-

gu1shab1e from those of HgBNbF6 ; Because of the poor qua11ty of these

crystals no further work cou]d be done en them.

5.4 Discussion -

-

The proposed structure for the tayer.eompounds'H93MF (M =

6
Nb, Ta) is consistent with the morphology of the Soft thin crystals

whose metallic ]uster arises from the sheets of meta]]ica])y bonded Hg

4
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atoms. Since the location"of F atom is c]ose-to %30,% the structure
caﬁ'be approximately described as a cubic close-packédarray of Hg and
F atoms arranged with hexagonal sheets of Hg atoms separating two |
similar sheets of F atoms and % of the.octahedral‘cavities between the
F sheets occup1ed by the M atons \\/g

In most compounds Hg shows strong tendency to form st;%fght

bonds. For instance, Hgg(AsFG)2 and ng(AsFG)2 consist of essentially

strﬁight Hg 2+ and Hg 2+ ions (Cutforth, Davies, Dean, Gi]]esp{e, Ireland,
‘ - 73 4

N Uminat, ]973jand Cutforth et al., 1983). As'iq the Timiting case, the Hg

atoms* of Hg3_6MF6 (M = As, Sb, Nb, Ta) compdhnds form infinite straight
chains (Brown et al. 1974) The H93MF6 1qyer cénpounds are unusual

STnce the Hg atoms are bonded 1nto sheets rather than chains. The Hg~Hg
.£

. bond" length observed in the sheets, 2 90 A is 1arger than that in the

chains, 2.671 A Thé formal chérge-dn Hg atoms, however, is very similar

in the Two cases since it is +% for the sheefs and +1/(3-8) for the chains. .

The bOnd:Jength difference can be atftibuted to the difference in

. coordination, each Hg atom in the sheets forms six bonds to its nearest Hg

neighbours while in the chains these are only two such bonds.
Sheets of Hg atoms have been found in the graphite intercalate.
KHgC4 {Lagrange, Makrini, Herold, 1983). The HgQHg distance observed

in this'intercalate'is the same as in the Hg3MF6 compounds,.i.el,.Z.QO A,

but each Hg atom in the intercalate has only three Hg neighbours instead

of six and a forma]-charge of zero instead of +l

3
The layer. Hg3MF6 compounds and the chain Hg3 6MF6 compounds may

be considered as different structures of essent1a11y the ‘same - st01ch1ometryh

&

The packing 15 more condensed jin thé.]ayer compounds as.suggested'by
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A
N

the calcu]ated‘densities.‘alhe density of Hg3MF6 is 8.0(1) Mg m'3 while

it is only 6.95(1) Mg m3

for Hg3“6NbF6. Such a large density difference
and the completely different arrangement of the atoms between the two
structures indicate ﬁhat the traﬁsformation of the chain compounds to
layer compounds under tiquid 502 is a reconétructive transition.
' Attempté have been made to prepare the layer compounds Hg3AsF6
: ;nd Hg3SbF6 by ]gqvihg the_correspbnding cha{n compounds under 11quid.
) ,

for an extended period but no transformation has been observed.
* - :

502



CHAPTER VI

MERCURY IN HIGHER OXIDATION STATES

6.1 Introduction
The structures of two compounds, one with H942+ ion and the

other with Hg3?+ ion, which were discovered during attempts to prepare
. ‘o

thp’new infinjge chain compounds are reported in this chapter. The

formation of the.first compound, ng(TazF]])z, was observed in the
. _ .

following stoichiometric reaction.

‘ s .
3Hg + HgF2 + 4TaF5 — ng(TazF”)2

The crystals usually grow aé'sméll black needles on the surface
of liquid Hg. | | _A
| _ The gecdnd coﬁpound, Hgé(NbFS)zsoq, is always formed a]éhg with
~ the silvery platelgt cryst§1s of HgBNbF6 (]ayer strﬁcture)'if the |
reqction.%s féff undi;turbed for an extended period (about'two months}.
Cr;stais of these compounds have been_iso]ated and subjecfed to

X ray structure determination as described in the following sections.

