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CHAPTER I

! Y

INTRODUCTIO$ - REVIEW OF!ﬁﬁzoﬁ AND M2V£Oj COMPOUNDS

Phosphates, érsenates and vanaéates form chemicalily
similar compdunds. The latter two often éryst%llize'in isp-
typic étructures.' ExXamples are such compounds as nMO- x2 5
which are designated as orthe (n= 3), pyro or di (n~2) and <
meta (n=1). The tetrahedr¥l anion persists thrpughout the

phosphate'SQries, whereas in the arsenates there is octahedral

coordlnatlon for n= 1 tetrahedral coordlnatlon for 2<n<5 and

‘a mixture of these for n>5,

i

.;Metavanadates f— ) ‘ J

‘The vanadates, at the start®of this research, were

less well investigated but those compounds with n=1 indicated
- . . _;) —

environments with five strong V-0 bonds and one weak long bond.

A number of. divalent metavanadates MVZOG bave been

found to c*ystalllze in the brannerite structure of ThT1 (l).
These include, Cd, Ca, 2Zn, a-Hg, Mg and Co metavénadates (2-5)
crystallize in the monoclinic system with p0551ble space group

CZ/PGE C2 or Cm {sce Table 1 1). Only the Cd and Hg metavana-

.

dates have been found to be dimorphousf CdV206 has two

possible phases, the low temperatpré‘(d) and high temperature

-

(8} phases respectively.

The structure of a-CdV.,0. is isotypic with that of CaV.O

276 2
(monoclinic, space group C2/m) and dlffers from that of 8 in

6

1 ' -
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a breaking of the léng si#th V-0 interaction. This results 1n'
a contractlon of ‘the cell dlmen51ons at hlgh temperature',
B- CdV206 has been refined by Bouloux and Galy (2),in space groué
_C2/m whlle the structure of ZnV206 ‘has been reflned in space
group c2 (4) -

- The hlghfiemperaturenphase B'BQVécs has a different
. structure. This phase'erystallizes in an érthofﬁombic system. with
space group Pbca (4). Iﬁ'this structure the mercury and oxygen
atom; form octahedra, while the vanadium atom is associated with
an environment of five oxygen atoms. The structure'consists of @
.chains of yOS-trigoﬁ?l bipyramids. These chdins fégm V-0 sheets
parallei with bc plane and held'together by mercury-étoms Due
to the fact that the llsted bond 1engths are accurate only.-to "

. two flgures we feel that the results are not rellable.
h .S, Launay and J. Thoret (6) have recently solved the
structure of barium_metavanadaﬁé. The compouﬂd crisfai}izes
in an orthorhombid system with spéc?“group C222: In, the
crysﬁal structure, the V'dhd-o atoms'form tetrahedra. Each
tetrahedroqlis_linked to two ne;ghbouring tetrahedra by an
"0 atom, so that independent WO:’.)E- chains are formed. Two
types of Ba atéms (dodecacoordinated and decacordinatéd
respectlvely) ‘are inserted between the fhalns to prov1de co-
hesion in the structure. |

Tﬁe structure of copper metavanadate has been.reported

by Lavaud and Galy (7). They fognd_a mpndclinic st#uctpre and.

they assigned the épace,group C2. However, our results



~show that this metavanadate crystalllzcs in a triclinic system

with CI space group when the unit call parameters are chosen

to nearly parallel those of Lavaud and Galy.

‘Pyrovahddatcs o

-

The next class of vanadate structures arc.the divana- .
i

dates or pyrovanadates whose general formula is x2Y207

Brown and Calvo (10) p01nted out that the crystals of

"

%

+ ’ . . ' .
that of Ca2 tend to crystallize in structures related to

a

cOmposition~X2Y207 in which the radius of the X ion is less than

thortveitite while those with greater radii crystalllze in

dlchxomate t}pL structure, .Bagllo and Dann (11) have attcmptcd

'Lo prcdlct the structuré type of these compounds from a ploL

of Fadlus of X ions, Rx, versus the radius of Y ions, R ,

for known structures. Such a plot is shown iﬁ Fig, 1l.1. Those

compounds With ionic~radius of Y larger than 0.5 R c:ystallizc in
/

atopite s{fucture. ' Below this value of the ionic radius they

form the thortvgitite strucﬁure (5c251207), Rx less than 0.9 R,

while the rest.qrystailize as a dichromate_typé structure.

I£ has been found tﬁat.the.geometric configuration #»
of the anion Y207 varies éonsiderably.from ore structure type
to another. For the atopite type strucfures the coordination
ﬁumbe; of Y 1s six and for the thortveitite and dichromate

. . - t

type structures the coordination number of Y is four.

‘In the latter two structures the diortho ion Ys formed

by -sharing YO4 tetrahedra and they only differ in the relative



]

Figure (1-1)

-The plot of the radius of 'X' versus the

radius of '¥' in compounds of the formula

X,¥,0,. The three structure type regions

.have been indicated. The dotted line

represents the difrision between tho:tvcitite -

and dichromate structure type. Circled

data points represent solved structures.

~—
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o
configurat}oh of the Y202_ éroups.' In?tﬁe thortveitite type
structures, the okygep atomsllie in a nearly staggered confi-
guraEton while in the dichromate type they are in'nearly eclipsed
.éonfiguration. Divanadate members of the isoﬁypes of” thort~
veitite include Mn,V,0. (19), Zn,V¥,0, (12) and Cd,Vv,0, (20).
There are many pypophosphates which fall into this structure
type'and only a 1imite§ npmber of diarsenates. fﬁey uéually
undergo phase transitions where the high temperature foims are
isomorphous with the mineral thortveitite and contain apparently
liﬁear X=-0-Y bridging group, while thé'low tempef ture forms
show a bent Y-0-Y bonad angle rahging from about 140°-156°.. )
A simi*ér transitioh is apparent in anvéo7 (12). ;The dichromate
type includes many alkqli dichromates and phosphaﬁes and the
divanadates szvzov.(13{, B-Sr2V207'(l4)'an a,Vv,0, {(15).

- In Table 1-2 a list af‘the unit cell parameters of
. all the reported structures of pyrdvanadates are given., it
can be seen from_the table that mény offthe-structureé determinéd
so far are.eithe{ thortveftité_(or dichromate) type or related
to them; 6nly a few are completely differgnt. This sugges;s
that the diagram from Fiqure ;-; is‘02}y partially correct or
that there is a_tranéitional region. This possible phase regién
is indicated in Figure 1-1.
It’is also to bé\noted that ail rare-eafth disilicates.
. do fall gquite close to the lineyd&viding thorf%eitite'ahd
dichrémate type sﬁructures. In the sfudy of rare-earth disili-

- -

cates, Felsche (16) reportea the existence.of five structural
1 » - . 1



~?

-

b —

DR

z-1 o1qel

S2IN30NIIS ajepeuesacxlg 1037 whmudﬁmwmm 1720 atun

V=) < ) ’
1z uoT3ETaX ON  ZPPd | (z)zvb-e  (L)ese’8 (0z)sv9roz - Lofafnd
ST  23TWOIYSTQ 1a (€)T€°L8  (p)8V°66 (£)60°06 (£)90E°L (E)OZE'L (9 TLS'ET Lotnteq
— ) Y . . . h N N.m
z¢ 23PWOIYDTQ - ewud (p) 2s°'TZ (T)9€9°€E (2)SOT"L 0“A“DH-®
: ) ° ’
. g1 e3jeworyotrd e/ 'ed (5)s€6°50T (v)220T°L (p)L09T*L (L)6g9e’cT  Cofalaa
) . . . .
yT ~ e3eworydta  'bd . : (z1) v9-sz (Dss0'L (2yssocL LoPalas-g
yI0oM ‘ ' . : . } Lz Nu‘
Jussaxd wowqun~  1d (2)SST6TT (208978 (2)SE'96 (218169 (2)Ess’s (DoverL  TO"ATED
0z 23TITPAIIONL  W/TD ($)TZ°€0T & (5)gs6°v  ()T60°6 (s)eso'r  “ofa%eo
6T 23T3TOAIIOUT  W/ZD .. (TyeseEoT ()oLs'v (z782L's (2yotL's  Lofatw
ZT1 93T3T@A3IONL ° 9/2D .//f . ($)LE"TTT (£)860°0T (£10¥€"8 (S)6zprL ofACuz-m
- _ N . | _
LT Lotplen) o/Tza ™ (8) 98" 66 (9)ose’6 (L)eoc's (8)sts'e  fofalin
< wox3 ! ¢ o o
. 8T pe3zoasta) o/led (€) LT*00T (6)oL¥ 8 (T)oLE'S (2)veste  “etaon
2373 ToA3 IO \ T . , ‘ . Lz
o7 . 0% porered  Td (P)ECTOET  ($)Z8790T (»)ZP T8 (2)TT6'¥ (E)PTP'S (LILOL'ET  TO°A™DH
3oy odAL dnozs (o)A (o) 8 (o) D (¥)2 (na (v)e  punodwod -
7 sanjonxas - aoeds N\ ° ° ° .




-
-

types. Some of these could‘be classified within thortveitite
and dichromate structures; - Sincermost of the stfuctpres
belong to the thort&eitite group, a brief description of this
structure is appropriate. ‘

The structure of thortveitite [(SC'Y)2SiZO%] consigtﬁ
of sheets of SCO6 octahedra forﬁing'a hexagonal network on the \
hb blane, Fig.»1-2. Each ScO6 0ctahedron shares three different
edges with three separate ScO6 octahedra formlng infinite sheets
iﬁterconnected by Sizd7 groups each of which share three oxygen
atoms with two adjacent sheets. (Two of theiterminal oxygen
atoms are connect?d.to one sheet while ﬁhe third terminal
oxygen atom is connectéd.to the sheet above.) These sheets
of' metal ions are stacked along the c direction. .All the struc;
tures isomorphous with thortveltlte exhibit - the same characterls-

tics as thortveitite with however one long catlon-quggn bond
to ' ’ / Vo b

(Y

per octahedron. ‘ -

A

. ( P
» . ‘ R
The structures of C02V207 and N12V207 g;%) and’§92v207

(183 are-only paftially related to thortveitité. ' The major
dlfference between the’ structure of Mg2 2 ; aﬂd-thortveitiée .

is in the linking of the anions in the former str?cture. one
.yanadlum is coordlnated to four oxygen atoms formlng a sllghtly
lr;egular tetrahedron while the second is five oxygen coordlnatgd.
The anions form chains'composed'of paifs of'V20§_ groups sharing

edgeés across the centre of symmetry which run parallel to

the ¢ axis.



-

Figure {1-2}
A cation sheet in the structure of
thortveitite. This shows the lin-

king ScO, octahedra by shared edges.

6







In addition the hexagonal network.of cation polyhedral
cheins found for thprtveitite is lost as is the coplanarity
of the Mg2+ ions which do not lie in ‘the same_ plane; rin addi-
tion half of the cations are bonded;to‘the_central bridging

oxygen atom of the V207 groups.

