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CHAPTER I 

INTRODUCTION 

In the transition state of many catalytic reactions one or more of 
the reaction partners forms a, maybe very short-lived, complex with a 
transition metal ion. An understanding of such complexes is essential 
for the understanding of catalysis. Various precise questions may be 
asked in this connection: 

(a) what is the valency of the transition metal ion; 

(b) what are the solid-state ligands participating in a transition complex; 

(c) what is the symmetry of the transition complex; 

(d) what type of bond is formed between reaction partners and transition 
metal ion; 

(e) how well can the reaction partners compete with tl'ie normal solict
state ligands for empty coordination sites of the transition metal ion? 

More and more the viewpoint bas developed that the answers to 
such questions for the surface are very simHar to those for the crys
talline interior or for complexes in homogeneaus solutions. There is 
even a surprlsing analogy in many quantitative details. 

Now the last ten years have shown a rapid development in the in
organic obernistry of transition metal ion compounds. Two factors have 
been responsible in a large measure for this development: the growing 
appreciation of the power of crystal- and ligand-field theory in descrihing 
transition metal ion complexes 1, 2,3 and the exploitation of the electron 
spin r.esonance (esr) technique as a very sensitive means of analysing 
transition me tal ion complexes 4- 8. These new i de as and new methods 
have been very welcome in the study of transition metal ions in catalyst 
surfaces and there have led to many interesting results 9. 

The first studies along these lines were directed to oxide catalyst 
systems. One group has been studied particularly: the supported chro
mium oxides. From the point of view of catalysis these are interesting 
substances as they may catalyse such diverse reactions as the dehydro
genation of saturated hydrocarbons and the polymerization of ethylene. 
From the point of view of surface obernistry supported chromium oxides 
are equally interesting as the chromium may occur in a plurality of 
valencies, ranging from two to six, and a variety of coordinations. 

Apart from an incidental application of X-ray diffraction 10, most 
of the older work on chromia systems has been in the field of magneto
chemistry. Valencieshave.been identified by their magnetic moments 11,12, 
and the state of aggregation of the chromium bas been analysed by a 
discussion of the phenomenon of anti-ferromagnetism 11. In these studies 
only the valencies three and six were discussed. 
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Only after the application of electron spin resonance were new 
valency states identified. The combination of this tecbnique with sus
ceptibility measurements and reflection spectroscopy has provided the 
answer to a number of the questions raised in the beginning of this 
chapter 13 -21 • 

The present thesis deals with investiflations into the surface ebam
istry of the valency statea erS+ and er3 in aluminas 11t,15, 22 • Four 
separate studies are presented: 

(a) a theoretica! and experimental study of the spin-lattice relaxation of 
erS+ in tetrabedral coordination; 

(b) a combined electron spin resonance and spectroscopie study of the 
?t-bonded (er-0)3+ group; 

(c) a study of the interpretation of the esr spectrum of octahedrally 
coordinated er3+ in polycrystalline randomly oriented samples; 

(d} an electron spili resonance investigation, using er3+ as a probe, 
into the structure and the texture of hydrated and dehydrated alu
minas. 

The studies (a) and (c) are essentially theoretica! in nature and 
have to do with the electron spin resonance technique as a tool in the 
study of valency and coordination of transition metal ions. The studies 
(b) and (d) arose from our conviction that the understanding of problems 
of surface chemistry can benefit a great deal from a better knowledge 
of the corresponding phenomena in the homogeneous phase. 

In the next chapter, ehapter 11, an account will be given of the 
origin of the four problems to be treated in this thesis. The four studies 
(a), (b}, (c) and (d) will be presented in ehapters lil, IV and V, ehap
ters VI and VII, ehapter VIII and ehapters IX and X, respectively. 
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CHAPTER II 

THE COORDINATION OF Cr5+ AND Cr3+ IN ALUMINAS 

a. Cr5+ in aluminas 

cr5+ in the surface of aluminas is easily recognized by its elec
tron spin resonance: a narrow line, with a width that is independent of 
the tempeta;ture 13, 14, 18 • Originally we suggested that the coordination 
of this Cr"+ species was tetrabedraJ14 . The slow spin-lattice relaxation 
was thought to be a consequence of the zero spin-orbit interaction within 
the ground- state orbital doublet. Since then two circumstances have 
raised doubt as to the correctness of these interpretations: 

First, the electron spin resonance of tetrabedrally coordinated cr5+ 
had been measured by Symons and coworkers 23 in highly alkaline sol
vents; this resonance was only visible at 80°K, at higher temperatures 
a rapid increase of line width was observed and at room ternperature 
no resonance was measured; frorn these results it must be concluded 
that tbe spin-lattice relaxation of cxii+ in tetrabedral coordination is not 
necessarily slow; a simHar result bas been reportei.fY Carrington and 
coworkers 24 for ~e electron spin resonance of Mn ; this ion is iso
electronic with Cr + and bas been investigated in solid salution in single 
crystals of K2cro4• 

Second, we have found a new Cr5+ species in the aluminas, char
acterized by a narrow esr signal at 20°K and a line width rapidly in
creasi~ witb temperature; apparently this species behaves similarly as 
the Cr species of Symons c.s. 

In a reappraisal of our original ideas 15, we have suggested that 
the coordination of the f~j.st cr5+ species detected is octabedral, with a 
?t-bond-stabilized (Cr-0) + combination similar to the vanadyl combina
tion (V-0)2+. The newly discovered cr5+ species then is tetrabedraL 
Two of the studies presented in this thesis have served to justify these 
hypotheses: 

(i) a thegretical and experimental study of the spin-lattice relaxation 
of Cr + in tetrabedral coordination has shown that the strong in
crease in line width with increasing temperature ~deed is the normal 
behaviour for the electron spin resonance of Cr +in this coordina
tion; 

(i i) absorption spectra and electron spin resonance of the (Cr-0)3+ com
bination in Suitably selected compounds have shown that there is a 
substantial ?t-stabilization in this bond; the resulting strong deforma
tion of the coordination octabedron explains the slow spin-lattice 
relaxation at room ternperature. 

~!UD 
It is found that a satisfactory treatment of the spin-lattice relaxa-



- 4 -

tion of c~+ in tetrabedral coordination requires the introduetion of the 
so-called Orbach processes 25, 26 • A quantitative treatment of Orbach 
processes for this coordination was not available as yet. Therefore in 
Chapter IV F extensive theoretica! treatment of the spin-lattice relaxa
tion of (3d) ions is given, comparing the relaxation behaviour for the 
tetrabedral coordination with that to be expected for other coordinations. 
The expectations have been verified experimenWally by studying the elec
tron spin resonance of er>+ in the Scholder-type compounds Srg(Cr04)2 
and Srs(Cr04)3.0H. The results of this study are described in Chap
ter V. In Chapter II I the study of the spin-lattice relaxation of (3d) 1 
ions is introduced by a discussion of the contributton of orbital magnetic 
moments to the anisotropy of the Zeeman effect and to spin-lattice re
laxation. 

!.l~-.!~!J 
The study of the (Cr-0)3+ compounds is described in Chapters VI 

and VII. Electron spin resonance and absorption spectra have been 
measured of the compound CsHsNH. CrOCl4 in the solid state and in 
suitable low- and high-viscosity solvents. The results have been co~
pared with those for CsHsNH.MoOCl4, (NH4)2Mo0Cls and the ion (VOCl4) -
in the solid CsHsNHVOC14• At the beginning of this work no esr studies 
of (Cr-0)3+ compounds were available. In the ..course of the investigation 
various electron spin resonance studies of Cró+ in this coordination ap
peared. Due raferenee to these studies will be made at the appropriate 
place .. 