6.2 Structure determinat;on of H94(T32£1112 '
' The crystals of Hga(TazF”)2 prepared by Dr. P.K. Ummat at

McMaster University were mounted in glass capillaries of 0.3'nn1.

diamétér. Since these crystals do not have well-defined faces an

approximately spherical crystal was chosen for X ray studies so that

- 124 -

;
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the measured Bragg intéh;itjes could be corrected by usiﬁg the DIFABS
ébsorption correction described in sec. 2.10. The precession photo-
.graphs showed symmetry and systematic absences characteristic of the
monoclinic space group I12/c or Ic.. The non-standard I-setting was chosen
in order to make the monoclinic angie § close to 90°. , ‘ S

The initial phase determination was done by using the direct
method routines (sec. 2.13) of program SHELX (Sheldrick, 1976). Thé
space group was assumed to be centrosymmetric 12/;. Seven solution;
plotted as E-maps were found but only the first solution showed a
sensible arrangement of thé Hg and Ta atoms. A difference map based Qn'
this partial model c]ear]y.revealed the F dtoms around the Ta atomS and, .
the anion was identified as (TaZFll)]—' Refer to Tables 6.1 anh 6:2 for
details of the struc;ufe determinatipn. The refined structure is
illustrated in Fig. 6.1. The final atomic parameters are listed in
Table 6.3 while the important bond lengths and angles are giyen in

~

Table 6.4.

]
t

The magnitudes of the observed and ca]cu]afed structure

-factors.havé been tabulated and deposited with McMaster University

(Tun,l1984).

6.3 Structure determination of H93(Nb55)2§94

. The crystals prepared by Dr. K. Morgan at McMaster University
we re mdunted in sealed glass capillaries of diameter 0.2 mm. The " -
symmetry and systematic absences observed on the pre&ession photoéraphs .
were consistent with the orthorhombic space group ngZ. The procedure

fdr structure determination was identical to that of Hga(TazF”)2

- except in the phase determination. Instead of using direct methods
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Table 6.1
Common parameters for the structure determination of

ng(Ta F

2 ]])2 and H'g3(NbF5)2504

Bragg intensi;y'measurements:

D{ffracﬁometer: Nicolet P3

Graphite monochromated MoKa radiation, A = 0.71069 A

Lattice constants determined from 15 well-centered refléctions
Scan procedure: 20-w scan |

Scan angle: +2° + angle between Kuy and Ka, peaks

Background measuring time/scan time = 1

Absorption correction:

Program: DIFABS

Averaging: K

-

Program: . AVER

Least-squares refingmént:

Program: SHELX .

Scattering factars: neutral atomélfrom International Tabies for X ray -
Crystallography (1974}

n

Neigﬁting shceme; W = [Oz(counting) + gpgj']
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Table 6.2

Summary of structure determination of ng(TazF”)2 and Hg3(NbF5) SO

ety

Compound

Spaee group

Lattice parameter a (A)

o

<

¢ (deg)
VoTlume (33)
Formulae/unit cell
Calculated density (Mg m"3)

Reflections used to determine
lattice parameters

Variable scan speed (deg min'])
Standard‘refliections
e.s.d. of standard reflections (%)

No. of standard ref}ection
measurements*

Maximum 20

Range of indices

No. of reflectj6n5 measured
- -
No. of unique reflections

No. of unobserved reflections
measured {I < 301)

Linear absorption coefficient
p {mr 1)

ng(TaZF]]

12/c

)

(monoclinic;

origin on 1 on
glide plane c)

18.556(8)
7.528(3)
14.714(8)

91.72(4) .
2054(2)"

’

4

6.285(5)

24° < 20 <.30°

2.0 - 20.0 .