' L4

As a resulﬂlg one of the shared edges between'MgOs‘.
octahedra is lost an replaced.by a shared corner and thus the
sheets of Mg()6 group are different than in thortveitite.

However, the oxygen atoms of the V207 grOups‘ere in a
staggered configuration, a feature found ln all thortveitite
like structures. The structures of N12V207 and CJ/V207 are also’
not related to thortveititd but more related to the previous..
one. Like in Mg2V207 the hexagonel network of cations pquhedral
chains is lost and half of the.catiens are bonded to the central
bridging oxygen atom of the V207 group. Unlike the Mg2 2 7 struc-,
ture the anions véog are not linked together. Qn the other

*

hand, the anion configuration is staggered in-Mg2V207 compared
with nearly eelipsed configu;ation in Co,V, and Ni
ghe structure of Cu2 20 7 (21) dlffers from ég:t r;§o£ted
for any alvanadate w1th this st01ch10metpf‘\ No correlatlon can
be made with either dichromate or thortveltlte type structures._
In this structure thé Vzog__iohs heve the staggered
configuration and form eheets coincident with the bc plane.

They also form chains parallel with the a axis. Adjacent sheets

are generated by the diagonal glide plane and separated by a/4.



v

The Cu ions }ie bétween V207.sheets and are coord;nated'strongly
to four oxygen atoms (arisingffrom four;separate anions) and
Meaklfqgg another one. ‘The fifth oxygen étom is so bonded
‘that CuO5 and V O7 groups in* adjacent layers share an edge. ‘The
CuO5 group in adjacent lajers shares edges but all Cu—Cu bonds
exceed 3 A. The structure of Ca2V207 is still unknown. An
attcmggpd!solution will be.described in Chapter TII togéther‘with
the singlé crystal data obtained.

ﬂuowevbr, ffom theéé’examples a conclusion can be out-
lined. The attempt to éredict the type of structures for the
compoun?s of general camposiéions x2Y207 after‘the plot presented
in fig. 1-1 is far from correct, especially for the divanadate
structures; The prediction that Mg2V207, C02V2 77 Cu2V207
would be a thortveltlte like structure can be said to be wrong.
It was guspeCted that the gompounds .which appear to the left
of the proposed dotted 11ne of the diagram lfl, indicating a
possible second phase boundary, will form a group of compounds
similar in'their deviation from the thortveitite structure.
Like we have seen this doesn't seem to he true,especialiy in
‘vanédlum compounds: One explanation can be that the vanadium
ionf(vs ) ln oxide structures is found in env1ronments with a
variety of coordination numbers and distorts from regular
polyhedron. The ease of éhe formation of this variety of
‘cqordination and distortion found might be due to the involve-

ment of thé empty 3d orbitals and also to the size of v+

(= 0.54 ;) (e.qg. A35+'with completely filled 3@ orbitals, does

1
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not show a variety of cordination but is méstly tetrahedral

and rarely octahedral and has approximately the same size.)

\



CHAPTER I1I

THEORY ‘

X-ray diffra¢tion bg'a 1attice. B | ’
Crystals are composed .of groups of atoms with the

same orientation repeated at regular intervals ip three di- -

mensions. For certain purposes it ¥§ sufficient to regard each

group of atoms as réplaced by‘a representative point and the

collection of points so formed is the space lattice or lat-

tice of the crystal.. -

The'lattice is important because it provides a basis

for the theory of x-ray diffraction‘by the crystal: that
) I e )

is the angles of diffraction ofuthe x—rays_depend only upon

-
the dimensions of the lattice. Let be an electron at r

-+ - -+ +
r = nya + n2b + R3C (2.1)

-+ -+ - . .
where -a, b, C are the unit cell parameters and ny, Ny and ny

are intecers. . ¢
The path difference between two parallel waves scat-
tered from two different electrons in the crystal lattice

will be : : , ' - i
. . AL+S -

where i¢is the wave 1ehgth of the radiation, T is the vector

. f -
distance beﬁween the scattering electrons, and § is the

scattering vector which represents the difference between

/

i

F

11
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= - -+ l . * l
the scattering vector Sy and incident vector gor

J s

170 ’ ) (2'.2?

;l and 30 are unitary vectors of modulus % .

-~ +

S =5
In order that the waves be scattered in phase, this

path difference should be equal to a wﬁole number of waves

and thus r+S must be equal to an integer:
c o ' -
-+ >
(n;a + n,b + n ¢)+$ = integer.

a:§=n
. op B8 =k ©(2.3)
&=

where h,‘k, £ are integers.

Only when Laue's equé?ions are simultanecusly satis-
fied can a diffracted beam be produced, | o I

We will c0251der now equatlon (2.2) 1ﬁ more detail.
The magnitude of the right Slde is lsl.so] = é sxne/A where
20 is the scattering angle. Now it can be shown very easily
that the vecﬁor 3 is perpendicular to the hkf plane and its magni-
tude is equal ‘to 1/dhk1 (23). The spacing d is the perpendicular
distance of thc plane hk2 firom the orlgln. Accordingly we
have:
| 2sin® _ 2, | (224)

This is the Bragg’ eguation.



Reciprocal lattice -

(.

. : - -
It is convenient to work on a coordinate system in

o

which the SOlUthhS of the Laue's equations can be easily

calculated. We have mentioned that each vector § of magnitude

dl is perpendicular to the plane hkl.' These vectors de-
- “hke

fine a set of lattice p01nts - the rec1procal lattice. (It.

1

can be seen immediately that the end points of these vectors
satisfy the three Laue equations simultanebusly‘becauge each
point is found at the ingersectiops of the three_planeslperf
peqdicular to 3, b and ¢ res?ectively.). The unit cell of

this lattice is defined by three vectors, which are usually

b1

called a*, b* and &* and each point in this latticextg\ge-

fined by three- numbers, h, kX and &. These three non-coplanar

vectors were defined by J. Wj Glbbs as:

e bxc
at T 7y -
cxa '
L = a .5
b 5 (2.5}
b i .
e = axbh o - . . _ o
‘ c ) V . *
where v = 5-(Exg) =-b-(383) = 3-(3*3) and represents the
volume of the'unit cell.
Then
s = ha* + kb* + LCn - _ (2.6)

Since S was defined as the scattered vector each p01nt in
the reciprocal lattice is relgted to the direction of the

diffracted beam'relatiVe to the incident beam.



Atomic ocattcring factor

Until now we assumed the acaLtering unlts to be elec~-
tron in oxder that thedr llnear dimensions could be naeglected
in comparison with the space lattice dimensions and also in

comparison with the wavelength of the x-rays. Under these

condltlons the scattering by qrsi?gle electron is lndcpendent

of angle apart from any effects of polarizati;n of the radia-
‘tlon.~-In atons, however, the electrdns otcupy different posi-=
tiong and the phase differences between rays scattexed from
different points in this volume have to be taken into account.
Thus the ratio of scattering in the direction §wby an atom.
at- the¢ origin to that of an'eiectrqn at the origin is given

.by:
f‘J? = ]o(?)exp(zni’s’-“r’)d“f | (2.7)

and is called the atomic scattering factor fg. It is evaluated

thuoretlcally f an atom at reéf i'e. at absolute zero. Tﬁe
Lchtron density functlog p(r) is calculated theoretlcally
assuming atoms to have a spherlca} symmetry . In this condi-
tion fhe atomic scattering factor is constant for a given

angle of diffraction (|Sl Eﬁ%ﬁ The curve of scattering

factor against iﬁe ig called the scattering factor curve
or-f curve and they are tabulated in the Inte;naticnal
Tables forrx-ray Crystallography (24). ,Suppose now.ﬁhaf
the unit cell of a crysé;i éonfaing N atoms,.situated at

the‘points xj, yj, zj, 'The_position of the nth‘atom in



the unit cell can thus be relresented bx the vector ;

b | | 3

. o= x.a 4 y,b + 2,8 (218)
S I R 3 -

where

For this atom the scattering contribution relative to an

clectron at the origin’will be &

I" o (¥)exp (2738 ('£+}'j)d§ = o
| _ (2.9)
= fggxp(2ni§-;j). N

-

If all the atoms ‘in the uni; cell ‘are considered

the following expression is obtained:

F{S) = f?exp(Zﬂig-;j) : (2.10)

=

j=1
This ié the,structure'factor for tﬁe cell. ' A more exaég

expression can be obtained by replacing the assumption of
zerolthermal,motion with a term accounting for the average

dlsplacement from the mean position duegio thermal motlons

. of the atoms.. Thus the value of fj is reduced in the followxng

1)

.mannex: 2
- or - . §in ) 2.11! .
fj ﬁj exp“(_ Bj 3 ) (: )

A

,wheré Bj is a positive definite quantity. called the isotropic
' L

temperature factor and is related to the mean 'square amplitude

of vibration Uj

3, = 8n ' " (2.12
By = 81 3y . .( 12)

g,
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This expression can be changed to account for anisotropic
- '
thermal vibration. When we refer to the reciprocal lattice:

axes the exponential can be expanded (due to equality -

zind
5 51N Ohkl _ E ( 1 . )2) . .
A2 T "y, '
_1 2,2 2, 42 2 ,2
exp [ 4(Bllh a +B22k b +B33£ c* +2%lzhkafb*+2Bl3hRa*c*+2B23k2b*c*]

where phe_Bij are the thermal parameters which are evalunated
for each atom during the refinement of the crysfal structure.

If we substitute into the structure factor expression the

value of ry from eduation (2.8) we have: - .
. x .
F = L f.,ex 2ni(x-§-§ + 'S.g + 2z E-E) =
hkt T2y P j Y4® j
(2.13)
N " ) '
= § f. exp2ni(hx, + fy. + 2z.)

-~ : .
(using the Laue's equations}. This is‘the mo;t common form
for the structure fac£or expression. I;s ﬁodulus.is called
the structure amplitude and is defined as the ratio of the
amplitude of the radiation scdttered in the order h,k,% by
the contents of . one uﬂit cell to that scqttefed by a single
electron under the same conditions. .

The complex form of structure factor ;xpression can

be given as: ’ v
F=A+ iB o (2.14)

where A and B are defined:
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>
Apyg = § fj cos 2m (hxy + kyj + azj) (2.15)
By = g fj sin 2n (hxj + kyjﬂ+ Ezj), (2.16{

. “
. . .
, . N ’ .