b. Cr3+ in aluminas 

In the present work and the work of others ~ characteristic elec
tron spin resonance spectrum bas been found for Cr +in alumina 13, 14, 17. 
It is generally accepted that this resonance originates from erS+; at 
octabedrally coordinated lattice sites. This situation is well known for 
ruby, where the oxide is a.-AlÏ03 with a hexagonal close packing of 
oxygens. The resonanbe of cr3 in the aluminas is strikingly different 
from that of erS+ in ruby 13,27. This is not surprising as the alumina 
structures are based on a cubic close-packed array of oxygens. Yet it 
is an interestin~ question how the local symmetry of the octabedrally 
coordinated Al3 ion in the alumina compares with the local symmetry 
in ruby. It is bere that the problem of the analysis of the fine-structure 
esr spectrum of the cr3+ ion arises. In a single crystal this problem 
bas a straightforward solution 27. In a randomly oriented crystalline 
sample the situation is more complicated than wotild be ,!:!xpected at first 
sight. Chapter VIII of this thesis is devoted to the interpretation of 
such esr spectra in terrus of the parameters of the spin Hamiltonian. 
The results will be presented in the form of di~rams that allow of pre
dicting the positions of the resonances of cr3-F in deformed octahedral 
coordinations. It will be clear that such diagrams are an indispensable 
aid in any attempt to define further the coordination of cr3+ ions at the 
surface of aluminas. 
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It is well known from X-ray diffraction work 28 thai a variety of 
metastable crystalline modifications may occur in the dehydration prod
ucts of gelatinous alumina precipitates. The structures of some of these 
modifications are well known. Other modifications have partially or 
totally unknown structures. It was feit that the preparation of well-defined 
alumina dehydration products with incorpcration of cr3+ is a good way 
of preparing cr3+ in octahedral coordinations of various symmetries. 
Empirically in this way a good background may be obtained for the in
terpretation of the coordination of cr3+ in unknown substances and in 
surfaces. The reverse is also true: by a study of t:he coordination of 
cr3+ by means of electron spin resonance it should be possible to obtain 
information about the structure of t:he compounds in which the cr3+ bas 
been incorporated. This idea ledtoa systematic study of the structure 
of hydrated and dehydrated aluminas, in which cr3+ bas been used as 
a probe to detect local symmetries. In Chapters IX and X of this thesis 
the results of this study will be presented. Esr spectra and X-ray dif
fraction patterns of three characteristic alumina dehydration sequences 
have been strl.died side by side. The results will be interpreted in terms 
of the structure and texture of the aluminas concerned. 
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CHAPTER lil 

SPIN-LATTICE RELAXATION OF (3d)l IONS: FORMULATION OF THE 
PROBLEM 

a. Introduetion 

The electron spin resonance of an unpaired d-electron is a simple 
phenomenon. The ground state of a one-electron system is always two
fold degenerata (Kramer~ doublet). In a magnetic field the degeneracy 
is removed (Zeeman effect). The electron spin resonance is the spectro-

+ 1/2 g{3H 

- 1/2 g{3H 

Figure III-1 

Zeeman effect tor spin doub 1 et 

scopy of the transitions between the resulting levels (Fig.III-1). The 
resonance condition is: 

where h = Planck's constant, 
{3 = Bohr magneton, 

hv = g(3H , 

v = frequency of electromagnetic radiation, 
H = magnetic field strength, and 
g = the gyromagnetic ratio. 

For a free electron we have: 

g = 2.0023. 

For a transition metal ion the contribution to g of the orbital magnetic 
moment has to be considered. For a transition metal ion in a crystal 
the value of g may further depend on the orientation of the magnetic 
field with respect to the symmetry axes of the crystal. 

For instance, for orthorhombic symmetry: 

g = j ~2 
sin

2
6 cos

2
q> + g; sin

2
6 sin

2
q> + gz

2 
cos

2
6 . 

Here, 6 and q> are the angles defining the orientation of the magnetic 
field with respect to the symmetry axes. All effects of orbital magnetic 
moments are included in the three parameters e: , g and g . For transi----x y z 
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tion metal ions in crystals frequently the orbital moment is quenched. 
This means that the orbital motion does not contribute to the magnetic 
moment of the electron. In that case, 

~ = gy = gz = 2. 0023 • 

In cases where the queuehing is incomplete, gx, g and gz will differ 
from 2. 0023. The Iess complete the quenching is, tfle greater the davia
tions from the value 2. 0023 will be. 

The term spin-lattice relaxation denotes those processes in which 
lattice vibrations lead to transitions between the two Zeeman levels. 
Such processes define the lifetime of the electron in a partienlar Zee
man level. A short lifetime ('t') necessarily is connected to au uncer
tainty (AE) in the energy of the level according to the Heisenberg rela
tion: 

AE.'t' = h • 

This phenomenon will lead to line broadening in the electron spin reso
nance as soon as l1E is no longer negligible with respect to hv, i.e. 
as soon as 1/'t' becomes so with respect to v. As v is of the order of 
1010 c/s, sharp resonances will be observed only for 't' > 10-8 s. 

It has long been known 29,30 that the rate of spin-lattice relaxa
tion processes may vary considerably ffOm ion to ion. This even holds 
for the comparison of ions with the (3d) confignration in different com
pounds. Thus the spin-lattice relaxation for the ion Ti3+ in the com
pound CsTi(S04)2.12 H20 is rapid. Very low temperatures, around 4°K, 
are required to slow down the relaxation processes sufficiently to make 
electron spin res~nance observable 31. On the other hand, the spin-lattice 
relaxation for v4 in vanadyl complexes (e.g. VO(S04).5 H20) is slow 
and sharp resonances are observed at room temperature32. 

The clue to these differences bas been given by Kronig in 1939 33. 
Spin-lattice relaxation only occurs when the lattice vibrations are ac
companied by flucfnating magnetic fields at the site of the electron. 
Aecording to Kranig sneb fields arise as soon as there are orbital eon
tributions to the magnette moment of the transition metal ion. Now it 
is known that there may be great differences in the degree of queuehing 
of the orbital moments for various ions and for the sameion in various 
substances 34. Kronig bas related these differences to the differences 
in the efficiency of the spin-lattice relaxation processes. 

Quantitative considerations as to the conneetion between the sym
metry of the surroundings of au ion in a crystal and the rate of the 
spin-lattice relaxation process have been given by Van Vleck in 1940 35. 
Van Vleck's treatment goes into many details that are not required for 
qualitative consideration of the rate of spin-lattice relaxation. Actually 
sneb qualitative considerations have been used by many authors in judging 
the probability of line broadening in esr spectra due to spin-lattice re
laxation 5,6. The essential point in such a simple approach is the mag
nitude of the orbital contribution to the magnetie moment of the ion under 
consideration. A substantial contribution means rapid relaxation and also 
g-values differing considerably from 2 ( 12-g 1 of the order of unity). 
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A small contributton means slow relax.ation and g-values close to 2. 
This is exemplified by the cases of Ti3+ and v4+, cited above. The g
values in CsTi(S04)2.12 H20 and K2VO(C20 4)2.2 H20 are: 

Ti3+ (ref. 36): gx = gy = 1.14 v 4+ (ref. 37 ): ~ = gy = 1. 972 

gz = 1.25 gz = 1. 940 

The simple approach to spin-lattice relax.ation is not always valid. 
For erS+ in alkaline solutions Symons and cowolkers 23 found an electron 
spin resonance at 80~. The line width was 100 gauss and 12-g 1 < 0. 02. 
Nevertheless, upon increasing the temperature the line width increased 
and at room temperature the resonance had disappeared. Apparently the 
spin-Iattice relax.ation is rapid. A simlïar result bas been found by 
Carrington and coworkers21t for the (3d) ion Mn6+ in dilute solution in 
a K2Cr04 single crystal. The g-values are: gx = 1. 970, gy = 1. 966 and 
gz 1. 938. Yet the resonance is only observable after lowering the 
temperature to about 20~. It is seen that the combination of g-values 
close to 2 and rapid spin-lattice relax.ation is possible. Judging from 
the compounds studied, this behaviour is displayed in particular by (3d) 1 
ions in tetrabedral coordination. 

Interest in tetrabedrally coordinated Cr5+ in aluminas prompted 
the study of this relax.ation problem in detail. The clue to the apparent 
inconsistency of the naive approach to spin-lattice relax.ation will appear 
to be a relaxation mechanism discovered by Orbach 25, 26 in 1961. A 
quantitative discuesion of the Orbach mechanism for (3d)l ions is not 
available in literature as yet. This thesis sets out to give such a dis
cusalon in Chapters IV and V. 

Befure proceeding to these studies, however, the problems in
volved will be formulated in some more detail. In the next section a 
discuesion will be given of the contributions of the orbital moments to 
the Zeeman effect of the ground state for (3d)1 ions in various coordi
nations. 

b. Orbital moment in Zeeman effect 

A detailed discuesion of the orbital moments in the ground state 
of a transition metal ion in a crystal bas to start with the description 
in terms of crystal field energy levels and the corresponding orbitals 
(see also Carrington and Longuet Higgins 38 ). One particular situation 
will be used to demonstrate the essentials: a strongly deformed octa
hedral coordination (symmetry C4v) with a singulet ground state. The 
results for two other coordinations will be given at the end of this sec
tion. 