_ 0805 408

Hg1(KbF¢),S0

Fdd2

4

(arthorhombic
origin on 2)

18.068{06)
15.734(5)
9.176(4}

2609(2)

3

5.467
18° <

4.0 -

10,0,2; 0,10,2

(4)
20 < 470

29.3

2.1, 1.5 (/ﬁ\?ﬁs; 1.2

62

1

|
oo
TA A IA

P 3

AN A

25
10
20

63

1t
— N
-0 O
[Z N

2974
1515

551
37.9

23
20
11

e
ALEA TA

o

continued

e
1

.
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Table 6.2 (continued)

uR value for spherical absorption

correction 6.9 4;3
R" of model used to calculate lFisoI 0.109 0.139
-Reflections used to construct '

Fourier series 1743 2676
Maximum DI FABS absorbtion

correction factor 0.334 1.496
Minimum DIFABS absorption 0.481 0.702

correction factor ) '
Internal agreement factor:

R$nt (before DIFABS) . 0.070 0.084
R%nt (after DIFABS) o 0.043 0.036
Weighting parameter g (see sec.' 2.14) 0.0004 0.00035
. . k (see sec. 2.14) 0.7791 0.9077
Final R (all reflections) ' 0.049 0.045
Final R" (a1l reflections) 0.056 | 0.048
deimum shift/error in final cycle 0.089 . 0.071
Averaged shift/error in final cycle 0.022 0.014

Secéndary extinction correction '
No. of variables refined 137 ' 92
LA
Residual‘Electron density:** .
maximum (eA_3) : . ¥1l2 \\\ ’ +3.6
.. °.3 . ‘
minimum (eA ~) -1.4 -6.1

* . ’ -
No systematic variation in the s§39dard reflections were observed.

¥ See definition in sec. 2.14.

$

See definition in .sec. 2.12..

*ok ) ~ ) . L.
See the text for location. If not mentioned the peak does not coincide
with any atomic or bonding region. '



Refined model of ng(T82F11)2

Figure 6.1
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Table &.4

\.

Important bond lengths (W) -and angles (deg) in Hg,(Ta,f ),

o
Values given in brackets are the corresponding values observed in ng(AsF6)2.
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heavy atoms (Hg) were located by éo]ving a Patterson map (sec. 2.13)
which suggested that either three or.four heavy atons separated by ~ 2.56
3 were almost in a straight line. 'Both Hg32+ and ngz+ ions were tested
buf.hnly the model with Hg32+ gave a good agreement between the obsejved
and calculated structure factors. The lighter atoms (Nb, F, S,0) wgré
located using difference syntheses. |
Details of }He\structurq determination are summarized in Table

L

6.1 and 6.2. The difference map calculated at the end of the refinement

‘showed a maximum residual peak of +3.6 eA ~, 0.9 A away from the atom

Hg2 in the ¢ direction while the minimum peak, -6.1 A3, was fouﬁﬁ on
the 2-tQld axis, b.9 R away from the atom Hgl. The resultant structure
is 11]ﬁstrated in Fig. 6.2.

| The refined atomic parameters and bond lengths and angles are

given réspectivé]y in Table 6.5 and 6.6. A list of the magnitudes of \

X .
the observed and calculated structure factors have been deposited with

' ' R
© McMaster University (Tun, 1984).

6.4 Discussion
) . . . e 2+ . &

ng(TazF”)2 contains essentially the same ng ion ‘as )

ng(Ast)2 reported{by Cutforth et al. (1983). In both compoundg tﬁé

ions are almost linear (see Table 6.4)‘and have interionic distanées

between the terminal atoms of the neighbouring ions (Hg(2) ... Hg(2)

. about 3.0 A) which are comparable to the shortest bond lengths observed

in the solid Hg, 2.99 A in ung (Barrett, 1957)-and 2.83 A in 8-Hg

(Atoji et all 1959).

The internal geometry of the Hg32+ jon is not exactly the same \\

in all known compounds. The significant difference occurs in the Hg-Hg-Hg -
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" Table 6.6 -

Important bond lengths (A) and angles (deg) in Hg3(NbF5)

50

2>Yg

Values given in brackets are the corresponding values observed in

.Hg3tA1C14)2 and Hg3(AsF

Hg(1) éfZ:/i::2) 2.562(1) [2.56;‘2.552(544\ '