Accordingly the magnitude and the phase a will be given:

> B A%+ B2 L (2.17)
hke !~ ¥ “hkt hk2 : :
. B
-1 ,“hk& r
a = tan ol (E) {2.18)

hke
Thus far the structure factor has beeﬁ considered as

a resultant of adding the waves scattered in the direction of
the hki plane ffom the atoms in the un1£ﬁcell. This approach

- wWas based on a set of point atoms with variable scattering
faétors. A more fundaméntal interpretatioh of the structure
factor ié_pdssib@e by considering the étructure factor as the
sum of the waQeléts scattered from all infinitesimal elements
of electron density in a unit cell with no assuhpﬁions about
the dist:ibﬁtion of this density. If p is the electron density

«

the number of electrons in any volume element dv is.

o (xyz)dv. - (2.19)

Thq_wavelet scattered by this element is:

_ p(x,yz)exp(2ﬂi(hx+ky+£z))dvﬂ’ ' (2.20)
The summation over all the elements in the unit cell gives
the structure facter equation
© F

hke = J p (xyz)exp (21l (hx+ky+£z))dv. ‘ (2.21)

v
LY
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0
Since a crystal is periodic in three dimensions any three -
dimensional periodic function in a crystal can be represen—
ted by a three dimensional Fourier series. Thus electron

density function can be written as:

'

plxyz) = L 3 I Cpuprgeexp2milhixtkiy+itz). (2.22)
h}.k! 1' .

where each summation is between -= and =. ¢

Substitution of equation (2.22) in (2.21) gives:

[ ]
Rt gt g DURUES (2.23)

\'4

. w
~ .

. _ ‘ £ L C .. exp 27i([ (h+h')x+ (ktk')y+ (2+L')z]dv

The éxponential is periodic and the integral over one period

is zero for all terms except that one for which h'=-h, k'=-k,

U'==1. In this case the periodicity disappears and:
Fhkg = [ CHEIdr = V?EKI ‘ (2-24)
! A
=X p | (2.25)
hk? V " hkl . :
‘substitution in eq. (2.22) of RKZ for h'k'a' and of Cigy
from equation-(2.25) gives the‘required_series:
. 1 . . . .
plxyz) =5 L L L F egprﬂl(hx+ky+£z)) - (2.26)
v hk % hki o _

»

Comparison of the expression for the electron .density, equa-
tion (2.26) with thét for structure féctors'equation (2!21)
shows that the electron density is the ngrier transform

of .the structure factors while the structure fl;lctors are

in turn the Fourjier transform of the electron density.

¥
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An alternative expression for:a three dimensional
" Fourier series can be obtained by noting that the structure
facﬁor can be written in the form:
) 2nic
- _ hkt
Fuke = thk1|exP : (2.27)
where 2ﬂqhk£ is the phase angle.

Substituion in equation (2.26) gives

plxyz) = % L

) —2wi(hx+ky+£z—ahk2)) (2.2 ,
"h k ' '

. | Fpyeq lexe

- -
N

It may be ‘thought from the above exp‘ressions that the process 3}
of determining the crystai structures is completely obvious: ,
from the observed values of intensities the values: of the struc-
ture amplitude calculated and finally the electron density can
be obtained. That this is not possible appears from the ex-
pressiom of the inten%ﬁ}ies whiéh contain only the modulus

of Fhkif

2

Ihki ;'c(L-poA(g)lphkzj {2.29)

where ¢ is a constant dependent on the infensity and waﬁeleﬂéth -
of thé incident radiation, and orn the volume of the ﬁnit cel}.

| Since the Eryétals used in.practicehare actually mo-
saic there is a finite range of angle over which one can get
diffraction maxima. L is the Lorentz fac£or and normalizes
the speed with which reciprocal lattice.pbints pass througp
the sphere of reflection (depends on ﬁosition and direction

in which they appfoach the sphere); p the polarization fac-

tor is a simple geometric'factof and corrects for the pértial

Il
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polarizaﬂion of. the x-ray beam. The term A accounts for

the attenuation of both the incident aﬂd diffracted beams "
as they pass through the crystal'maSS'and depends on tﬁe
absorbing properties of the constltuents in the crystal.

Thus no direct 1nformatlon about the phase of a reflection is
obtained by a measuremett of its intensity. As we have seen,
the use of expressions (2.26) ;nd (2.28) for electron density
imply the knowledge of absolute values. Thus in general the.'
process of solv1ng a crystal structure cannot be |

carried out by direct means. A method to overcome thls dlf—

ficulty_is shown 4in the next paragraph.

The Patterson functlon

Patterson showed (25) that a FEourier calculatlon can -
be carried out uélng phaseless quantities |F hkllz as the
coefficients; these guantities are directly related to the
observed intensities and so they can alwéys be'measured.

. patterson defines a function P{u,v,w) such that.
Plu,v;w) = I{I p(xyz)p(x+u,y+v,z+w)dxdydz (2.30) !
If we substitute in this expression the values for the

electron densities given by equation (2.26) we arrive at

the expression

N &
P(u,V,w) = % 25 stUF L, Frp ©XP 31i (hutkvetw) {2.31)
h k &= :
o =Ly :* 33 ]2 exp 27i(hutkv+iw). (2.32}
Pluv,w) Vg gw hk? ) )
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patterson showed that this function has maxima cofresponding
to vector separations between atoms in the unit cell. Thus
a p;}kuat the point uvw in a Pattexson map indicates that

ther2 exist 1n the crystal atoms at‘xlylzl.gnd XoY o2, such that

u =X, <X,
V=Y~ Yo : (2.33)
Y W=Zl?]2_2.‘ ’

This is the importance of the Patterson gseries: it gives
information about interatomic distances, but not about atomic
positions. Since plu,v,w) = plzu,-v,-w},

Plu,v,w) = rrt? ‘Fhkilz cos 21 (hu+kv+iw) (2.34)
h k - ‘ : '

which is real for all values of u,v,w . thlez has been
shown to be proportional to the intensity Ihkl‘at each reci-
procal lattice point and <|Fhk£|2>' over all values of sin8/A

is equal with the summatioh over all the values-of scattering -

facfors fj in the cell: i.e.

2 ] .
f. {2.35)
1 3.

—— e

Toke =

N o =

J

which in turn are proportional with the number of electrons
of the.jth atom (see eq. (2.7)). Thus vectors between heavy
atoms will give larger maxima than vectors between light
atoms. That is, the height of a peak is proportional to
the product of;the atomi gumbers of the atoms which are

j

associated with the given vector.

s il



The ‘Patterson function contains the vector set

\ri—rj and we want to find‘out‘the unique set'ri.l?This ;
task will be easier to resolve wheﬁ the structure contains a
small number of heavy atoms. Light.atoms may.bé resolved

by their interaction with an& hgavy atoms in the.structure

but they present many more difficulties in the identifiqationw
.of superimposed peaks.

For a molecule containing N atoms per unit ‘cell, the

will show Nz peaks corresponding to the N pos-

Patterson m

sible vectbHrs which can bq drawn from each of the N atoms.

of thesé, N will be véctors of zero length from each atom
to itSwlf and will be represenﬁed {in a two diﬁensional map)
‘as a largé peak at the origin. The remdining Nan peaks will
be distributed throughout the cell. Since the cell of tﬁew
patterson synthesis is the same size as that of the crystal
the peaks are more closely packed and also many of them'over—
lapped. Anothgrlfeatﬁre of the Patterson peaks which results
automatically by their construction is that theix breadth’

is larger than that of the ‘atoms contributing to the peaks.

—

We should mention however, that the summation over h, k and £
in Patterson synthesié should eftend from -=» to += and for ¢
this reason the maps pro&uced with limited data may be subject
to series termination er¥o}s'§nd thus present further dif-
ficulties in resolqtion of small peaks. ’

The symmetry of the Patterson map is not ;pe same

as that of the real lattice. From the definition of the Patterson _
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function it follows immediétely that all the Pattersén maps
are centrosymmetric. It can also be shown that to pass from’
real space group to the Patterson space group one must re-
place all translational symmetry elements (screws axes and

glide planes) by the corfesponding nontranslational ones

{rotation axes and mirror planes).

Anomalous scattering

. In the treatment of the structure factors, wé‘have
assumed that therscattering factors, fj,ware‘represented by
real numbérs. This is in general true because the values
!ommonly used are calculated on the assumption that the fre-
guency of the incident Eegiatioh differs widely from thaﬁ of
any natural absorption frequency of the atoms. (In this
case the-bound electrons behave like free electrons.) If
the frequency of the incident beam does fall near a natural
absorptién frequency an ahoﬁalous phase change occurs during
scattering by the innermost electrons wﬁbs& frequencies are
near the absorption edge. In thisqcase, it can be shown
frbm'classicai theory of}scattering that‘the atomic scattgring

factor may be written:
£= £ + A"+ i£" . {2.36)

where fo'is the normal sc;tte;ing, Af' is a_reél cor;éction
term (usually negative) énd Af" is the imaginary éOpponent.
-Values of Af' and Af" for various elements and,wavélepgths
gave been tabu;atéd in the International Tables for X-ray

L)

Crystallography (24).
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s
An important consequence of anomalous scattering

is that %t,gauses a breakdown of Friedel's law which states ——

-

thdt the diffraction‘pattern has a center of sjmﬁetry inde-

pendent of whether the crystal does, i.e.

Pl = Irgggl
N
Let us consideT the case of non-centrosymmetrical structure.

We have _
1 L] i~
F(3) = L (f, + £.)expl2ni 842}
j 4 » . (2.37)
. ! . n L ’
F(-s) = L (£, + if Yexp (-27iS-r.).
- 3 J ] - . ]

From (2.37) it follows that

< F(-§).#'F*(§)-

and
|F(§)|2 # |Fi-$ |

This important result gives another method for solv1ng crystal

'structures. Let us wrlte the scattering ractor of an atoh As:

R . ‘
£, = £. + iAf, - (2.38)
3 J ) :

where the 1mag1nary component is non zero only for an anoma-
lous scatterer and is Af of equation (2 36) and the real |,
component for an anomalous scatterer fj differs slightly
from the non-anomalous value and is £+ Af' of the same

equation.

i

The structure factor of index S can now be written
E(S) = (f

+1Af
3
J=1

j)exp(21ri§ r.) {2.39)
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‘
The compi9x conjugate of F(3) is given by:
N ~ . A ,
-+ R . R
F¥{S) = & (f. - iAf dexp(-2miS-r.}. (2.40)
j=1 ] ] J

From egn.. (2.39) and (2.40) we find:

+ .2 -+ o : . .
IF(S)|” = F(S) F*(S) ='§ i (ij - 1ij)exp(2n15(rj-rk) (2.41)

-

vhere the quantities Gy and Hgy which are functions of. |s]

are given by

— —-

G.. = fOFf + Af, Aﬁk'

R
£x

L (2.42)

u;u . g

3
R
k

fa s
|

ik = E30E - £y

Similarly we find that

\

]F(ag)l2 = F(7§){F*(-§) =L L (G + lH )exp(2w15(r -r )Y (2.43)
ik .