The energy levels and wave functions for the deformed octahedral 
coordination are given in Fig. I I I -2 39. Only the angular parts of the 
orbital functions have been indicated, with omission of the common de
nominator r2. The functions form bases for the representations of the 
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, e, 

-yl,ZX E 

xy 

Figure III-2 

Energy levals and orbHal wave fundions of (3d) 1 ion 
in str11ngly defor111ed octahedral coordination 

symmetry group. In the approximation where only the crystal field is 
considered, alllevels are spin degenerate. The ground state is the doublet 
lxy, +}, I xy, -). In a magnette field this degeneracy will be removed. 
As soon as spin-orbit coupling is introduced ten functions will be re
quired to describe the system: 

fxy,+), lxy,-}, lyz,+), lyz,-), lzx,+), lzx,-), 

jx2-y2,+), lx2-y2,-), laz2-r2,+) and laz2-r2,-). 

The ground states now may be linear combinations of all these functions. 

The influence of the orbital magnette moment on the separation of 
the Zeeman levels is found by consiclering the eigenvalues of: 

Cf! = ~ii.(L + 28) 

= ~ (H L + H L + H L ) + 2f3(H S + H S + H S ) 
XX yy ZZ XX yy ZZ 

in the ground-state spin doublet. The operators Bx· Sy and Sz operate on 
the spin part of the wave function and are defined as usually. The opera
tors Lx• ~ and Lz operate on the orbital part. For orbitals expressed 
as a function of the Cartesian coordinates x, y and z these operators 
are: 
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L ... a .+. < a a > x= -ln aq>x = -ln y az - z ay 

L = -i 1i ~ = -ï1i (z aa - x a a > y q>y x z 

L = -i1i l = -r1i (x _g_ - y _g_) z aq>z 'iJ)" ax 

The matrix elements of these operators within the system of five d
orbitals are given in Tables III-1, III-2 and III-3. 

Table III-1 

llatrix elements of lx within the set of five d-orbitals 

l 2 2 
3/-r

2 
x -y xy yz zx x 

2 2 
i x -y 

3z
2
-r 

2 
it.{3 

xy -i 

yz -i -iif3 

zx i 

Table III-2 

Matrix elements of Ly within the set of five d-orbitals 

l 2 2 2 2 
x ·Y 3z -r xy yz zx y 

2 2 x -y i 

3i-r 
2 

-iif3 

xy -i 

yz i 

zx -i iif3 
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Table III-3 

Matrix eleDJents of L
2 

within the set of five d-orbîtals 

2 2 
x -y xy 

2 2 x -y -2i 

3i-r2 

xy 2i 

yz zx 

p i 

zx -i 

Taking the ground state xy, prescribed for the tetragonally de
formed octahedral coordination, the two spin states \xy, +) and lxy, -) 
have to be considered. Evaluation of the matrix elements of êlt in this 
scheme leads to: 

~ \xy, +) lxy,-) 

lxy,+) 13Hz 13H - i[3H x y 

lxy, -) 13H + i[3H x y -[3H z 

Diagonalization leads to the energy levels: E = :!: 13H. This is the 
isotropie Zeeman effect encountered in the preceding section. Apparently 
for a pure xy ground state there is no influence of the orbital moment 
on the Zeeman effect. This circumstance is the so-called quenching· of 
the orbital magnetic moment, well known for transition metal ions in 
solids. 

The queuehing of the orbital magnetic moment is not typical for 
the o:ç,bital xy, but holds also for the other d-functions yz, zx, x2-y2, 
3z2-r-. Actually the queuehing holds for all linear combinations of these 
functions with real coefficients, i.e. for all possible d-functions obtain
able as ground state by tt.J intermediary of electric crystalline fields 
alone. 

An anisotropic Zeeman effect only comes into being after the in
troduction of the spin-orbit coupling energy, fi.Ï..S. The effect of this 
interaction is to mix higher orbitals with - sy~ into I xy, +) and with 
+ spin into I xy, -) • The matrix elements of fi.L. S in the system of ten 
orbitals lxy,+), lxy,-), lyz,+), etc. are given in Table III-4. 

As an example the orbitals for the ground-state Zeeman doublet 
of the tetragonally deformed octahedron are: 

n 
1f + = lxy,+) + =E~~ 

xy, 2 2 
x -y 

I x2-i,+)- j"' lyz,-) - !i"'lzx,-) 
yz zx 
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and: 

Table III-4 

Matrix elements of "A.l.S witkin the set of ten d-orbitals (spin included) 

2 2 3l-r2 x -y xy Yl ZX 

"A. U + . + - . + - + - + -
2 2 

-i À ti À tÀ x ·Y ,+ 
2 2 

i À ti À -!À x ·Y ,· 
2 2 

3z -r ,+ !iY3 "A. -!1/3 À 
2 2 

3z -r , - !iy3 À !if3 À 

xy ,+ i À -!À -ti À 

xy t - -i À tÀ -ti À 

yz ,+ 4i"A. -!iY3 "A. tÀ ti À 

yz 
' - ·ti À -!iY3 "A. -!À ·ti À 

zx ,+ -!À !if3 À ti À -ti À 

zx 
' - !"A. -iif3 À ti À ti À 

As before, the Zeeman effect for this spin doublet is found by 
deriving the eigenvalnes of the operator 

The matrix elements of :1t are: 

!3Hx(1. EÀ)- i(3H (1. EÀ) 
zx Y yz 

V !3 Hx( 1 - EÀ ) + i (:3 H ( 1 - EÀ } 
xy,- zx y yz 

-13H (1 -~) 
z E 2 2 

x ·Y 
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The Zeeman separations are different for different orientations of 
the external magnetic field with respect to the local symmetry axes: 

H//z 

H//x 

ii//y 

E -E xy,+ xy,-

~H(2- Èst.. ) 
x2-y2 

~H(2 -i") 
zx 

It is well known that the Zeeman separations for different orienta
tions of ii can also be described by the spin Hamiltonian 

êtt = !! !'H S + g !'H S + g I3H S 
'"'X XX y yy Z ZZ 

operating in the spin doublet I+) and 1-). Actually this is the usual 
way of descrihing anisotropic Zeeman effects. The effect of the orbital 
magnetic moment is now incorporated in the constauts gx, gy and gz: 

g = 2 8}.. z - -E--
x2-y2 

2!.. 
gx = 2 -

Ezx 

2!.. 
g = 2 y - :r-

yz 

For a strongly deformed octahedral coordination (occurring for 
instanee for V*+ in vanadyl compounds), E 2 2. E and E are of 

_1 x -y yz zx 
-the order of 10,000 cm . For the f3d)1 ions of the first transition 
series, t.. is of the order of 200 cm- . It is seen that gx, gy and gz 
will deviate no more than a few per cent from the spin-only value. 

It is interesting now to compare the results with those for two 
other coordinations that may occur for (3d)l ions: the nearly regular 
octahedron and the nearly regular tetrahedron. The energy level schemes 
are given in Fig.III-3. 

In a crystal field 9f cubic symmetry the ground state in the octa
hedral coordination is threefold degenerate. In surroundingr;; of lower 
symmetry this degeneration is removed by the combined action of the 
low-symmetry crystal field perturbations and the spin-orbit coupling. 
In first approximation, the orbitals of the ground-state Zeeman doublet 
will now be linear combinations of the six orbitals lxy,+), lxy,-), 
I yz, +), I yz, -), I zx, +) and I zx, -). As long as the crystal field separa-
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r-:::= }{ 3z2-r2 

x2-y2 

I -C {zx } yz 

J 
,.--

xy 
t:. 

t:. ~ ll { zx ~ b }{ 3z2-r2 !b} yz 
xy 

~ • x2-y2 

CUBIC SLIGHTLY CUBIC SLIGHTLY 
SYMMETRY DEFORMED 

(Oh) 
SYMMETRY DEFORMED 

(Tdl 
OCTAHEORON TETRAHEDRON 

Figure III-3 

Energy levels and orbital wave fundions of (3d) 1 ion 
in near 1 y reg u 1 ar octahedra 1 and tetrahedra 1 coordi na ti on 

tions of the low-symmetry perturbations do not exceed the energy of 
the spin-orbit coupling, thecoefficients in these linear combinations are 
of the order unity. As before, the calculation of the g-values requires 
a diagonalization of the matrix of the operator 

within the ground-state Zeeman doublet. From this, g-values result that 
may differ substantially from two. This is the explanation for the g
values of Ti3+ in CsTi(S04)2.12 H2o, mentioned earlier. 

Analogous results would be expected for the tetrahedral coordina
According to Fig.III-3 in a crystal field of cubic symmetry the 

ground state is the orb i tal doublet x2-y2, 3z2-r2. Reasoning along the 
same lines as for the octahedral coordination one would expect g-values 
differing substantially from two. They do not, however. Assuming that the 
low-symmetry crystal field perturbation makes x2-y2 the ground state, 
the g-values turn out to be: 

2À 
2 -~ 

zx 

2À 
g = 2 y -~ 

yz 
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It is striking that the low-lying orbital 3z2-r2 has no influence on 
the anisotropy of the Zeeman effect. The reason bebind this is that there 
are no non-zero matrix elements of Lx;, Ly and Lz between the orbitals 
x2-y2 and 3z2-r2. The orbital doublet x2-y2 and 3z2-r2 is a so-called 
non-magnetic doublet. 