- H 2.562(1
S - 0(1)"~x2) 1.48(2) S TO(2)\ (x2) .
b - 0(1) \? - 2.07(1) Nb t_;;:;}>f -
Nb - F(2) ) 1.86(1) Nb - F(3) :
Nb - F(4). 1.85(1) Nb - F(5)
Hg(2) - 0(2) 2.28(1) Hg(2) - F'(5)
Ho(2) - F(3) 2.81(1) | Hg(2) - F(2)
Hg(2) - F(5) ZB5(1) Hg(1) - F(4)
Hg(2) - F(1) . 2.95(2) Ho(1) - 0(2)
Hg(2) - Hg(1) - Hg(2) 166.5(1) [174.42(4); 180]
(1) -5 =001y [og(1)- 0(2) - S - 0(2)
0(1) "= 5. - 0(2) “’i"j;1§5319' T
Nb - 0(1) —S T 7 139(2) - -Hg(2) - 0(2) - S
o(1) - b - F) 175.7(8) © . 0(1) - Nb - F(2)
0(1) -"Nb - F(3) 86.1(8) - 0(1) - Nb - F(4)
0(1) - Nb - F(5) 86.8(7) “F(1Y - Nb - F(2)
(1) - Nb - F(3) 95.7(8) F(1) b - F(4)
F(1) - Nb - F(5) ©89.3(8) F(24/4{f§p - F(3)
F(2) - tb - F(4) 83.5(8) F(2) - Nb - F(5)
F(3) - Nb - F(4) 89.9(9) F(3) - tb - F(5)
F(4) - Rb - F(5) 179.6(6)
Hg(1) - Hg(2) - 0(2)  174.8(3)  Hg(1) - Hgt2) - F(1)
Hg(1) - Hg(2) - F(¥  102.8(5) Hg(1) - Hg(2) - F'(5) |
Hg(1) - Hg(2) - F(5)  ]05.0(4) Hg(1) - #g(2) - F(2)
4

. .
le

Ly N LW N e = = =
. N . . . . . .
™
[#2}
S T —
Lo S N N .

85.8(4
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angie. The Hg32+ in Hg3(AsF6)2 is the straidhtest, since the central

Hg atom is located on :a center of sjmmetry and the ion is required to
be Tinear. HggtATCfASZ features a slightly bent Hg32+.ion (Hg-Hg:Hgf=
174.42(4), Ellison €t al.; 1972)'whf1e that of Hg3(N5F5)2504 is even

more bent with an Hg-Hg-Hg angle of 166.5(1). The case of the last
compound is unusual aIso/Eecauée_gach Hg32-+ jon is linked to another

ion by the SO 2Lion residing on a neighbouring two fold axis.

3 4
The Hg(2)-0 bond (2.28-A) is the shortest bond formed by the terminal

o : . : / .
Hg(2} atom to the nearby X atoms (X being either O or F)e’ .(:5;;)

There is a correfation between the Hg-X bond iength and the
Hg-Hg-X angle. The correlation can be seen in the environments of all
the po]yatomic'Hg cations-as illustrated in the polar QSagram‘of Fig..

6.3 where aﬂW_the'known ng2+ and Hg32+ compounds and t

representative
nggf compounds are included. Hg-Cl distances have been r

0.45 A (Source: Pauling, 1960, pp. 514}, the difference between|the

" jonic yadii of F and €1, but nb correction has been abp]iéghfgfyﬁgf ’

. Hg-d bonds. The diagram indicates that the bonding Qetween the terminal

Hg atom and the X atoms is directional since the Hg-X bonds with large
Hg-Hg- X an§1e§k(c1ose to 180°) are generally shorter than those with
smaller angles. |

For comparison, the short Hg...Hg interionic distances observed

in both Hg42+ cbmpounds are also shown on the diagram. Afthough the

-ionic radius for Hg is larger than for F, the Hg...Hg distances are

comparable to the lengths of those Hg-F bdnds,thaf“have a similar

Hg-Hg-X ang1é. - . . -
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¢ ¥ ] o- ¢
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J | “
L
" 2.64 30"
o 'Hq4(AsF ), Cutforth et al.(1983)
| Hg4(Ta2F 5
a Uq3(A1C1 4)s Ellison et al.(1972)
a Hqg(AsF ) Cutforth, Davues Dean G1I1esp1e Ireland,Ummat{1973)
- Qe Hq3(NbF5) SO
= Ha,F, Dorm (1971) ‘
¢ ,HqZS1F6.2H20 Dorm (1971)
Yo Figure 6.3
Correlation between Hg-X bond length (X =0, F, C1) and Hg-Hg-X
i angle. The Hg-Cl distances have been reduced by 0.45 A, the differeqpé ,

" between the ionic radii of C1 and F. For comparison the short inter-

ionic Hg...