By combining (2.41) and (2.43) orne obtains:

kol

: . N N R
e @) |2 F -2 =2 1 & {£5f, + 8£.AF Yeos 2nde (T,-F,) (2.44)
o j=1 k=1 J ] )
and
. 12 * 12 N N : R R
IF(S)|“~|F(-8)|° =2 ® I RE £ -85 fj}51n 21S- (r -F ) (2.45)
T : j=1 k=1

If in equation (2.44) we write ($}3 = %{lF(g)lz + IF(-§)|2}
then it is clear that (w)+ is the Sth Fourier coefficient of |
a function which has peaﬁs at,rj +k These peaks will have
a Fourier transform which at the S-th point in reciprocal
space has the values ij This peak will -be like a normal

Patterson peak except that when one or both of the atoms is

an anomalous scatterer the peak is very slightly modlfied
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in welght and form » - Thus the Fourler synthesis with

\. RN
'y

(wl» as Fourler coeffic1ents gives a functlon P (r) wﬁlch
will be 51m11ar -to a normal Patterson synthesis obtained
with non anomalous scattering data except at points corres-:
pondlng to the vectors 1nvolv1ng anomalous scatterers.. The

functlon can be wrltten-

p_(T) = % s {r@ |2 + ]F( -8)|? cos 2n8-%. (2.46) -
S . .
o . _y ' L1 %y 12 * 12
Similarly if we write (wo)s = 5{|F(S)l - |F(-5)|"} then
(wo)g = -(wo)_g . Now it is clear that (wo)g is the Fourierx

cocfficient of an odd function Po(r)'which will have a peaﬁ
- *

corresponding to the transform-of Hék,at ;j”;k' and a peak

corresponding -to the transform —ij at e(;j—;k). The funcéion

is given by ¢ h
. : x
P =25 (IF@]? - |3 | sin 208, (2.47) )
o \ S ' .
Thus the ‘peak is positive if ;j-;j is a vector from an
anomalous atom k to a normal atom u, negative if the peak \
]

corresponds to a vector in the opposite direction and zero |

\

if the vector is between normal atoms, since these three

QpOSSlb&lltleS correspond to AL, - > 0 Afj = 0; Bfy = 0

Afj > 0 and Afk = ﬁfj = 0 respectlvely Thus while the

ordinary Patterson function contains Nz_peaks when there are

1

' N atoms per unit cell the odd Patterson function contains
n{N-n)l positive' peaks related to the same number of negative «

peaks by a center of symmetry, where n is the number of
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anomalous atoms per unit cell.

It ‘is worthwhlle mgntlonlng ‘that accurate measurements
of the differences between lnten51tiee Ihkz - IEET' which
would be equal in the absence of anomalous scattering, are

therefore required.

Direct methods

Since 1960 many structures have been_solved using
direet methods'offphase de?etmination from the structure fac-
tors w1th the only postulate that the atoms are randomly
dlstrlﬁuted A 1arge number of formula for direct phase de-
termination have been proposed. Most bf them are based on
the same fundamental principles but differ in the manney - of
handllng the data and extractlng the phases. We will confine
‘our discussion to the method most often used and which appears
to'hqve generai applicability.* the symbolic add}tlon'procedure.
We w%ll also discuss only the centrosymmetric case in which
the ppasimg coneists simply oflassigning a plus‘or minus sign
to each dbserved styucture amplitude:oriat ieast to the large
terms’ in tﬁé electron den51ty expre551on. The method is based
on the fact that the electron density in, a crystal is every—
‘where real, pOSLt%ve and contlnuous (the positivity criterion).
On this basis, Karle and Hauptman (26) derived a complete set

of inequalities which ‘are velid for all the space groups.

The first three ate:
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Fooo 20 (2.47)
"
- IFflkll < FOOO {2.48)
- Fhykyty 0ok, )
hy h, kl+k P2 tE, F oo <
F F= ¢+ = |1|F Fr = = |1
000 hlklil 5 000 h2k2£2 3
1 F F
h,k,2, “o00 hzkzlz_ 000 -
F (2.49)
000

Equations (2.47) and (2.48) are trivial statements. For the
case of crystals having a small number of atoms, the third .
relation (2. 49) can provide a basis for phase determination in
both centrosymmetriq>and.noncentrosymmetric crystals. We can

rewrite {(2.49) in the form:

|Fy - 8] <« C - (2.50)

" where
§ =46 (h,k) = F{ FE/Fobo (2.51)
F Fr »1F *
ooo h-k 5 000 FE 5
F> > F Fz> F - -

- . e

andxﬁ = E1+E2' i = 32. . 'Here the symbol h dehotes the veetor
hax + KB + 28%. .
' Karle and Karle {27) pointed out that equation {2.50)
lmplles that the complex structure factor Fﬁ is bounded by a
circle in ‘the complex plane whose center 18 ‘6§ and whose radlus

h
to the arc values within thelc1rc1e of radius r. The larger

is-r.' If the magnitude of F3 is known, it,w111 be restricted
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the values of IF;| and IFﬁ_ﬁlr the smaller will be r, and the
closer will FK be to the %?mplex.number §. Since the vector
k can be varied arbitrarily;‘many differept relations of the
type (2.50) would exis#. Forlarge (| Fy|, lFﬁ—E" the quantitjies
6(3,?) would cluster in'a parficular région of the complex -
plane, and Fy would be located within this cluster. (Fpr will

lie within the intersection of several circles, each with a

new § and a new r). Thus Fp will be proportional to an average

h
over the various 6(h k) involving the large IF D3 { values
as k is varied:
' ' B . Fp R <FEER_RR - : (2.53)

Daefining theé phase of the structure factor like we did before

(Eq. 2.27):
3 r *
F = [Fglexp(1¢g)

then for F3, ¥+ and F

& an %—E of large magnitude we have approximate-
ly: _ -
. ¢R.x <o + P_PR . _ (2.54)'- .
since |
5 (h,k |6(h,k)|exp[1(¢+ * 0 Kl{g - {2.55)
As tﬁe complexity of thq,structure 1ncreases, the fraction of

the total number of electrons contrlbutlng to a given reflec—
tion w111 on average, decrease. . ‘Thus r increases and lnequallty
(2.50) gives less information and flnally imposes no restrlctlon
on the’phase of FH" It can be shown using arguments based on
ﬁrdbabi;ity.theory that equ;tion.(Z;Sd) étiil holds. and it is .

possible to obtain additional useful phase determining'relations.:

[
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An outline of the approach developed by Karle,Hauptman and

others is given in the following paragraphs.

Normalized structure factors

Normalized structure factors (E'S) have; been proved

( useful in direct methods (27). They may be defined:

2 ClFﬁlz
| €= ~——— {2.56)

where
|Egl= B, explis) ~  (2.57)

Fﬁ is- a structure.factbr correctgd for thermal'motion, fj
is the atomic scattering factor for the jth atom in a unit cell
containing N atoms, ¢ is a scale factor (28) .such that the -
average value of <‘E|>2 = 1.00 and € is a anber which corrects

for space group extinctioﬁé.

Physically-the |E|-values are the structure factors

for the fully sharpened atoms. A Fourier synthesis construc-

ted (with the Eqrrect ph;ses) and the;infinite set of |E|

values as Fourier cqefficients will show Diraé ) functioh

peaks at the position éf the atom centres pfovided that all
. the atoms have identical scatteringlfactors: éor structures

in whicﬁ teﬁperature factors are strongly. anisotropic, the
normalization procedure of eq: (2.56) is notjadequaté and’ y
anisotropic corrections are needed.’ The approach dutlined

beloﬁ is ‘due to Maslen (29) and was used in the aFtempt at

2271

Fi ks in egn. (2.56) is the structure factor on an

~ a s?ircture determination of Ca,V,0, described in Chapter 3.
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absolute scale defined by

IFhk9,|= |Fre1 thIK(S) exp(M+J) | | (2-.58)

where S =lsin0/A IF rel hkz‘ is derived from the experimen-'
tally measured lntenSLty SR gsing eq, {2.29) and K(S) is
the K cq:ve + 1.e. the Wilson plot with isotropic correction
(30) drawn for 19 equal vblumé overlapping regions of re-
ciprocal space. M is an overall.isotropic témperature ﬁ&ctor,

and J gives anisotropic temperature corrections thus:

B 2 2 2 .
g = aj h" 4 a, k" + ayal" + e hk +oa) R+ oa, k.

The values of the a's are obtained by a least squares fit to

 a plot of |
N
L L mefj
h k, L =1

2

nl-

]
m]Frel hkil (S)exp(2M).

' b (

against h2 for Qyqr k2 for Aot 22 for P, hk for ayq¢

E
h;k,l

hi for a,,. k& for a,,;. Here m = m{hkf) is the mult1p11c1ty
factor. The summations over h, k,% are within one of the 19 vo-

lumes of the reciprocal space.The values of the a's are

iterated five times to obtain reliable estimates.

Probability considerations

The significanbe of equation (2.53) for phase determi-
nation was pointed out by Karle and Hauptman (26) in 1950.
The use of (2.53) for sign determination in centrosym-

metric crystals was established by Sﬁyrq (31} gho has shown

-
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that  the sign of Fﬁ would almost certainly be the same as.

of tBe product FE'Fh-E‘if large structure factor magnitudes §

were involved:
S(Fﬁ) " S(FE)'S{FK_;) . (2.59)

‘where S means "sign of" and ~ means "is probably equal to".
The final formula used in phasge determination was derived

by Haupéman and karle (32) using normalized structure factors
k PR-k. (2.60)
where k implies only the summation over those vectors associa-.
ted with large }E| values. This formula was termed L, and

. it is the probability equation of the inequality (2.50)
' (ibidem).. -

The associated probability function P+(Eh) wﬁ&ch'de;
termines the probabilkity that the sign of Eh will be positive
was givaen by different authors in vafious forms but the most
commonly used is the hyperbolilc tangent form obtained by

Woolfson (33)

= L
P (Ep) = 5+

LS

-3/2
tanh 0,0, 3/ IEﬁJ i Ep Ep i (2.61)

where P, is the probability that the equation (2.56) will

hold and

e .y |
c = I 20, (2.62)
. n j=l j ’ :

Zj is the atomic number of the jth atom.
Since the arguﬁent.of the hyperbolic tangént in eq.

(2.61) can be either positive or negative, depending on the
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sign of the summation of the E products, the values of
P, (E+) can range between 0 (& = large negative) and 1

(X = large positive). Values of g) less than L are thus

2
indications that the sign of EE is negative with a proba- }
/
bility P_ given by
P_=1-P._. - (2.63)

!

Given a proﬁerlx}chosen set of specified signs and
unknown symbols, we expand and refine the set using equations
{2.60) and {2.61). The phase set is then used to compute

an E map in ‘which peaks should show the atomic positions.
s .

Invariants.and semi-invariants

To use equation (2.60) we must first havé a starting
o . :
seéidf pﬁéses b, ¢ﬁ-i in oxder to determine ¢K. In this
section we discuss the restrictions on the hkl indices and
on the values of th§ startiné phases.