For ions such as Cr5+ and Mn6+ in tetrabedral coordination, Exy• 
E z and Ezx are of the order of 10,000 cm-1, while r.. is of the order 
of 200 cm-l. Hence the g-values derived will not differ more than a 
few per cent from the spin-only value. This result was indeed encoun
tered for cr5+ and Mn6+ in tetrabedral coordination. 

The discussion of the spin-lattice relaxation of (3d)1 ions in the 
next chapter will compare the three coordinations mentioned in this sec
tion: strongly deformed octabedral, nearly regular octabedral and nearly 
regular tetrabedraL From Fig.III-2 and III-3 we have seen that the 
ground statea are an orbital singulet, a nearly degenerate orbital triplet 
and a nearly degenerate orbital doublet, respectively. We have also seen 
that only for the triplet ground state may the g-values deviate consider
ably from 2. For the singulet and the doublet ground state the g-values 
are expected to be close to 2. We shall have to show that nevertheless 
there may be a marked difference in the rate of the spin-lattice relaxa
tion processes for the latter two situations. 
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CHAPTER IV 

SPIN-LATTICE RELAXATION OF (3d)1 IONS: THEORY 

a. Three processes of spin-lattice relaxation 

The spin-lattice relaxation of transition metal ions can be dis
cuseed in terms of three processes for the turning-over of the spin 
magnetic moments, see Fig. IV-1: 

..,.....,.--- + 

hJi 

hl' 

DIRECT RA MAN ORBACH 

Fiqure IV-1 

The three mechanisms of spin-lattice relaxation 

(1) direct process 33 : a transition between two Zeeman levels caused by 
the absorption or emission of a phonon, such that hv of the pbonon 
matches the energy difference of the Zeeman levels; 

(2) Raman process 33 : a transition between two Zeeman levels caused by 
the scattering of a phonon, such that the difference hv1 - hv2 of the 
incident and scattered pbonon matches the energy difference of the 
Zeeman levels; 

(3) Orbach process 25 • 26 : a transition between two orbitallevels with op
posite spin caused by the absorption or emission of a phonon. 
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The transitions giving rise to spin flips are ca:used, in all these 
cases, by fluctuations of the local crystal field at the site of the metal 
ion. A quantitative estimate of the transition probabilities is only possi
bie after computation of the matrix elements of the perturbation between 
the initial and the final state. The per1urbation giving rise to the tran
sitions should have frequency components in its Fourier spectrum that 
match the energy difference between the initial and the final state. The 
availability of lattice vibrations with those frequencies is a very im
portant factor in determining the rate of the relaxation processes. This 
item will he discussed first. Subsequently the amplitudes of the local 
variations of the crystal field have to he found in terms of the ampli
tudes of the lattice vibrations. Finally it must be considered in detail 
how the local variations of the crystal field ca:use the spin flips. In 
this part of the problem it is essential to introduce the effect of spin
orbit interaction, as the orbital magnetic moment is the only inter
mediary available to conneet a varlation of an electric field to the ori
entation of the magnetic moment of the spin. This part of the calcula
tion is really complicated, and its result will depend strongly on the 
coordination of the ion and the type of relaxation process to be con
sidered. 

hllmax hll -
Figure IV-2 

Speetruil of lattice vibrations 

b. Availability of lattice vibrations 

The distribution of the lattice vibrations over the frequencies is 
shown in Fig. IV-2, where: 

1 
hv/kT 1 e -
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v max = k:D :.::: 1013 s -1 

with: V = volume of crystal 
v = propagation velocity of accoustic waves 

6 0 Debye temperature. 

For the direct process the frequency 'Of the lattice mode should 
obey hv = 2 ~H. Hence, the density of the lattice vibrations leading to a 
direct process is: 

2 
p (hv) = 4'Jt (2@H) V 

h3 v3 

_ 4'Jt (2 @H)V 
- 3 3 

h V 

1 

. kT 

The energy difference between two Zeeman levels corresponds to 
a frequency of the order of 1010 s-1. This is clearly at the low end of 
the spectrum, which explains the inefficiency of the direct proce$s. 

The Raman process is a two-phonon process. Yet, it may he more 
efficient for the spin-lattice relaxation than the direct process. The 
reason is seen from the spectrum of the lattice vibrations: in the Raman 
process the very numerous high-frequency lattice vibrations can be in
voked. As far as availability of lattice vibrations is considered, ~he 
probability of a Raman process is proportional to: 

/

hvmax 
p (hv1) p(hY2) d(hV1) for hY1 - hY2 = 2~H 

0 

The answer is: 1~! ~~ )2 (k;;J 
In this result it has been taken into account that the spectrum of lattice 
vibrations drops sharply at h v = kT. 

For an Orbach process the frequency of the lattice mode should 
obey h v = 8, where 8 measures the separation to the next higher orbital 
level. Hence: 

For kT << 8 
p(hv) 

and for kT » o 
p(hY) 

4?C 8 2V 

h3 v3 

4'Jt 8V 
= h3 v3 

e -8/kT 

kT • 

As 8 is easily of the order of 100 cm-1, while 2(3H is 0.3 cm-1, it 
will he clear that under certain oircumstances the Orbach mechanism 
can he much more effective than the direct process. 
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c. Amplitudes of crystal field fluctuations at the site of the roetal ion 

The decomposition of lattice vibrations into normal modes of the 
lattice, of the normal modes of the lattice into those of the individual 
ligand complexes, and the calculation of the crystal field effects con
nected with the latter are three probieros not at all characteristic of a 
particular coordination or relaxation mechanism. 

(1) The amplitude q of a lattice mode with frequency v follows from 
the relation: 

q=~~ 
(2) The decomposition of the lattice modes into the modes of the indi

vidual complexes and more particularly the aver.w;ing over all lattice 
modes and ligand modes is a tedious problem :Jb-; 40 • It will lead to 
a constant factor of order unity, apart from one consideration: the 
crystal field at the site of a magnetic ion is only dependent on the 
mutual displacements of the metal and the oxygen ions. The longer 
the wave length of the lattice mode, the smaller these mutual dis
placements, see Fig. IV-3. For wave lengtbs Îl. of the lattice modes 
which are long as compared with the interatomie distances R in the 
crystal the ratio between local deformations Q and amplitude of lat
tice vibrations q is 2?~:R/71. or 2?ffi v/v ; hence: 

Q=B- Î2hY 
v '\J M 

• CENTRAL ION 

Ü LIGAND 

Fi gure IY-3 

Relativa displacements in a lattice mode 
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(3) The magnitude of the variations of the crystal field energy at the 
site of the central ion due to a displacement Q of one or several 
of the ligands can most easily be expressed in terms of the crystal 
field energy 6 of the undeformed octahedron or· tetrahedron of 
ligands. The effect is a differentlation of A with respect to the 
metal-ligand distance R. Hence, the order of magnitude must be 
6/R. Combination with the other factors gives for the order of 
magnitude of the amplitude in the local crystal field energy due to 
a lattice vibration of frequency v: 

ê.Gh; 
V ..JM 

The rate of a direct process is proportional to the square of this 
amplitude, consiclering h v = 2j3H, hence to: 

A2 4(?H 
2· M 
V 

The rate of an Orbach process is also proportional to the square 
of this amplitude, but now hv S. Hence: 

A2 28 
z·M" 
V 

The rate of a Raman process is proportional to the fourth power 
of this amplitude (incident and scattered mode are involved). For the 
most effective processas h v = kT. The resulting factor is then: 

é 4(kT)2 

v4 • ~ 

d. Transition probabilities between states of opposite spin 

Now we come to an essential part of the calculation: what is the 
transition probability between two Z~eman levels with opposite spin for 
a perturbation consisting of a perioctic varlation of the local crystal field 
with the symmetry of one of the normal modes of the metal ion-ligand 
complex. According to the rules of quanturn meebanles the transition 
probability is proportional to the square of the off-diagonal matrix ele
ment of the crystal field perturbation between the two states. Hence, 
we will encounter matrix elements of the type: 

where V is the crystal field perturbation (a function of the coordinates 
x, y and z of the electron). 
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Before introduetion of spin-orbit coupling these matrix elements 
are of the type: 

(yz, + lvl xy, -),etc. 