Hg distances seen in the H942+ compounds are also-.shown.

e



.to another (see Table 3.4).

CHAPTER VI1

CONCLUSIONS

CN\
\

7.1 Strucfural analysts on the chain and the layer compounds

. It was pointed out in Chapter 111 that although the known

'H93—5MF6 (M =.As, Sb, Nb, Ta) compouﬁds are very similar to eqch

other, small but significant:differences can be seen by comparing

their room'temperathre structures. Differences occur, for instance,
in the tetragonal -lattice parameters a and ¢, tﬁé crystallographic
composition paraméter & and the ungujation'of\iggﬁfﬁgfns.uo. Among‘
th.bond lengths and other interatomic distances, the principle
difference occurs 1nithe M-F bond lengths while the other distances,

ng-Hg’ (F-chain) and {chain-chain), remain unchanged from one compound

H
N

Interrelation between the various paramefers and the bond
lengths can best be expressed in terms of the following equations
L 4
which can be derived from Fig. 3.2 and 3.3.

From Fig. 3.2 it can be seen that

¢ = 2[F(1)-chain] + 2[M-F(1)] + (chain-chain) (7.1)
. 7 ,
where (chain-chain) = % + 2u0s ' ' (7.2) .

and from Fig. 3.3

- 138 -
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r | 2 2%, 5 |
a = 2{[F(2)-chain]® - (c/8) Y2+ 2[M-F(2)] (7.3)

The composition parameter § is related to the lattice parameter

=Y

as

=TT Y Hg-Hg (7.4)

From Table 3.4 the following distances,/the same in all the

known compounds, are obtained. -

o]

ng-Hg = 2.67 A
CF{1)-chain = 2.86 . ‘
T S (7.5)
F{2)-chain = 2.98 . !
chain-chain = 3.23

»

\ ”

Substituting these values 1;%0 eq. (7.1-7.4) gives Qredicfions
for a, ¢, uo-érd 8 for aﬂy chain compound once the M-F bond lengths are
known. Table 7.1 lists the predicted and, where known, the gbserved
values of these four parameters fdr the combounds with M = P, As, Sb,
Nb, Ta, Bi. The small values of § and Us expected in Hg3_GBiF6 suggest
that it might exist as a stoichiometric compound with almost straight

-Hg&chains.

Similar arguments can be applied to the case of the HgaMF6

layer compounds reportéd in Chapter V. In this structﬁre the
metallically bonded Hg atoms in the hexégonal sheets are located at

fixed special positions so that the hexaQOnaI‘lattice parameter a is
completely determined by the dH§~Hg distqnce'withfn the sheet. From
Fig. 5.5(c),

-

a = /3d | (7.6)



T

140 -

N
[{¥)9LL"0] [(£)61L 0] [(z)01°0) [(9)8£1°0] _ _
900 Czl0 LE0 S0 810 22°0 0
[ (£)0£0°0] [{£)920°0] [(+)££0°0] [(1)£0°0] .
6000 920°0 6200 9€0°0 (100 010 (y) n
. [(e)pls 2t] [(2)629°2L] [{2)p9-2l] [(8)s6g zL] _
6721 N — 172l 69°21 £9°21 szl 60°21 (¥) D
[()LesiL] [(1)269°2] . [(2)tLe] [(2)p€5°2] ‘ ~
58"/ 01 2l 201 £5°L TN (y) ®
86" | [88°1] [68° 1] (88" 1] [2°1] 191 (v) (2)4-
861 (88" 1] [z8°1] [v8- L] [0z L] 161 Amv (L)d-W
s1g° Eoy 950,17 )y 94an° Eoy 94q5° Fby 9,5v° Ty 9147 Fby
\,. , \.7
A J