To determine which phases may be spec;fied, we make
use of the theory of structure imvariants and structure seﬁi—
invariants (32). The general expr3551on for the structure
factortfor a structure with N atoms in the unit cell was
given:

N

Fixy = jil.fj exp[Zwi(hxj+kyj+zzj)]- : ‘(2713)

If the origin is shifted to a different point having coordi-
nates x_ Y %, with respect to the first origin then xj,
y.r Z.e in (2.13) arxe replaced by x. ~X_ ¢ Ya “Yor 257%g It is

J ] j o 3 3
readily verified that this is then replaced by:
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Fiyg = Fikg exp [ ﬂi(hxo+kyo+£zo)].

Thus the magnitude of Fhkl remains unchanged while the

phase &, , OF Fp,, is replaced by
= ¢ﬁ - 21r(hxo + kyo + izo). (2.64)

From these equations we éee that the crystal st;uctuie alone
does not determiﬁe‘the values of all the phases since eq.
(2.13) implies that an appropriate origin has been selected.
In principle, we could define any point to be the
origin, but in practice the struchré will be most easily
solved if we make full use of symmetry and select an origin
from among the restricted number of points which préserves

thé full symmetry of the. space group. These points are

called the permissible origins. The concept of equivalent ori-
gins leads to the notion of equivalence classes. Origins
within the same eguivalence class are related in the same
manner to the symmetry elements of the space group. Hauptman
and Karle (32) showed that there always exist certain linear
combinations of the phaseswhose values {reduced modulo 21)
depend upon the structure aiqne and are independent of the
choice of permissible origin. These linear combinations of
phases are called structure invériants. Further for a given
class of equivalent oriéins (in other words for a fixed
functional form of the structure factor) there always exist
certain linear combinati;ns of the phases c;iled structure

semi-invariants whosg/values, reduced modulo 2n, depend

upon the structure alone and are independent of the choice of



origin within the equivalence class.
4

Evidently every structure invariant is also a struc-
ture semi—invariant. In fact those structuie.séﬁi—invariants
whose values are independent of the chosen functional form for
the structuré factér coincide with the structure invariants.

To illustrate these concepts we take the example of
the triclinic sp?ce‘group Pl. TFor this space group as for
all primitive ccntrosymmegric space groups the permissible

origins are defined to_be eight points of ‘the type ¢,, €

€qr
(;perc e, = 0 or l, i = 1,2,3 which coincide with the centefs

3

£ symmetry. Written in full they are:
1,1,
(0,0,0), 2,0,0,(0,%,0,0,0., 330, G035, 03 7).( 3P

Since all eight permissible origins are equivalent, the dis-

'tinction between invariants and semi-invariants disappears

in this space group and only semi-invariants will be discussed.
*Using equation (2.64) and the allowed - permissible

origins we see that ail feflections with h even; k even;

2 even are semi-invariant. For thig space group the vector

semi-invariantly associated with E(thkl{ is (h,k,%) and the

Semi-invariant modulus We is u2,2,2). From equation (2.59)

it is se€en that when the phase of a reflection has been speci-

fied éie bhase of all reflections equivalent to it are also

fixed fof a known structure. Thus all the reflections

within the experimental sPﬁere may be used in‘the phase de-

: \ _
termination process,not just the independent ones.
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Karle and Hauptman (32) specified restrictions on th;

indices hk% of the reflections to be select to define the
origin. 'We specify the maximum number of phases (thrée for
p% which are llnearly semi- 1ndependent, i.e. which do not
combine to give a semi-invariant. We then use the set of 82..
relationships given by ?quation (2.60) to ggnerape the phases
of more reflections with large |E| values. This set of phases
together with some additional symbols'are assigned 15 a step-
by-step fashion. to generate the ﬁﬁaﬁes of all reflections
with |E| values over a given threshold (|E| > 1.50). The

application of the method to the structure in question is

described in Chapter 3.



CHAPTER III

STRUCTURE OF CuV206

- EXPERIMENTS |,

H
i - .

v The compound was prepafed in acéordancé with the phase
diagram of Cu0 and V205 (34). The phase diagram shows five

invariants plateaux (see Fig. 3-1). _They correspond tp three

P

cutectics and two peritectics. . : ’
Our compound;corresponds to 1:1 molar ratio and has a

melting point.of v 640°C. Crystals were grown'in oxygen atmos-

' phere to avoid "bronze" formation in V205 rich regions and

also to avoid CuoO decomposition in the regions where the last

one is rich. (Vanadium oxygen bronzes are well deflned som-

pounds of the form Mxvzo5 or M V308 in which vanadlum exlsts

. in the IV and V oxidation states (e.g. Cu V205 0.24<x<0.64)

The matérial used to prepare crystals,of CuV206 was a

mixture of l:1 molar ratio of V,0q and Cu0 oxide of high

purity (CuO - Merck 99.97% and V,0, Fisher 99.99%). To get

_uniform size distribution each powder separately was ground

in an agate mortar for some time (f hour). After welghting

)

the mixture wab homogenized in a closed bottle for 12 hQnrs
'using the rotational movement of a lathe. From time to time

the lathe was stopped and the powder stuck on the w;lls removed.

-1

i’
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Figure (3-1)

Phase ‘diagram for the system Cu0-V,0
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. In thlsqipnner a homogeneous sample was obtained. This im- f
provised method was used becausc we don't find an adequate
mill w1th]balls for grlnding and homogenizing the material.
All these precautions,were necessary Gspecially Aue ﬁo.con-
figuration of the phase diagram (V205 melts at 690° C and
Cu0 at 1326°c;) .

The mixture was then heated for 12 hours at 800°C in
an oxygen atmosPhere, in a platinum crucible and cocled at a

rate of "3°C/hr to 590°C, The crucible was taken from the
furnace and air quenched.. A microscopic examination of the
sample showed that a substantial‘number of single crystals

were obtained. The crystals were red-black and irregularly

shaped. 7-

" One crystal was éhosah for .diffraction workf-séﬁe

porﬁion of the others uéed'téifhn.a?Debye—Scherfer pattern.
Precession photograpﬁ§ showed that the crystal

crystallizes in triclinic systeﬁ.with space group cl. {(Cl
is an unconventional setting of Pl épgce group chosen in
this particular case in ofder tgléét_iatgice parameters
parallel and commensurate with tﬁé géherﬁmetavénadate strgc-'
tures in this series, eg. MgV,0., zhvzoe; CdV O6 ) The
following éyétematic absence was obsérved hk2:’ h+k = 2n+l (odd)

where n is an integer. The unit cell parameters as deter-

mined from a least squares fit to 12 28 values are:

[+
]

[ .-
1.968(6)A b = 3.543(3) A c = 6.478(NA

Q
i

92.25(8)° g = 110.34(7)° vy = 91288(6)°L

B ]
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20 values were obtained from a powéer pattern using Debye-
Sgherrer camera (CuKa radiation) ‘Theée data were! indexed
QWLth a program (CHIANG) of x-ray H7 (35) The‘progfam gives
d spacing functions of 20 for a chosen qell. ‘The index of
.thc powderlpattern is shown in . the Tablé-B—I. Tha table
also.includes the x—ray-intensities collected from single
;rystal data.brought to a nroper gcale. The disagreement
somcetimes observed between intensities on powder pattern film

and ;ingle crystal are due to the fact that £he first ones

were not corrected for Ldrentz,polarization factors. Taking.

into account the precision of the instrument used for reaéing

the powder pattern, the,agreement between 4 observed and d

* calculated are very, good Some doublets can not be resolved
on powder fllm and they appear like a unique line. .A more
sultable radiation should be used (chromlum A= 2,29092 A)
but the fluorescence of the sample prevents .us from obtaining
‘an accuraté'piqture. However, the powder pattern"shows
cléarly that the right compound was' obtained. |

The crystal cnosen for n-ray diffraction wqrhlhas
dinensians 0.25x0.1x0 1 mm>. The crystal was mounted on a
thin glass fibre on a Supper goniometer head for data collec-
tion on the Syntex automatic diffractometer. ‘
Twelve reflectlons were centered automatically on
‘the Syptex automatic diffractometer and precise angular co-

ordinates found by least squares refinement. A total of 1163
; : .

reflections were measured of which 1060 were observed.

PS A
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3

K . Table 3-1
Cuv,0, - powder pattern %ndex {CuKa 28 KV - 14 mA 35'ﬁour§)‘
) o . The _"‘ o o :
a=09.168A b = 3,543 A c = 6.478 A
a = 92.25 B8 = 110.34 y = 91.88
\‘ f a
. ' N
L.
hk : dobs dcalc I{;o
200 4,29 12
-~ 4.28 .
201 4,28 20
~ 110 3.33 3.33 67
110 3.23 3.21 - 47 -
111 3.08 3.08 32
201 | 3.03% 62
3.030
002 3.032 17
111 2.818  2.819 . 65
111 2.649  2.650 60
112 2.425 . 2.435 35 .
112 . 2.342 25
_ £ 2.332 ‘ S
. 1311 : 2,329 67
301 S 2.290 " 48
Y 2.284 _ )
" 1310 ' 2.220. 35
311 2.256  2.271 = 60 |
310 © 2,183 ° 2.172 34
202 . . 2.148 29
12,143
400 ‘ - 2.146 42
(312 2,085 27
_ 2.086 '
- 312 n 2.082 46

(cont'd next Bage)



~Tab1é 3-1 (continued)

L

L]
_hkz dobs ) dcalc I/Io
3 ¢ ‘ .0h
003 2,022 © . 2,021 63
311 ~1.989 1.982 46
311 1.873 1.875 42
113 1.861 . 1.869 56
403 1.825 1.824 - 71
113 1.797 1.797 57
020 - 1.768 100
L 1.771 .
313 . 1.766 10

L
From single crystal measurements
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{(Reflections whoseuinfgnsity correeted for Sackground ex-
ceaded three times the calculated standard deviation (30),
were considered observed; reflections with intensities sma%-
lerx ﬁhan 36 were left out Yof the refinement.) The informa-
tion was transferred from magnetic tape to cards and these
éards were used as input for programs called DATCO3 and

DATRN of X-ray 71 (35). These programs calculate the Lorentz
and polarization correctioné.and F values from intensiﬁies
and sort the data accérding to hk2 indices. In addition
they present a plot Sf standard reflection versus‘timé.

In addition using an efféctive diameter of 2R = 0.15 mm the
linecar absorption coefﬁiéient was calculated:

-where- - UA.=Ipcuv206 i i (%)i

p ' - =
Cu,V,0¢ (cglculated)| 4.35

¢; = mass fraction contributed by the element i

(%)i'= mass absorption coefficient of the element i.

r

T
v

= 102.48 cmt

It is found that. My

and ,uXR'='l.5. H
For u,R= 1.5 the values of A* taken from International Table
for X-ray Crystalloéraphy (36) are used to calculate the
corrected values of Fobs 'n the program DATBN.

\ . D. Lavaud and J. Galy (7) have reported on the struc-

ture of CuV206 and theix results are the following:

\
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Spacé group : C2 a = 9.18:0.01A, b = 3.58%0.03A, c - 6.48:0.01A
8 = 110.4°, 2 = 2. - l

The assiénment of C2 space group by the French authors aﬁﬁéars

erroneous because only 96 reflexions Qere.recofded and only

in planes perpendicular to the two fold axis (hO0%,hlf,h2%}.