These elements are zero, even if (yz, + I V I xy, +) is non-zero. 
The effect of spin orbit coupling is the introduetion of functions with 
+ spin into I !' 1, -) and of functions with - spin into I !' 2, +) . Then 
non-zero matrix elements of V become possible. This effect of spin
orbit coupling, of course, was to be expected: the orbital magnetic 
moment is the active intermediary in connecting vibrations of the elec
trio crystal field and motions of the magnetic moment of the spin. 

The task of this and the following section will be to express the 
matrix element (v2, + I V I 'f1, -) in terms of matrixelementsof 
the type (yz I V I xy) with identical spins (spin omitted). Even es
tablishing the order of magnitude of the coefficients in such a develop
ment proves to be rather complicated. This is due to the so-called van 
Vleck cancellations35: in some cases all first-order contributions can
cel. In these cases second-order calculations are necessary. 

In the next section details will be given of such calculations. for 
three important coordinations of an ion with one unpaired ad-electron: 
tetr~.hedral, octahedral and square pyramidal. The energy levels and 
the wave functions for these coordinations are given in Fig. IV -4. The 
results are collected in Table IV-1, which gives the order of magnitude 
of the pertinent factors in the transition probabilities. 

tE yz, zx, xy 

Orthorho111bi cally 
deformed tetrahedron 

5+ (Cr tetr.) 

Figure IY-4 

Orthorhombi ca 11 y 
deformed octahedron 

5+ (Cr od.) 

Orthorhombi ca 11 y 
defor•ed square pyrami d 

((Cr-0)3+) 

Crystal field energy levels of (3d) 1 ions 
in three different coordinations 
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The actual rates of the relaxation processes are obtained as a 
product of three factors: a density of lattice vibrations, as derived in 
Beetion b, a factor containing the amplitude of the local crystal field 
modulations, as derived in Beetion c, and a transition probability, as 
given in Table IV-1. The results have been combined in Table IV-2. 

Table IV-1 

Values for the transition probabilities -h
1 1 (v. j V I \'. ) j 2 * j,+ 1,-

Di reet processas Orbach processas Ralllan processas 

5+ 1 (2 ÀêH )
2 i( ~ )2 1 (ÀkT \

2 
Cr tetr. 

h A2 h A2e) 

Cr5+ oei. 1 (nBH )
2 1( ..À.. '2 ~(~T )2 h 82 h 8 ) 

3+ 1( 1.U!l y 1 (À \
2 1( À kT )

2 
(Cr-0) 

h A2 h t;) h A 2 e 

* The para1eters A, 8 and e for the three coordinations have been 
specified in Fig. lV-4; À is the spin-orbit coupling constant. 

Table IY-2 

Formulae for spin-lattics relaxation rates 

Di reet processas Orbach processes Raman processas 

Cr5+ tetr. 

(Cr-0)3+ 
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An mustration of the orders of magni1ude involved can be obtained 
by assuming: 

t:.=2x104 cm-1 

8 = 2 x 102 cm - 1 

e = 2 x 103 cm - 1 

À = 102 cm-1 

In addition, we may assume: 

8~ = 3 x 10-26 erg-1 s5 

Pv
5 

2 êH _ 
10

10 
8

-1 
h -

k = 1.4 x 10-16 erg degree-1 

h = 6.6 x 10-27 erg s 
-1 -16 

1 cm = 2 x 10 erg 

The results for the spin làttice relaxation rates (expressed in s - 1) are 
given in Table IV -3 and in Fig. IV -5, IV -6 and IV -7. It will depend on 
the temperature which relaxation process predominates. A survey for 
the coordinations under consideration is given in the following scheme: 

Cr5+ TETR. 

5+ 
Cr OCT. 

3+ (Cr-0} 

7.4"K 790"K 

D I RECT I ORBACH I RAilAll 

5.6"K 12°K 110"K 

0 IRECT I RAilAll I ORBACH I RAIIAN 

10"K 

DIRECT I RAilAll 

Table IV-3 

Spin-lattice relaxation rates for a partlcular co111bination 
of paralleters (see text) * 

Direct processès Orbach processas Ra1an processas 

290 
5+ Cr tetr. 10-GT 4 x 101\- -T- 10-14T9 

290 
5+ 

Cr oct. 1021 4 x 1015e- T 10"4r9 

29000 

(Cr-0) 3+ 10"6r 4 x 1017 e- T 10-14T9 

*All rates in s·1 
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-5 

RAMAN 
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loo 1/T (TIN a) 
20 

Figure IV-6 

Spln-lattice relaxation 

RAMAN 

for tetrahadral coordination (Cr5+ tetr.) for actahadral coordination (Cr5+ oct.) 

l09 1/T (TIN a) 
15 

10 

0 

-5 

RAMAN 

Figure IV-7 

Spin-lattice relaxation 
for square pyramidal coordination ( (Cr-0)~ 
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The line width of the electron spin resonance of inorganic com
pounds is significantly influenced by spin-lattice relaxation for rates of 
the relaxation process in excess of about 108 s-1 (line width 30 gauss). 
For relaxation rates in excess of 1011 s-1 the electron spin resonance 
cannot be observed. In Table IV -4 the temperatures are given at which 
these limits are attained. 

Table lV-4 

Range of temperatures where spin-lattice 
relaxation is seen in the esr line width 

Coordi nat i on Lower 1 imit Upper 1 imit 

Cr5+ tetr. 39"K 180°K 

Cr5+ oct. 1fi"K 29"K 

(Cr-0) 3+ 
275°K G10°K 

The results for the nearly regular and the strongly deformed octa
hedral coordination (orbital triplet and orbital singulet ground states) 
check well with the general ideas put forward in Chapter m. Two fea
tures emerge for the tetrabedral coordination (non-magnetic orbital 
doublet ground state): 

(1) the rate of the spin lattice relaxation for an ion with a non-magnetic 
orbital doublet ground state is intermediate between those for the 
orbltal triplet and orbital singulet situations; 

(2) the rapid increase with increasing temperature of the line width of 
the esr of a (3ct)1 ion in tetrabedral coordination is governed by 
spin-lattice relaxation processes of the Orbach type. 

The temperature dependenee to be expected for the spin-lattice 
relaxation of a (3d)1 ion in tetrabedral coordination is: 

where 8 is the separation of the two lowest orbital levels. According to 
Table IV-3 the constant A should be of the order of 4 x 1011 s-1, In 
Chapter V expertmental results for the spin lattice relaxation of cr5+ 
in tetrabedral coordination will be presented that allow of a comparison 
with these predictions. 
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e. Details of the calculation of transition probabilities 

In order to understand the order of magnitude of the transition 
probabilities given in Table IV-1 one bas to go into surprisingly great 
detail. It is the purpose of this section to illustrate the essential points 
of sucb treatment. Simplifying assumptions will be made as far as possi
bie without leaving out essential terms. Tbe n""tst of these assumptions 
bas already been demonstrated in Fig. IV-4. Orthorbombic SYJllmetry is 
assumed throughout. Tbis makes the functions x2-y2, 3z2-r2, xy, yz 
and zx proper eigen functions in all cases. This group of five will be 
used to repreaent the tetrabedral and the pyramidal coordination, x2-y2 
being the ground state. The nearly regular octahedral coordination can 
be represented adequately by the three functions xy, yz and zx, with xy 
as the ground state. The results for this group of three functions are 
essentially identical with those for the group of three functions x2-y2, 
yz and zx, with x2-y2 as the ground state. Hence, these results can 
be read immediately from the calculations for the tetrabedral coordina
tion. 

Now there are two steps to be taken: 

(1) .spin-orbit interaction and magnetic field have to be introduced; in 
particular the wave functions of the two components of the lower 
Zeeman doublet have to be determined, as these are the initia! and 
final states between which the spin-flip transitions occur; 

(2) the transition probabilities for the direct and the Raman processes 
have to he defined and evaluated. 