b

40 san(eA 9yl aq 03 pawASSe ade syjbua| puoq j-j Spunodwod uMouRun Y3 104

*Suo1 wmz uMouy m:_vcoammuLou U3l

t

[
L2 @lqel

* SpuUNoGwod mmz@-mmx 40} sudojaweded [paauasqo pue] pajdLpadd



- 141 -

In both existing compounds ng—Hg bond length is found to be

L
o -

2.90 A. Since the Hg atoms are in the same oxidation state, it is
reasonable to suppose that this bond length does not vary for different
MF6 ions. A1l compounds which crystallize in the-HgBMF6 structure are
therefore expected to have the Same % axii length, namely 2.90 x /3 =
5.02 3. The M atoms located at the héiégqna1 lattice points would then
be separated by 5.02 3 in each layer. This leaves OnHytw—F bond length
aﬁd F-M-F angles as unknown parameters to determine the exact positions
of F atoms.

The ideal structure is the one in which the F'atoms fofm a
hexagonal sheet of 2.90 R spacing without 1ntr3§h:;ng anj distortion

in the MF6 ions. As an indfcator of how close the F sheet is to this

ideal arrangement a parameter & can be defined as follows.

"\

' - closest F-F distance bonded to different M afdms

& = Closest F-F distance bonded to same- M atom
.r . ) -
-2 : : ' (7.7)
™ : : .

{The distanceglr] and;yz are shown in Fig.*S.S(b)).
For the ideal hexagoﬁa]_qrrangement 5 = 7. |
Tab]e 7.2 lists the va]ueé of ¢ foF‘Hg3NbF6, HgBTaF6 and various

hypothetica]‘COmpounds calculated by assuming typical vé]ues of kﬁoﬁn
M-F bond lengths and sgtting’ETT“K;MfF angles = 90°. In the first three
entries ¢ {f larger than the value corresponding to Hg:,‘-NbF6 and Hg3TaF6
which.might be the reason why layer structures of H93—5A5F6 and Hg3_65bfé
have not been observed. The table suggests an upper;tpreshold value of
‘fg fo; layer compound formatiogﬁbetween 1.12fﬁﬁd-].17, bn the other

> : .

¢

i
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Table 7.2

Value of 7 calculated for the known and hypothetical Hg3MF6
Y compounds assuming a distortion-free MF6 ion

1 . >

Compound M-F bond.length (A)
't i !
- -
Hg,PF ¢ 1.60 1.44
Hg ASF 1.70 C1.32
'5_ b4 ) . .
Hg3SbFg ™ 3 1.5 117
_ | HggbF, : 1.90 1.12.
/\ : Hg,TaF, T 1.90 1.12
N Hg BiFe ) 1.98 7 1.05
1 b ot
’ Ideal. M-F bond length = 2. s\y
: - &
\_\\ .
. 3 -

[
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hand, the unknown Hg3BiF6 might be expected to have a stable layer phase.

7.2 Geometry of polyatomic mercury ions in low oxidation states

The two compounds reported in Chapter VI, Hg4(Ta2F”)2 and
Hg3(Nb£5%§041”66ﬁtain Hg in higher oxidation states than the chain and o ’“\&
the sheet compounds, .i.e., +% and_+% respectively. The former compound
shows the tendency of Hg jons to link together into infinite zigzag
chains while the latter does notf{show such a tendency. These observations
a;g in good”agreement with the structures of Hgd(ASFG)Z’ Hg3(A1C14)2 and
Hg3(AsF5)2 (Cutforith et al. (1983); Ellison et al. (1972); Cutforth,
Davies, Dean, Gillespie; Ireland, Ummat (1973)}. Many compounds
containing the ng‘z+ are known, e.q., ngx2 (X = E. C1, Br, I). They

L

feature Hg in,a higher oxidation state than +% and also do not exhibit
any tendency to link into infinite chains {(Dorm, 1971). On the other . I
end, the elemental solid Hg with an oxidation state of zerorcrysta1lize9

in two phases with three dimensional Hg linkages.