For this reaéﬁn the existence of this axis can not be really

proven and also small deviations from—pefpendicularity

o # v # 90°) will not be observed. In fact in ouruﬁriclinic

space group found Ci, the'angles are sﬁ!ghtly diffe;ent from

90° o = 92.25(3)°, vy = 91.88(6)°, "It is worth mentioning

that ﬁ'angle in previou;\aétermination is nearly the same.

The atomic parameters found by these authors are written: in

Table 3-2.
Table 3-2 K
bl
Atomic Parameters in CuV,O.
. {Lavaud and Galy (7))

Atom x — Y z
Cu , 0 ' 0 0
Vl 0.1923 .0.033 0.6523
01 0.030 -0.002 ] 0.722
0, 0.336 -0.003 0.883
03 0.308 , -0,019 0.449

— i

The atomic coordinates from Table&gfz were used as the

initial parameters in this reﬁinement. Several cycles of

- .
least squares refinement were performed and the scale constant.

\ =«

——
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L /
. positional parameters and anisotropic temperature factors

were varied.

At this stage a wexghting function w = (l.0+0.5Eo

+0.001 F 2)"l was chosen so that w(|F0|-|Fc|) , the square

“»f the d;ffe;ence between the oSserved and calculated struc-
ture factors, would be indépendent of the local average of
IFSI' A weiéhting scheme was uéed in order to give the same
Qeiqht to -the wﬁole body of data, in this mannex prevénting
"the strOng reflectlons at low angles (less lnaccurate) to
domlngte the ;eflnement. There was-a small improvement in Rw
The anisotropic temperature factor changed considerably but
the atoﬁic d}stances shifted imperceptibly (i.e. fifth decimal
placé);' Even after this correction was made, it was obvious)
that 2 reflections whose F_, . and F ;. values compared very
unfdvourably, were unfelihb;e; hence these two-reflections
were labeled as unreliable andiéiven zero weight in the
least'Sqﬁare refinement. The final R value was 0.047.

The final parameters are given in Table 3-3. - The obse}ved'

and calculated structure factors are listed in Table 3-6.

DESCRIPTION AND DISCUSSION OF THE STRUCTURE

The structure can be described conveniently in terms
of the octahedra of oxygen atoms about both the copper and
‘vanadium atoms. ; Refer to Fig. 3-2 {ac projectlon)
.where the Cu atoms are‘situateq-at‘the four corners of the
unit cell and half Qay hp the a axis; approximately perpen-

dicular to the ac plane and passing through each of these'

Tt
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Figure (3-2)

Structure of CuV,O, projected normal to the ac plane.

The small open circles are Cu atoms and the filled
circles are vanadium atoms. The larger circles are
oxygen atoms. The filled bonds indicate the v-0 bonds

of tﬁé VO, groups with V at y = %. The pseudo-tetra-

6
hedral grbup is outlined..
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" points there are ch&ins of'CuO6 octahedra propagating in
‘the y direction. For example consider the Cu atom half way
along the a axis; it is bonded to two 0(2) atoms above the
plane‘of Yy ~. 1 and to two 0{2) atbms below the plane of

y ~ 0. This octahedron shares an 0(2)-0(2') edge with an
octahedron above the plane and it also shares another one
with an octahedran below the plane. Via phese two shared
cdges, this octahedron forms a link in the chain of Cul,
’octahedra which propagate in the y direction. Interconnec-
ting these chains are chains of VO6 octahedra. Each octa-.

hedron shares three edges with other VO6 groups. One shared

edge is O(l)a—O(l)b which connects two VO, groups on one

side of the chain., On the other side chains interleaf such

_ that one octahedron shares two edges 0{3)a-0(3)d and 0(3)a-

P
*

- 0(3)a'with two adjacent octahedra in a hqeghbouring chain,
(These two octahedra are separated_by a b axis length).
| The latter two edges afe the links in the VO, chains
which_propagate.in the y diiection whereas the forﬁer‘ﬁdge
joins VO6 groups related by the center of symmetry.
Although the Cu ion lies in an ordinary octahedral
site albeit distorted in the closed packed arfay of oxygen
atoms the V ion lies in a @istorted tetrahedrally site formed
with 0(1), 0(2), O(3f‘§nd 0(3)d'.. These four atoms lie o
between 1.655 and 1.871 A of the vanadium ion. The 0(3)-v-0(3)a'

bond angle is enlarged to 144.9° in order to accomodate a

fourth oxygen atom in the same layer and the sixth V-0 bond
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invoives an interactién with an oxygen atom from another
layer. These later bond lengths are 2.056(2)R for v-0(3)a
and 2.588 A for V-0(L)b.

. The elongated Cu—OjZ)ci,d' bonds 2.438 A probably
due to Jahn-Teller distértion déstroy the mirror plane of the
c2/m of isotypic Mgvzo6 structure, while the Cu-0(l)a and
Cu- -0(1)b bonds contract to 1.904 A in order to maintain the

2+

bond strength around the Cu ion. If these latter bonds

.were to elongate the Cz/m space group could be maintained but

tr

with serious underbonding of these 6xygen atoms since they
are bonded strongly to bnly one vanadium and weakly to a
second.
" The bond éeometry is presented in Table 3-4.
The structure was tested for correctness using the
bond strength—ﬁond léngth relatidnship for oxides derived
by Brown and Shannon (37). These relations were derived

requiring that the sums of the bond strength around the cations

be equal to their valence. They have analyzed ‘environments

of cations in 417 different structures and have derived R-S

curves for M-O bonds for the majority of atoms in the first
half of the periodic table in a simple two—parameter form.
The relationship is of the formiS = S (R/R ) N vhere
S = bond strength, R = bond length and R and N are fitted
constants {found by least square.refinements}. So (the

bond strength associated with a bond length Ro) is assigned

arbitrarily.



Table 3-4

Bonding Geometry in CuVéO6

(Standard errors in pafenthesés)

48

bond

- diskance

a@gld

degree
cu-0{lla,b 2x  1.904(2) O(l)arCu—O(?)g 90.9 (1)
0(2)e,d 2x  2.049(2). -0(2)c’ 87.1(1)
~o(2)c'at 2x  2.438(2) 0{2)c  -0(2)c’ 104.0(1)
v-0(1)b 2.588 (2) 0(1)b-v-0(3)a 76.3(1)
~0(3a 2.056 (2) - -0(1)a 77.0(1)
-0(l)a 1.697(2) -0(2)a 175.6 (1)
~0(2)a 1.655(2) - -0(3)d 80.9 (1)
-0(3)a 1.871(2) _‘_ ~0(3)a’ 76.0(1)
~o(3)ar 1.845(2) ) 0(3)a-v-0(l)a 153.2(1)
| | -0(2)a 100.6 (1)
,-0(3)d 73.8(1)
-0(3)4" 75.4(1)
0(l)a-v-01(2)a 106.2(1)

-0(3)d 99.8(1) -
~0(3)a’ 100.24{1)
0(2)a-v-0(3)d . io;.S(l)
—~ ; ~0(3)a* 100.2(1)
o(3)a-v-o0(3)a* 144.9(1)
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' It is importént that this functional relaﬁionship re-
" lates bond strength to bohd length regardless of structure
‘type, with the constraint ;hat the sum of the bond strength
equals the valence as propésed‘by_yaqling from 1929, It }s
also important that all ions with an isoelectronic core can
be fitted ?y a single pair of parameters, R, and N, that
are independent of the ionic cparacter of the bond and the
coordination number of the cation. |

An examination of the results for V5+ shows that the

-
. -

model works well, the average deviation from 5.00 Being only
'4.2%. We apply this relationship using the values given by
Brown and Shannon for V5+ and Cu2+ﬁ The bond strengths are

determined from

2+

2.084 .5.3 . .3 .714,5.1
Cu v R

5 =_":l?(R ) r 5 5y =7 L
The results are shown in Table 375.Tﬁe table shows that t@e
bond strength sums-around the'cations lie within 5% of the
valence. This can be considered as a test for correctness
for a well refined sfructure. The discrepancies in'bond
strength sums should not surpass 5% of the valence. Table
3-5 alSo 1ists the results obtained using the results from
the Frenéh authors. The difference is\clearly evident..
The structural results obtained by'LaQaud andldaly (1972) on

Cuv ‘might suggest a phase transformation from the present

2%
. /
structure to a monoclinic form.

A differential thermal analysis was run to find out

such a transformation. Many runs were made using only the

\
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Table 3-5

Empirical Bond Strengths in.‘c{mzo6

French Authors ' 'Present Result - -
Bond Bond Length 'Bond Strength Bon§ Length Bond Strgngth
cu-0(1) 1.92 2x  0.51 2x 1.904  2x 1542 2x
-0(2)  2.26 2x 0.32 2x 2.049 .2x .370 2x
_0(2)'  2.29 2x ~ 0.20 2x 2.438 2x .148 2x
- £=1.86 p=2.12
V-0 (1)b 2.57 . 0.16  2.588 _0.155 |
-0(3)a 2.08 C0.47 2.056 0.501
—o(l)a  1.70 1.30  1.697 1.310
~0(2)a 1.63 1.78 1.655 1.494.
~0(3)a 1.97 . 0.61 : 1.871 - 0.799
-o(3)a" 1.73 1.19 1.845 _ 0.866
£=5.51 | £=5.12
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A

sample mixed with the standard.- We chose ammonium nitrate

because this one: has transitions in the regions we are looking’

|

for (T = 40°C, T
1 2 3
such a transformation was found.

1

= 94°C, Tc 130°C). No evidence of

-

-3




Table 3-6
Observed and Calculated Structure Factors for

CuV206
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CHAPTER 1V

o Ca2V207

EXPERIMENTS .

The crystals of Ca2V207 were prepored in accordance
wtth a phase diagram of Ca0 and V205 given by J. J. Brown
(38). Stoichiometric amounts of CaCO, and VZOS were heated
for several hours at 1380°C and allowed to cool slowly
(6°C/hour) to 700°C at which temperaturé the platinum crucible a
was removed from the furnace and quenched. Microscopic exa-
mination of the sample showed that a fair number of single
crystals were obtaihed. The crystals were yeliow in color.
One of these crystals was mounted on a precessibn camera.
Prece551on photegraphs showed that the crystal was triclinic;
no systematic absences were observed. From measurements of

the d spacings, the approximate unit cell parameters were
: . .

found to be

o
6.95 A

1}

Q o '
a=7.14 A b =‘6.51 A. c

A

a = 94° B = 88° Y 119°
The crystal chosen for data collectlon had been ground in an
air dr, ven‘crystal grinder to an spherlcal shape such that
its average diametexr was 0.225 mm.