Tbe Hamilton operator repreaenting the spin-orbit interaction and 
the magnetic field is used in the following way: 

'1t = 'AL. s + I' ii. (Ï.+2S) 

Without loss of generality for our purposes we may assume that the 
magnetic field is along the z-axis, wbicb gives: 

j{ = l..(L S + L S + L S ) + !'HL + 2!'HS 
XX yy ZZ Z Z 

The relevant matrix elements are given in Table IV -5 and IV -6. 

llatri x e 1 ements of spin-orbit 
and Zeeman energy 

7l 2 2 
3z -r ,+ 

2 2 
3z -r ,-

2 2 
0 0 x -Y ,+ 

2 2 0 0 x -y .-
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Tabla IY-6 

Matrix elements of spin-orbil 
and Zee~~~an energy 

Jt xy,+ xy,. yz,+ yz,- zx,+ zx,• 

2 2 
x -Y ,+ • iJI.-2i~H 0 0 !H .. 0 -rt.. 
2 2 

0 n...a;f3" ti À 0 tÀ 0 x ·Y ,-
2 2 

3z -r ,+ 0 0 0 ti.J'3 À 0 -!.J'J À 
2 2 

3z -r ,- 0 0 ti.J'3 À 0 W3 x 0 

xy,+ f3H 0 0 ·tÀ 0 -!n .. 
xy,- 0 • f3H tÀ 0 -ti À 0 

yz,+ 0 tx f3H 0 li 't..+i f3H 0 

yz,- ·tÀ·. 0 0 ·f3H 0 -ii À+i f3H 
zx,+ 0 liX -ii À-i f3 H 0 f3H 0 

zx,- fix 0 0 liÀ-i f3H 0 -f3H 

As mentioned earlier, we have to expect the van Vleck cancella
tiona. Hence, the wave functiona have to be calculated in second order: 

w. =I i)+ :z <jl'2li> Ij>+ 1: 1: <kllfflj> <jl"'.1<.lö Ik) 
1 ·.J.: E. - E. ..,~.. k.~.: (E.-Ek) (E.-E.) 

Jr• 1 J Jr1 r• 1 1 J 

For the statea under consideration: 

'l 2 2 =I x2-y2,+) +i À; 2f3Hixy,+)- i jÀ lyz,-) +~À jzx,-) 
x -y , + xy yz zx 

+[-. f3H(À+ 2êH)-. !X
2 

-. !X
2 J I +) 1 2 1 E E 1 E E xy, 

E xyyz xyzx xy 

+[. iMX + 2êH) - . !XêH - . h.(À- 2(3H)} I -) 1 E E 1 2 1 E E yz, 
yz xy E yz zx yz 

+[- JÀ(À + 2(3H) + tÀ(À- 2(3H) + tÀ(3HJ I -) 
E E E E 2 zx, 

zx xy zx yz Ezx 
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I 2 2 ) . À - 2êH I ) J..r.,l ) .1.).. I > ll 2 2 = x -y .- - 1 E xy,- -i r yz,+ - F zx,+ 
x -y ,- xy yz zx 

+ [ !.fa r..
2 

+ !.fa '}..
2 

J ja 2 _ 2 -) E E E E z r, 
3z2 -r2 yz az2 -r2 zx .. 

+ [- . (3H(f.. - 2 êH) + . i À 
2 

+ i i À 
2 

J I -) 1 2 1 E E E E xy, 
E xy yz xy zx xy 

+ [ . i À( À - 2 f?H) +. i À êH - . ! N À + 2 êH>] I +) 1 E E 1 2 1 E E yz, 
yz xy Eyz yz zx 

+ [i::Mf..- 2êH)- !r..cr.. + 2f?H) + if..êHJ I +) 
E E E E 2 zx, 

zx xy zx yz Ezx 

I 2 2 > . .1..ra "I t.ra ,., ll 2 2 = 3z -r ,+ - 1 ~ yz,-)+ E lzx,-) 
az -r ,+ yz zx 

+[!.[a Nr.. - 2 êH> + !.ra f..êHJ j -) E E 2 zx, 
zx yz Ezx 

_ I 2 2 ) . !.[a "I ) !.fa Àl ) ll 2 2 - 3z -r , - - 1 E yz, + - E zx, + 
az -r , - yz zx 

[ !.ra r..
2 

1.r a ,., 2 J I 2 _ 2 -> + E E +E E x y, 
2 2 yz 2 2 zx x -y x -y 

[
.!ia "2 . !.[a '}..2 ]I 

+ 1 E E + 1 E E xy' -> 
xy yz xy zx 

+ [· tra NE _ . tra Mf.. + 2(3H>J 1 +) 1 2 1 E E yz, 
E yz zx yz 
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2. :!'.!!l!l!l~~i~p. _.P!9Èil-È~~i!~~s __ f~!_!l!!~~!_,- .9I~~c!! _ 9!1-<! ~ll!!l~-E~~~~~Ë~ 

The transition probabilities should be calculated in terros of matrix 
elements of the local variations of the crystal field due to lattice vibra
tions. For the direct process one mode of the individual coordination 
complex, V, will be required, for aRaman process two modes, V1 and 
V2, repreaenting the incident and the scattered lattice wave, respective
ly. 

The transition probability for a direct process between an initial 
state 11!1,-) and a final state 11!2, +) is: 

1/h I ('1'2 ,+lv I,.-) 1 2 

The transition probability for a Raman process between the same initia! 
and final statas is: 

where the summation over i is over all excited states of the system 
and where h v is the frequency of the incident phonon. 

Direct process 

The calculation of the matrix elements ('1'2, + J V I v
1
,-) is tedious, 

but straightforward and leads to the results: 

(1! 2 2 I V I '1' 2 2 > = 
x TY ,+ x -y .-

<x2-y21 V 1 yz) [ . i>. +. !?{À- 2êH) +. hê.!! _ . !NJ.. + 2êH) 
-lE 1 E E 1 2 1 E E 

yz yz xy E yz zx yz 

. J1. _. i?..(>.+ 2{3H) + . i1.flli. +.!NA- 2êH>J 
+tE 1 E E 1 2 1 E E 

yz yz xy E yz zx yz 

+ (x2-ll vl zx) [- h. + !M À- 2êH) _ !MJ.. + 2êH) + !1-.êH 
E E E E E 2 zx zxxy zxyz E zx 

+ !J.. _ !!.(1-. + 2êH) + !?..(1-.- 2(3H) + i'M?HJ 
E E E E E 2 zx zxxy zxyz E zx 
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=:1-i~êH[_E2 + _El J (x2-Y21vlyz) 
yz xy Eyz zx 

+ ;I3H[- i-- +El J (x
2
-ilvl zx) 

zx xy zx 

-i;.fl (xylvlyz)+ i ii.~H (xyjvl zx) 
xy yz xy zx 

Analogously: 

< I I ) ïif 3 Îl. f?H [ 1 1 J /. 2 21 I > 11 2 2 V 11 2 2 = + E E - E \3z -r V yz 
3z -r , + 3z -r , - yz yz zx 

"3 71.1?H [ 1 1 J ;;, 2 21 I .\ + E - E + E \3z -r V zx/ 
zx yz zx 

It is seen that the first-order terms have cancelled and that only 
second-order terms containing I?H remain. It is only through the aclion 
of the external magnetic field that the van Vleck cancellations disappear. 

For the tetrabedral and the square PVramidal coordination the tran
sition probabilities turn out to be of the order: 

where it is assumed that Exy• Eyz and Ezx are of the order of 6. 

For the nearly re~lar actabedral coordination the ground state is 
xy. In the formulae x2-y may be replaced by xy, and vice versa. As
suming that E_yz-Ezx and Eyz-Exy arebothof the order of 8, the tran
sition probabiiities are of the order: 
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Orbach processes 

For the Orbach mechanism the following matrix elements are re
quired: 

( w 2 2 I vl v 2 2 ) = - i ~À 
3z -r ,+ x -y ,- yz 

~ 
E zx 

+i ~3 
À (yz lvl x2-l) 

yz 

+ !.fa À 1 2 2 (zxlv x -y ) 
Ezx 

It is seen that no van Vleck cancellations occur. The orders of magnitude 
of the transition probabilities are: 

tetrabedral coordination ~ ( ~ Y I ( i I V I j) 12 

nearly regular octahedral coordination: ~ ( ~) 2 
I ( i I V Ij) 12 

2 2 

square pyramidal coordination ~ ( ~ J I { i I V Ij) I 
As before, the result for the nearly regular octahedral coordination has 
been obtained by consirlering that xy is the ground state and by inter
changing xy and x2-y2 in all formulae. 

The absence of van Vleck cancellations in the Orbach processes 
is an important factor in making these processes so effective in the 
spin-lattice relaxation. 