()

Table 7.3 1ists compodnds with Hg in various oxidation states.
The table shows thaf the internql,Hg-Hg bonds of the polyatomic ion ge;si
shorter with increaging.oxidation state. A systematic trend in the ‘
geometry of Hg atoms can a]so_be seen in the table.
| The oxidation states of Hg in these compounds given in Table

7.3 can be written in the series

2 2 22
6 3

2
» 5-26" 4 3 2

2 2
oo’ 1

3 k4

The missing member of the series is H952+ ion. This ion was
" not observed in the series of reactions between elemental Hg and AsFg

»

- 7 L
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under 502 and may not be stable with respect to the chain compounds.
. + . . L
However if the H952 10n. 1s ever prepared it is expected to be almost

lineas»with the structure shown in the foliowing diagram

/ ¢ .
where the Hg-Hg disgances predicte@{éré according to the trend seen
in Tabie 7.3. ) | |
Another trend seen in Table 7.3 is that the HééHg Eondihg_
becqﬁes more and morve directienal as the oxidation state of the atom
increases. In the 10west oxidation state, i.e., zero, Hg forms metallic

Hg-tig bonds in all three directions («x-Hg and g-Hg) but as the oxidation

state increases to +1/3'the metallic Hg-Hg bonds occur only in two-

dimensional layers while bonding to the atoms outside the layers (ite.,_

bonding to the six nearest F atoms about 3.2 A away) becomes that.éf

ionic tharacter. When the oxidation state further increases the dimen-

sionality of the Hg-Hg bonding is reduced to one, leading to the form--
ation of infinite chains of the Hg3_6MEé compounds. In these chdins

each Hg atom forms two metallic HQeHg'bpnds of equal strength along the

_chain direction but thé interéctibn in the other directions is ionic.

Thé anisotropy of the Hg-Hg bondiﬁg increases as theroxidation state
increases to +1/2 (ng2+ compounds} for, in this case, thg terminal

Hg atoms form a strong bond towards the central atom but;ghe‘interionic

1

-

& o . -

_\l\ﬁ
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interaction with the terminal atom of the nearby ng2+ ion is weak. At
F
this point”the continuous path for electronic cg:Luction is broken and

the materials, although containing metal atoms, become insﬁlators and
loose thelir-metallic Tuster. The 1nte}na1.b0nds of the Hg42+ jon should
more\appropriate]y be called covalent rather than metailic since the
electronic charges are localized within each ion as explained in Séc. ].}.
The trend continues for oxidatioh stéte of +2/3 (Hg32+ compounds ) where
the Hg=2+ ions are well-separated from each oéher and nogshort inter-
ionic dista can be found. ‘Although the central atom'of tpe Hg32+

ion still formg’ Hg-Hg bongs of equal strength in two opposite difectioné

~ the terminal atoms form only one such bond. As the oxidation state
incréaﬁes‘to +1  each Hg atom fbrmé only oﬁe ﬁngg bond with its
‘nearest neighbour. The éxamp]e given in.Table 7.3, Hg 2; consfsts gf
Hg-Hg bonds of .covalént chari@;gr (2.51 K) while the other bonds,

:ame1y lig-F bonds, have partial iohic character as syggested by

the bond length of 2.14 K Eprm,-1971). In the‘extreme case of oxidation
state +2,.ﬁg-Hg bopding‘doeslnot occur at all. H9252 listed in Table

7.3 as ap-example represents complete electronic transferrfrom Hg to

Frand the material is a simple ionic insulator.

S
.\i o |
\\/“-"'\ ‘ ?
2 » ‘
&
. 5 .
!
r
| .
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DETAILS OF ABSORPTION CORRECTION

ThlS append1x provides detailed information on the numerical '
integration absorption correctwns used for some »the structure

“

detfﬁ%ﬁnations of Hg3 6MF6 compounds reported in Chapter [II. The o
corrections were app]led us1ng the program ABSORB a ;outine of ' //

XRAY76 edited by Stewart (1976). Tab]e A.1.summarizes the 1nput | R 1
parameters to progran(ﬁBSORB and wherever five entries separated b} o \\b

semi-colons are given\they congg;éend'respectivé1y'to the structure

determinetion of the (i)} Hg SbF. (samp]e 1) at 29: » (i1) Hg, _SbF
| 3-6°076 3-5

6

(iv) Hg3_6TaF'

(sample 2) at 293K, (iii) Hg,  SHF, (samp]e 2) at 173 6

at 293K and (v} Hg};GTaF6 at 150K.