After the crystal was optlcally centered on the dif-

fractometer ten reflectlons were chosen for centering. The

unit cell parameters found by least squa:es refinement were:

52
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a=7.20 A b=6.663A  c=6.9134

¢ = 96.35° B = B87.68° Y = 119.55°.

Calculated density = 3,529 g/cm3

Measured density = 3,389 g/cm3
yhe intensities were obtained from the above single crystal %
utilizing a Syntex Pl automatic diffractometer (MoKa; gra-
phite monochromatized, 0-28 with yariable scan rate, scintil-
lation counter with pulse-height discrimination, a standard
rcfloction mcasured at intervals of f£ifty reflections and
Lackgrounds determined at 1° from either side of the peak) .

L Lotal of 1334 reflections were measured with 1264 being\\‘;,,

.~ observed. During the processing of the raw data, Lorentz and
) .

polarization corrections wefe applied. , | -

| The linear absorption coefficient W) was calculated'ior
mo lybdenum and chromium radiation for reasons outlined 1ater\
and found out to be UM‘ = 54,82 cm 1, Mep = 553.32 cm l. The
crystal was assumed\to be spherical with an effective radius
RsOJll mn and hence Ymo R = 0.60 and UC R = 6.08. Absorption correc-
tions were applied for the set of data taken with chromium
radiation, but‘were not applied for the sgct taken with molyb-
denum radiation. The values of a* the transmission factor,
corrc;ponding to the first set were obtained from the Inter-
national Tables for X-ray Crystallography (36) and used to

calculate the absorption correction factor for each.reflection

.in the data set. The observed structure factors for the data
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collected with molybdenum radiation are listed in Table 4-1.
A threo dimensional Phﬁtcrson”function was calculated
using all 1334 refloctions of the data sot collected with

molybdenum radiation. A grid in steps of 1/221along X, l)&7<

along # and 1/20 along y was usad, Inspection of the Patterson

map showed many pceaks which could‘bu attributed to <V in-
tuructionq. In fact we have secn in Chapter 2 th;t the helight
ol a given péak is proportional to the produc€ of the atomic
number associated with a given vector. in this case there aro
two éalcium and two vanadiumlatoms in the asymmetric unit.
These fouf atoms generato four singlo pecaks, tﬁq vanadium

and two calcium of tho type (2x,2y,22) and twelve doublo poaks
which represent the possible combinations of the two calcium
and two vanadium atoms Vllvz; CaliCaz. Vl;51CaI'2 of the

type (xl‘xz, R PY zlxan). Howover, the heights of those
peaks can not clearly indicate which peaks correspond to the
Fav interaction. This difficulty is probably a result of the
fact that the atgmic number of V and Ca arc quite close and |
furthcr, that two or three overlapping Ca-0 or y—o interactions
contribute as much as .an interaction betwecen a pair of the
heavier séatfcrcrs. So the .Pattoron function was difficult
to dolve directly. Another method based on anomaioua ' s
dispersion was developed to solve ﬁha Pattorson function.

cohis method will be described below togethex Fith the rOBU1tB

appliod in this structure.

It was shown in Chapter 3 that the normal scattering
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factor must ba corrected when the incidont radlation

fullsnéur tho natural abaorp£ion frequency of ono of the
seatterars. Thoe corroction consists 6£ two torms, ono raal and
one imaginary (JOO. oq. (2.36)). Thus the atomic scattering
factor ‘may show a significunt difforoncg if wo chooso two dif-
forent radiations, ono for which both the hcavy atoms gcattor
normally (the correctlons are negligible) and one for which

an utoh gcatters anomalously (thd corrcgtlons'ara important).
Thus, thu atomic scattering factor boing.diffcrcnt the corros-

' bonding atomic numbop 7z will be diffuront for the two radla-
tions and conscquently the hoights of the pcaks in the Pattorson
map will be different. In this manner the identification of
the atomic contribution to thae peaks in the Pattcrson can, in
principle, be made. Wae will show now the above comments
Tapplied in our strucﬁuro. The chromium and molybdenum radla-
tions were choson to try to distinguish betwden the two hoavy
~ atoms ,Ca and V. fhe disporéibn corrections for the atomic.
_ scattering factors for Ca and V aro shown in Table 4-2.: The

values are taken £rom the Internntional Tdbles .for X-ray Crys-—

‘tallography {(24).

N
Table 4-2

Dispersion Corrections for tho_Atomic Scattering Factor

Mo radiation Ccr radiation

AE'  A£" MY AE"

Ca 0.2 0.4 . ca- -0.2 2.7
v 0.3 0.7 v 4.4 0.6

The meaning of Af' and Af" in the Table is the same as
. 2L ‘ o |
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in eq. {2.36). We cah see that the corrections for molyb-
denum radiation qfﬁlnegligible. "In the casec;f chromium
radiation the corrections are important so we choose 2 = 20
for_Cd and Z = 19 for V. The imaginary corrections are not
taken into accbunt. For V ey are essentially equal. The
rélative heights of the double peaks in the Patterson maé

are calculated using the above values for Z. The results are
cxpressed in per cent relative to the origin peak. The . value

of the origin peak was calculated separately in both cases

knowing that its weoight can be expressed as follows:

N
plooo) = K L Z
i=1

2
i

‘whore K is the proportionality constant needed to rclate
a peak from the absolute to the relative scale.
The results are presented in Table 4-3.

. It is clear from this table that if we compare two Patterson
maps, one collecﬁed using molybdenum and one using chromium.radia-
tion, the doﬁble V-V peak should decrease and the double Ca-Ca
peak should increase while.the Ca=-V peak should’remain unchanged.

" rable 4-3

Relative Heights of the Dng}e‘Peaks
Expressed in % of the Origin Peak

Mo radiation. ' - Cr radiation
"Double peaks Helghts Double pecaks Helghts
: type K ' type . _ 3

v-v 23 v-v 18
Ca-Ca C17 ' - Cca-Ca 20

Ca-V ‘ 20 Ca—V- 19 7
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thus if we take the corresponding. ratios of all the strong

peaks from the two different Patterson maps, the double V-V

pcak should show an increased ratlo and double Ca-Ca peak

should show a decreased,ratio in comparison to the average

ratio.
y

A sccond set of data collected with chromium radiation
is nceded to-verify the above theory. The second eet‘of deea'
using_thersame‘crystal, was collected using a film_techniquo. /l
The crystal wae aligned along the b axis, and integrated
Weissenberg photographs of the h0%, hl%, and h2% planes were
taken. To minimize the scaling problems, all the films were
exposed for“the same number of cycles and processed under
the same conditions. The intensities were measured with
a microdensitometer.

In order to obtain a scale which would include the in-

tensities of both the strongest and the weakest reflections

a n“mb%f of reflections of medium intensity were measured

with two different wedges on the opt1ca1 densitometer. A

scale factor was foued which calibrated these wedges. Then
those reflections which were measured using the-strong wedge
were rescaled using this scale factor. A total of 164 reflec—
tions were measured.- In the processing of this raw data
Lorentz and polarlzatlon corrections were applied along with
correction for absorption. The relatlve structure factors

from the three different layers, obtained in this manner

<£ill show a significant difference. TO bring all the structurc

¢
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*

factors to.a common scale, the reflections from cach layer
were compared with the corresponding ones ffem the diffrac-
tometer data taken with molybdenum radiatioﬁ. An average
scale factor was found for each }ayor and each reflectlion. was
ultiplicd by the common scale factor. The observed structure
factors for the data collected with chromium radiation are
listcd in Taple 4-4. A three dimensional Patterson function
was calculated using all the 164 reflections. The chromium
patterson was examined in layers perpendicular to the b axis.
All Lhe important peaks found in the molybdenum map were
found in the chromium map, along with other 8purlous peaks.
The chromium map contains a lot of spurious peaks and this is

due to the fact that the number of reflections is too small

and the Patterson series is assumed to be infinite (series N
tormination effect). The main peaks in the chromium map are
a little displaced in comperison to those in the .molybdenum
maps due to the same effect. B

The results are presented in Table 4-=5. The coordinates
of fourteen peaks from both maps are listed. The felative
peak heights expressed in per cent of the origin peak and
the final ratio of equivalent peaks are also listed.

It can be seen be seen from this table that peaks 5, 9
and 12 show an increased ratio compared to the aveF Qa,
whereas peaks 2,3, 8 show a decreased one. Thus as discussed

-before the first beaks can be of V-V type and the eecond of

ca-Ca t¥pe.



Table 4-4
Observed Structure Factbrs for

Ca2V207-

(Data %ollccted with chromium radiation)

-
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In the first attempted solution it was assumed that
. peaks S-and 9 were the Vltvz type. With théso.tw6 vanadium
positions the calcium positions were calculated. The calcu-
lation was done by hand, knowing, as mentioned before, that
;the lOIstrong péaks ate of the \.rl'zt(:al'2 type (double.pcaks).
Most of the peaks werc identified excépt peaks 3, 6 and B.

The attempt failed and we. don't proceed further because it

was clear from the. beglnnlng that the solutlon was wrong.

| On the second attempt we assumed that peaks 5 and 12

were of the Vliv2 type. The vanadlum positfions were found,

-

and the calcium positions were calculated by hand! trying
to identI;yl all the peaks listed from the Pattcrson map.
This time ;ll the peaks were ideptified extept number 10 which
can ba of tﬁt V—O type.

Wlth these four atoms located two cycles of full matrix
dctst squares refinement were run using the. program CUDLS of .

X- ray 67 wrltten by J. S. Stephens. The final positions for

the four heavy atofs are listed below-

x Y z ‘
v, .24251 .26370  .05339

v, = .14915 .20591  -.44240

Ca,  .68314 .15136 22679 -

Ca, .82776 .30894  .67268"

For this incomplete model an agreement factor of 0.43 was
obtained. . The bond distances between V, and VZ' and also

between,v2 and Ca, are smaller 2.59 A and 2 79 A than normally
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“ expected in thgse vanadate type structurcs (3.4-3}5\5). For
the sako of confidqnce wa fit an oxygen atom between the two
vanadium atoms and the agrecment factor p;actically remained
unchanged (R = 0.438). All these show that the solution is
wrong again. Inlthc last attempt we took another combination,
péaks 5 and 14. They correspond to the V-V interaction accor-
ding to the theoretical calculation {23 percent) and they

‘both have the same height. (as a sharpencd Patterson map later
run showed).

»

With these two positions found, a threc-dimcnsionai .
difference éyn;hesis was calculaﬁed in order to locate the two
calcium atoms. From the difference map , the two positions
of the calcium atoms were clearly indicated. Again with these
four -hcavy atoﬁs located two cyclesjbf full matrix least squarcs
refincment were run. This time an agreement fhctor much iowcr
was obtained R = 0.36, | The bond distances betwéen the two
vanadium atoms seems reasonable bgt again the distance b@tween
one calcium and ohe vanadium secms to be too qlose'vl—Ca =

2
2.81 A.