Raman processes 

The matrix elements required for the Raman processes are a little 
more complicated. Again no essentials are lost by taking a ground state 
x2-y2 and higher states 3z2-r2, xy, yz and zx. The relaxation to be con
sidered is the spin flip involved in the transition from Wx2-y2 _ to 
1' x2-y2 +• Only one partienlar set of two lattice modes will be taKen into 
account' with frequencies v1 and v2 (h v1-h "2 Ex2-y2 + -Ex2-y2 _) and 
local potentials v 1(x,y,z) and V2(x,y,z). ' ' 



- 32 -

A characteristic set of terms in the matrix element is 

(wx2-l.+ I v21 'i'yz, _} <wyz, _lv11 'i'x2-i,-) 

Eyz,- -E 2 2 + hy1 
x -y ,-

('i' x2 -i'+ I V 1 I 'i'yz' -} ('1' yz' _I V 21 'i' x2 -i, -} 
E -E -hy 

yz,- 2 2 2 
x -y ,-

In looking for possible cancellations it suffices to take as an ex
ample the combination of the 1st and the 4th of these terms. Taking 
these togetlier and making some evident substitutions and approximations 
leads to: 

2 2 [(lfyz,+jv11 'i'i-i,_> <wx2-i,+IV11'1'yz,->J 
(x -y I V 21 yz) E -E + hy + E -E - hv (1) 

yz 2 2 1 yz 2 2 1 x -y x -y 

Along the same lines as indicated earlier in this section it can be 
derived that to a first approximation: 

('i' z ) V 11 'i' 2 2 ) = - i E .!Et,. (yz I V 11 yz) 
Y ' x -y ,- z- 2 2 y x -y 

E -E xy yz 

. k"-
- 1 

E 2 2-E z 
x -y y 

. Hs "-
- 1 E -E 

3z2 -r2 yz 

( xy I V 1 I x
2 -i ) 

( 
2 2 I ·

1 
2 2) x -y v

1 
x -y 

<'l' 2 2 jv 1· 'i' ) can be calculated in the same way. x -y ,+ 1 yz,-

(2) 
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It is found that in the approximation as given above: 

(112 2 lv11vyz,)=-(1fyz,+)v111f2 2) 
x -y ,+ x -y ,-

The first terms dis1urbing this equality are second-order terms 
of the type: 

'-.(3H 
(ECE 2 2) (E.-E 2 2) 

x -y J x -y 
or: '-.(3H 

(E.-E ) (E.-E ) 
1 yz J yz 

For the tetrahedral and the square pyramidal coordination 
Eyz-Ex2-y2 )) hYJ.. This condition leads to a cancellation of the first
order terms. Several types of second-order terms will remain: 

(a) those resulting from the inequality of the numerators in (1): 

(E -E )(E.-~êH )(E.-E ) (x2-ilv2jyz) (yzl V1li) 
yz 2 2 1 2 2 J 2 2 x -y x -y x -y 

or: "-êH ( 2 21 1 ) (·I 1 2 2) (E -E )(E.-E )(E.-E ) x -y V2 yz 1 V1 x -y 
yz 22 1yz JYZ x -y 

(b) those resulting from the inequality of the denominators in (1): 

2h y1 2 2 
---=----=-2 (x -y I V 2 1 yz) (lfyz +IV 11 1f 2 2 ) , where 
(Eyz -E 2 2) , x -y '-

x -y 

(11 yz, + lv 111'x2-y2,-) is built up from the terms given in (2). The 
most effective lattice vibrations are found at the edge of the spectrum. 
Hence, we may substi1ute hv1 by kT. It is seen that generally the terms 
mentioned under (b) will dominate. 

For the tetrahedral coordination the smallest of the denominators 
in (2) will be: Exy-Eyz• lts magni1ude will be denoted by e. Then the 
transition probabilities have the order of magni1ude: 

~ ( ~:Y I (i I V 2 h > 12 I < k I V 11 t) i 2 

fl e 
For the square pyramidal coordination the smallest of the denomi

nators will again be: EXY.-Eyz· This energy difference being defined as 
e, the transition probai:>Ility has the order of magnitude: 

2 

~(~~:) l(ilv2 lj}l
2

l(klv1lt)l
2 
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The results for the nearly regular octahedral coordination can be 
obtained by interchanging the functions x2-y2 and xy in all formulae. 
The type of result will depend on the relation between h v1 and 8, i.e. 
between kT and 8 • For kT << 8 formulae will be obtained that are 
analogous to those derived for the other coordinations: 

~(~iY l(ïlv2 1j)l 2 1{klv1 1~)1 2 

For kT ~ 8 no cancellations of first-order effects have to be ac
counted for. Now the order of magnitude for the transition probabilities 
will be: 
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CHAPTER V 

SPIN-LATTICE RELAXATION OF (3dliONS: 
EXPERIMENT AL EVIDENCE FOR Cr5+ IN THE (CrO 

4
)3- ANION 

a. Introduetion 

· Well defined compounds containing the (Cr04)3- anion have been 
prepared by Scholder and Klemm41 : M3(Cr04)2 and M5(Cr04)3.0H (Mis 
Ba or Sr). They have shown by X-ray diffraction of the powders that 
these chromates are isomorphous with the corresponding phosphates: 
M3(P04)2 and M5(P04)3.0H. As the tetrabedral coordination of p5+ in 
the phosphates is well established, the isomorphism is sufficient to prove 
the tetrabedral coordination of cr5+ in the chromates. The structure of 
the compounds M5(P04)3. OH is well known because they belong to the 
class of the apatites: M5(P04)3.X, where M may be Ca, Sr or Ba and 
X may be Cl, F or OH. For the apatite C3fi(P04)3• F a single crystal 
X-ray structure analysis is available 42. The P04 tetrahedra in this 
structure are slightly irregular. The only symmetry element is a re
flection plane through the central ion and two of the oxygens. 

The temperature dependenee of the spin-lattice relaxation of Cr5+ 
in such compounds has been studied by measuring the line width of the 
electron spin resonance as a function of the temperature. An important 
contribution to the line width may originate from the dipole-dipole inter
action between adjacent Cr5+ ions. In order to eliminate the influence 
of this effect diluted chromates were prepared by sintering together the 
chromates and the corresponding phosphates. In the next section the 
details of the preparation will be given. 

Reflection spectra of the dilutcd compounds were measured in 
order to make su.re that the required coordination of the cr5+ had in
deed been attained. These spectra are discussed in Section c. In Sec
tion d the results of the esr measurements are presented and discussed. 

b. Preparation of samples 41 

Sr3(Cr04)2: 

SrCr04 and Sr(OH)2 in a molar ratio of 2:1 were heated for 2 x 16 hours 
at 1000oc in dry N2• 

Sr3(P04)2: 

Sr2P2o7 and SrC03 in a molar ratio of 1:1 were heated for 2 x 16 hours 
at 100QOC in dry N2. 

Sr3(Cr04)2 in Sr3(P04)2: 

The two compounds were heated together for 2 x 16 hours at 1000°C in 
dry N2• 
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Sr5(Cr04)3. OH: 

Equal weights of SrCr04 and Sr(OH)2 were heated for 24 hours a't 600°C 
in N2 saturated with water; excess SrO was removed by washing in me
thanol. The product was heated for 3 hours at l000°C in N2 saturated 
with water. 

Sr5(P04)3.0H: 

Solutions of SrCl2 in H20 (0.09 molar) and NaH2P04 in H20 (0.06 molar) 
were added simultaneously and slowly ta boiling water kept neutral with 
NaOH solution; the precipitate was filtered, wasbed free of Cl and dried 
at 120°c. 

Sr5(Cr04)3• OH in Sr5(P04)3. OH: 

The two compounds were heated tagether for 2 x 16 hours at 1000°C in 
N2 saturated with water. 

The results of all preparations were checked by X-ray diffraction. 
It should be noted that for the dilute compounds this metbod only con
firma the structure of the host lattice. The amounts of the chromatea 
are too small for the diffraction data ta yield information about their 
composition or distribution over the host lattice. 

Barium analogs of all the compounds mentioned above were pre
pared along the same linea. Two circumstances made the results less 
satisfactory than for the Sr compounds: 

(a) Ba3(Cr04)2 is rather unstable and disproportionates on starage in 
dry air for a few months; 

(b) Bas(Cr04)3. OH is unstable in dry Nz at temperatures in excess of 
6oooc and decomposes to yield Ba3(Crü4)2 43 

The available results of esr and reflection spectra of the Ba com
pounds arecompletely comparable with those of the Sr compounds. There
fore no detailed results about the Ba compounds have been given in this 
thesis. 

c. Reflection spectra 

The reflection spectra of Srs(Cr04)3 . OH and of the dilute solid 
solution of Sr5(Cr04)3.0H in Sr5(P04)3.0H are presented in Fig. V-1 
and V-2. Contrary to expectation the spectra differ a great deal: the 
diJuted compound shows a fairly symmetrical band centered at about 
13000 cm-1 and the edge of what is probably astrong band in the near 
UV beginning at about 23000 cm-1. The band at 13000 cm-1 has three 
components, with separations of 2500 cm-1. The bulk compound shows 
a highly asymmetrie absorption with à maximum at 10500 cm-1. This 
edge coincides with the first component of the 13000 cm-1 band of the 
diluted sample. For the rest there is no detail in the spectrum and 
particularly the onset at 23000 cm-1 of the UV band is absent. 
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Reflection spectrum of Srs(Cr04}3.0H 
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Figure V-2 

Reflection spectrum of (Cr04)3-
in Sr5(P04}3.0H 

The results for the dilu:r.=d compound compare well with the data 
of Symons 44,45, 46 for (er04) -in alkaline glasses: bands at 16000 cm-1 
and 28200 cm-1 with extinction coefficients of 250 and 500, respectively. 
There is, however, no mention in Symons' work of a structure in the 
16000 cm-1 band. 