N | Table A.1

T Input parameters to ABSORB

»
Linear absorpt1on coefficient. u: 63 9; 63.9, 64 8; 74.9; 76 &4 mw
v

o B .

wRad1at1on wavelength A:. 0.71069 A (
. Number of grid points for integration: 10x10x10

Primary erientatiqn reflection hk£: 200; 200; 200; 200; 200 . .. r
_ x: 68.47; 281.38; 279.07; 0.37;:0.11-
&:  21.05; 52.50;49.73; 293.61; 294.22

Secondary orientation reflection hk€: 002; 002; 002; 008; 008
. ~:- 21.05; 11.40; 9.06; 1.50; 0.72
X 513.80; 48.90; 50182; 203.58; 204.18

~ »
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The fo]]owing tables list the orlentation and distances of the
crysta] faces from an arbitrarily chosen or1g1n inside the crystal

. The room temperature and low temperature 0r1entat10ns are sl1ght]y

e

different (in- tab]es A.3 and A.4) .because of sma]] crystal movements

during cooling. Oniy the room temperature or1entat1ons were measured
‘ = ‘
- a dggcr1bed in"'Sec. 3.2. The low temMperdture or1entat1ons were deduced
/

rom the difference between the crystal orientat?oh matrices printed by
the diffractometer. The distances (d) were adjusted to minimize the

S
A

internal -agreement factor R%hﬁ between the equivalent reflections of

data set II. ,
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, gl 20 Table A:-&/\

Crystal face orientations and distances for Hg3:65bF6 (sample 1)

o ‘ | ,‘
x(293K (293K) © d(mm) x 10° d(mm) x 10°
. measured _ adjusted
217.4 30. 1 Cage10 45
5.0 sk g0 32 L 3
196.2° 242.6 " </ 8l 8
1873 2n.7 | 65 | ey
: ) A )
173.6 | 213.5 S 39 | | 37
. -
174 49 954 48 S
167.1 , 332.3 26 27
1&4'.0) 31 55 | 52
f_f\\\ ‘th.a - 58.4 S 65 - 58 -
p
- L'\_.._
"l ) ‘
. 0N /
:~- \/\
</ R ®
\ | Y
) &

. {_bﬁ_'/



Table A.3

eréta] face orientations and distances fongB_GSbF6 (sampie 2)

(293K)  #(293K)  x(173K) . o(173K) ~ d{mm) x 10°  d(mm) x 10°

' measured adjusted
2.2 51.6 10.1 - 53.3 45115 32.3
4.2 57.8.  352.0 59.3 52415 38.7
353.5 288.5 355. 3 290.0 97410 96.8
6.8 229.9 8.9 231.4 6510 © 51.6
16.6  228.1 ° 18.6° 229.4 65410 64.5
22.8 - 226.0 -  25.0 268.1 . 90410 90. 3
22.8  ° 140.9 22.0 141.7 8110 g\d\/éb.s
355.4 157.9 . 355.2 159.7 . 68+10 677
"grg___251.8 90.0 070 . 97410 100.0
272.2 71.8° . 270.0 \ngo 65410 - 64.5
o ., L ]
;1
ey ,
a



Crystal face orientations and distances for Hg3_6TaF

= 151 -

Table A.4

6

- x(293K)  (293K)  x(150K)  ¢(150K)  d(mm) x 10°  d(mm) x 103
) measured L adjusted

178.4 25.1 179.2 25.7 510 5.2
18146 205.1 180.8 - 205.7 5 5.2
180.0 115. 1 180.2 . -115.7 97 96.8
180.0 295.1 179.8 .295.7 97 96.8
90.0 0.0 90.8 43.3 97 96.8
270.0 0.0 269.2 223.3 97 - 96.8

i - B

"b\
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