3

The.final positions of the four heavy atoms are

listed below:’

x ¥ z
M v, 130603 .26583  .19617
v, 20740 .20032 .70128
Ta, 76480 .31303 .53350
Ca

.62155 .l4612 .08718
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Unlng thono posltional paramoters for the four heavy nﬁomn
in the structure a throo dimensiocnul difforence nynthpuiu was
calculated in ordor to locate tho oxygon atoms. Irom tho map
the coordinatos of two oxygen atoms wero dotormined. with thiﬂ.
incomploto model, nfto; 2 cycles of lecant sguarues reflinemont,
thofagroomont factor was 0,34. It was clear that the proposod
uulut{on was nol the correct onc. We try to fi£ again another
oxyyen in the structure, ‘but no improvomont was’ obtainoed. Tho
R fnotor rcmainud praotically unchangod. The solution falled.
From all Lhoso EUUUltJ it is clear that the structure ig im-
possible to solve using only the information given by the
direct Patterson function. The rcsultﬁlgivun'by tho anomalous
dispergion effect are alsorincomplotc; The Patterson function
constructed for chromlum radiation contains too fow refloec-
tions to be considered complete. More data aro necessary and
this can be done.by.t}ying to.get upper layecrs alony the
same crystal axis or, somoéhing botﬁor using another axis.
Another possibility will bo to mount the same crystal on the
dlffractomotcr and collect the data in the same fashion using‘
Cr radiation, Unfortunately this was not possiblg.

In anothor attempt to obtain the 'structure,usc gan made
of the direct motnodé aescribcd in Chapter 2. The valucs
of relative structure factors |F_. ; hkll from the cxperimen-
tally measured intensity (eq. (2.29)) are placed on an absolute
lscale using the program NORMSF of x—réy‘7l (39). The program



63

caleulaton tho normallzed nﬁructuru_fnctorn unlng oq. {2,56)
and (2,58)., In addlpion to that}ututintical information needod
in the dlrect phnnlpﬁ mothod 1o obtainad. Tho program calcu-
laton statinstical averagos of nurmalized structure factors for
contrlc and acentric distribution. . |

ItlhuJLmun rccognizad fbr a long timo that for a
crystal contalning a roasonably 1ulgo numbar of approximately:
cqual atoms and at randomly distributed poniLLonu that tho
intenulty diutrlbutionn.uro.dlffnrunt for centrooymmetric and
non-centronymmetric structuro and "alno indepondent of structural
complexlty. 'Thus thé-vnluou_of statiﬁticul uvorggﬁu for thé
two different digtributions can bd used ag a cripnrion in
dociding 1f the upaco group is contrcuymmutrtc'or not. ‘The
exprerimental values togethor with Ehporuttcal values® ealeulated

tor both cases are presentoed in Table 4-5

Tablo_ 4-6

Normalized Structure Factors statistical Averages

Exporimental ' * Theoretical
. Centric hcentric
<l B - - . .798 . .88é
g% 1.000 1.000 1.000
<|el-1]> 932 .968 .736
<l32-1|2> 1.548 . 2.000 - 1.000
<|e2-1]3> 4,381 8.000 ~  2.000

The qtatistical averaged® imply that the crystal is

ccntrosymmetric and that the space group is Pl.

\q?
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~After the normalizod structure factors ﬁavc beon obtained
thoe Eé'rulutLOnships aro calculated nccordjﬁg to eq. (2.60) for
all reflections with |E| values OVOr‘A‘ccrtain threshold. The
pgpqrum used for computdtloh‘wan SINGEN bﬁ X-ray 71 (39).
The Xz relations were Eomputod from the 186 roflections with
| ] > l.SQ) The program listed all the triplets for cach fo-
flection, tﬂat is all the combinations of k and h-k for a. glven
h. Along with each pair, k and h-k,the value of probability,
gq.'(z.ﬁll,that tho proauct)is positive is listed. The list e

is made for all rcfleétion& in order of decreasing magnitude of
lE]. (

The Signg of three reflections are.chosen so as to spuclfy
the origiﬁ. In making the phasce assignments Fhu larqgest
suitable Iﬁﬁl should be used. The choice will be determined
by the extent to which a particular feflection enters into the
combinations requlrud by the )2 relationships.

. A ‘set of threc ‘origin defining ruflcctionq was chosen -
on the basis of their high |E} values, theix lopg FZ listing
and their interaction with each other.‘ These were {6,2,1),
(2,3,2) and (3,1;19 whose-signs ware chosen to be +. Equation®
(2.60) was then eﬁployed to define as many signs of the
largest IL | as possible in ferms of the specified ones and’
cq. (2.61) 1s used to calculate the correspondlng ‘probability
of sign dctcfmination,_ when signs not lonyer can be assigned
uniquely a symbol is assigned for the sign of a.rqflcction,

&

‘ bcarlng in mlnd that the partlcular rLflcctlon should have

a high number of triplets. ' o | {



The phases of othor rofloctions with lavqge |B

vialuon

ara caleylatod in this manner In torme of tho speoclfiod nlgnn
and unknown :lylnbo.ln. The phane .fllltl‘.t'mi.n:’l‘ltL()H. procoosns in com-
pleted when thoe phasons of all relfloctions of tho choson gubnot
ol all the whole sot of rofloctions ara (hyt;;n\hxnd.

We will brielly dencribe tho mode of oporatlon of tho
program PUASE {39) unud in the phase duturmination which uppliou
oq. (2.60). Flrat the program calgulaqLJ Lhu phuuuu of a umall
not of ru!f'_l.vution:; in terms of specifiod signa and dome symbollc
phasen which hulbnd to the samoe scet. (Thoe symbolic phasoe 1s
simply an intogo tln\L ropiesonty tho rank of rach refloction
auuordinq to decreasing value of [E]).  This subset of phanes

Mo Cdllﬂd.qﬂnﬁrdtntﬂ since onco thqir niqnn-nro Known many
more phases can be detormined without diff'u:u.lty. A tor
the generators are subhtituth into all Xz the rciatfonnhipa

and are usced to generate all possible phaseg. -

As we have montlonoed before three roflections which define
Sthe origin were assigned pogitive signs. The first 35 symbolic
f R

phies woere uned qcnurutoru. Oon the\first run of the pro-
gram PHASE no nthn' dxldbl‘” wero asslgnad. -lFrom 3% genora-

LOL,, 10 lhdnﬂa are now- dgfinod in termu. of the gpecified onos,

25 remailning, unknown. From thesaq,21 are dopvndont in terma

N

of two low Jymbollc phases. The probability as givcn by cq.

- (2.61) was sct to 0.98 so that a phase should not be accupted

if » (h) < 0.98. The gencrators applied to the whole set of
tr, <

’
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Kdutalquvo oniy fow hdditiohal phasen. {)
In the noxt runs two more nymbols were nnnlqnud:rnfldc~
Ltonn {5,0,%) and (5,2,5). 1In thils mannor all tho genorators,
¢xcept one, arc ansignod a phnua. Applicd to the wholo set of
data 117 phasens wore thus daefinod {(from tho inlﬁinl nat of
186 phasag), |
"In goneral L1f there are p unknown symbolu: “anslgnod at
most 2P rourier mapn nifd to bo computed. In actual pracLicu['
tharo are many ways in 'which this numbox mny'bu roduced. In
our cano the absenco of a peak at thé‘ofigln_WQuld allmingto
a combiﬁntion of valucs for tho symbols for which thé signn aro
ﬁZuhxnhuuﬂﬂy plus. Likowlse a prndominnhtly nagatlva set
would aluso be unaccoptablo,

Throe maps are calculated uuing Ly valuoyg whong slgns .
hava bunﬁ doturﬁinod. Thoy are computed using 117 shasoen, Thig
nunber of phages ia obtained by taking tho origin defining
rétloctlonu with plus nién and the other two roflect.ons with
(5,0,5) and (J,Z 5) :plug or minus uign alternatively.

Thuu thc first map El was computod aHquntng to tho
reflections, (5, 0 5} minus 'ign and to (5,2,%) plu, sign, Lho
ascecond map gz'aﬂaigning minus sign to boLh roflections and

[}

the third one'ohanging tho signs botwoon the two rcﬁlcctiona.

From all the three maps tho positions of four atoms
are clearly indicated. Having loéated these four atoms two
cycles of full matrix least squarcs refinemunt were run*uJing

o
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the proyram CUDLS' (X-ray 67 written by J. S. Stephens). The

-final positions of the four atoms are listed beolow In each

CaHgo.
S
E . 7 ' >
1 . B, . : | Eq
X y 2 X Y Z . _ X v 2
v, 45918 .22024 64319 .77781 .00743 .34753 ,22202 .00723 .68225

Vo, . ©.59077 .32209 .11447 .31765 .07286 .17422 ,33258 .08968 ,16018
Cai .36623 .13319 .12619 .90714 .12209 .B1909 '.45969 ,18559 ,66446

Ca, .00897 .30572 .47207 .G2260 .39247 .12744 .60338 .35763 .13748

All the three maps proved to be lncorrect. The agrocment factor
R is osclllating betwéen 0.53 and 0.62 for all three solutions,
v#lue which 1s much highofithan normally cxpected.

Thewbond distances botwaeen vanadium and calcium atoms are
smaller than normally expected  ln these vanadate type structure
(3.4-3.5 A). Thus for all three solutions the vanadium-calcium
bond distance appcars to be 1.5 A.

The attempt failed and Qe didn't procced further becausoa
it was c}oar that the prdﬁosed Bolgtions were wrong. Thig was
not uncxpcctéd,as it is well known that direcct methods are not

vary successful in the solution of triclinic structures.
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GENERAL CONCLUSIONS

Tho utructu;oﬂ of Cuv296 and Cu2v207 havo baan
studied,

The structurce of Cu,V-ZO6 has indicatoed that thin
motavanadate has a dtructure closely rolated to thoe mincral
brannerito na-do tho ﬁnjbrit&‘of motavanadatou. Howogor,
the symmotry of CuV206 appoars to be reduced due to the Jahn-
Teller distortion of CuO6 QCtahodra.

| Also, tho prosont réfinumoﬁt of tho pnruﬁuturu for
Cuv, 0, has. indicated a bonding goometry consigstent with othar
mctﬁvunudntos. Tho structure has been testod for corroctnouny
using tho bond strdngth—bond 1ungth'rolut10nuhip. Tho ra-

sults obtained showad that the bond strongth sum lies within

5% of tha valence, which 1s consistent with the recent belicf

that for-a wall defined structuro the discrepancics in bond
utrungth.sums'should ﬁot axcaed 5% of tho valence.

The structure of Ca2V207 will remain unsolved until
a more complete data set can be obtained. The tack of suf-
ficient data with chromium radiation places serious rontr;c~

tions on the accuracy of the Patterson function. It s sug-

gested that further work Te undertaken using another crystal
| |

umber of reflections. llowever,

—— ,

symmetry of tho structure

the unit cell paramcter _
have been determined and posgzgéh solutions trledi—The 'true

solution can be obtained using tiis basie.

-

o

Pe . . -
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