In view of the discrepancy of the spectra of the diluted and the 
bulk Srs(Cr04)3. OH, this technique bas failed in its immediate purpose: 
to confirm the coordination of Cr5+ in the diluted compound. Yet we 
feel confident that the erS+ in the diluted compound is for the major 
part present in (Cr04)3- anions: esr and susceptibility check well with 
this idea; the formation of homogeneons mixed crystals bas been estah
lisbed unequivocally by Scholder and Klemm 41. Moreover, a completely 
identical spectrum is found for erS+ in the four diluted systems studied: 
Sr5(Cr04)3.0H in Srs(P04)3.0H, B3fi(er04)3.0H in B3fi{P04)3.0H, 
Sr3(er04)2 in Sr3(P04)2 and Ba3(er04)2 in Ba3(P04)2 . 

For explaining the discrepancy between the two spectra two points 
of view may be taken: 

(i) the spectrum of the bulk compound is characteristic of er5+ and 
the extra features for the diluted compounds are the consequence 
of a certain amount of oxidation in the miXing step; according to 
this interpretation the band in the near UV would be due to SrCr04, 
the features at 13000 cm-1 and 15500 cm-1 would be due to cr03. 
lndeed do the spectra of bulk SrCr04 and Cr03 show such details 
in the tails of the charge-transfer bands. 

(i i) the spectrum of the diluted compound is characteristic of erS+ and 
the striking asymmetry in the spectrum of the bulk compound is an 
artifact characteristic of the bulk compound. Here one could think 

* The reflection spectra in this thesis have been measured with a Zei ss Spectrophoto11eter 
PMil11, equiped with the Double Monochromator 1111 12 and the Reflection Attachment RA 3. 
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of excitations leading from two (Cr04)3- anions to one (Cr04)2- and 
one (Cr04)4-. The very dark colours and lustre of the bulk com
pounds might be due to this type of semiconductor effects. 

If the latter alternative should be right, it is of great interest to 
find an interpretation for the threefold structure in the 13000 cm-1 band. 
Up to now there is considerable confusion in literature 46,47, 48,49 on the 
question whether this band is a crystal-field transition or a charge
transfer transition. The analysis of the threefold structure might help 
to settie the issue. 

d. Electron spin resonance 

Results for the pure compounds Sr3(Cr04)2 and Sr5(Cr04)3• OH 
are given in Fig. V-3 and V-4. It is seen that there is a considerable 
increase in line width with increasing temperature. ~t 3000K the line 
width has increased so far that the resonance of Cr + has disappeared 
and only a very low background due to some Cr3+ impurity is visible. 

~~7-~~~--~~--~0~~~~~~~--~.~ 
GAUSS 

Figure V-3 

Electron spin resonance of Sr3(Cr04l2 
(signals multiplied by T)* 

G~ 

Figure V-4 

Electron spin resonance of Sr5(Cr04)3.0H 
(signals multiplied by T) 

The esr spectra at various temperatures of Sr5(Cr04)3. OH in 
Sr5(P04)3.0H are presented in Fig. V-5 and V-6. The strong dependenee 
of line width on temperature is immediately clear. A quantitative analy
sis of the line widths, however, is more complex than could be ex
pected at first sight. This is demonstrated in Table V-1, where a sur
vey is given of the integrated intensities versus temperature. One would 
expect integrated intensities to vary with temperature according to a 
Curie-Weiss law. It is found that the integrated intensities drop much 
more rapidly with increasing temperature. The reason for this is un-

* The esr-spectra in this thesis have been ;easured with a Varian EPR Spectro1eter, equiped 
with the Multipurpose Microwave Cavity V-4531. 
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doubtedly that the lines are Lorentzian in shape. For such a line shape 
the wings, and hence, the distauces over which the derivatives have low 
values, are very much extended. 
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Figure V-5a Figure V-5b 

Electron spin resonance of Cr5+ in Srs(P04)3.011 
(signals lllultiplied by T) 
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Figure V-6 

Electron spin resonance of Cr5+ in Sr5(P04)3.0H 
integrated spectra 

GAUSS 



- 40-

Table Y-1 

Esr line widths and spin-lattice relaxation times for CrS+ in Sr
5

(P0
4
)
3

.0H 

Area* H ( 1) 
~ 

H (2) 
~ 

(gauss) (gauss) 

20°K 3740 65 
78°K 3310 135 

m•K 2220 440 
149°K 1700 940 
m•K 1040 1400 

* Corrected for Curie-lieiss temperature dependance. 

H!(1): half width of integrated resonance line. 

Hl (2): do. after correction of zero leveL 

64 

145 

590 
1300 

2200 

"'(," 

(10-B s) 

0.56 
0.25 

0.060 

0.027 
0.016 

Integration of the first derivative resonance spectrum gives the 
correct shape for the top of the line, but suggests a base line that is 
higher than the actual base line. It will be obvious that half widths meas
ured at these integrated spectra will prove to be too low (see Fig. V-7). 
It is easy to remedy this evil when it is assumed that the line shape is 
Lorentzian throughout. The metbod chosen is the following: 

J
: CORRECT 

CORREcT H112 BASE LINE 
~------------------~ 

RANGE OF H AVAILABLE 

Figure V-7 

lntegrated esr spectrum; effect of correction for base line 
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The Lorentzian line shape is: 

A 
f(H) = 2 2 

1 + H /H1 
2 

The peak height is A, the half width H1 and the area under the curve: 
2 

+«l 

n = 1 f(H)dH = 'ltAHl 

-w 

The measured curves are expressed in a dimensionless way by dividing 
f(H) by n: 

'ltf(H) _ 1 

n - H1(l + H2 /Hl) 
lil 2 

A good value for nis available from the maasurement at 20°K. It is 
seen that the peak height of the redtleed curve, 1/H!., should be inversely 
related to the half width H!.. The base line of th~ integrated curve is 
now shifted downwarels so is to make this relation to hold. The peak 
height so obtained is considered to be the actual value of 1/H!.. 

2 

The results are given in Table V -1. In order to oompare the tem
perature dependenee with the expectations from the Orbach mechanism, 
in Fig. V -8 a plot is given of ln 't' vs. 1/T. A reasonably straight line 
is obtained for the temperatures between 80°K and 173~. For the com
pound under consideration apparentlv the value for the splitting of the 
ground-state orbital doublet of erS+ is 300 cm-1. This value is com
pletely reasonable for a Jahn-Teller elistortion under these conditions. 
The temperature-independent factor in 1/'t', 1011 s-1, corresponds well 
with the expectations for the Orbach relaxation mechanism (see Chap
ter IV·). 

The splitting of the ground-state doublet may be com_pared with 
results of Carrington and cowork.ers 50 for the (3d)r ion Mn6 at the Cr 
sites of K2Cr04. From the an.isotropy of the Zeeman effect measured 
for single crystals these authors find a splitting of 260 cm-1. For erS+ 
in the Sr5(P04)3• OH powders the anisotropy of the Zeeman effect could 
not be measured. It is only lmown that the site symmetry of Cr6+ in 
K2Cr04 is the same as that of p5+ in Sr5(P04)3• OH, viz. C8 • 

The assumption of a Lorentzian line shape is not a very good one. 
Especially for the spectra at 148°K and 17 3°K the deviations are con
siderable. This is probably due to the fact that the measurements only 
range from approximately -Hi to +Hi. The best fit with a Lorentzian 
line shape is to be expected at the tails of the curves. 

It is not probable that the results are strongly influenced by these 
deviations. Various ways of estimating H!. have led to camparabie results. 
Moreover, only the temperature depenäence of Hi was sought rather 
than the absolute values. 
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CHAPTER VI 

COORDINATION OF Cr5+ IN THE (Cr-0)3+ ION: 
THEORY AND METHOD OF INVESTIGA TION 

a. Introduetion 

For at least 50 years the Cr5+ ion has been known to occur in the 
(Cr-0)3+ combination: in 1906 compounds containing the anion (Cr0Cl4)
were prepared by Weinland et al. 5"1 • A renewed interest in the co
ordination of the (Cr-0)3+ ion dates from recent years only. In a spec
troscopie study of the compound (NH4)2Cr0Cl5 Gra_:v. and Hare52 supposed 
that there is a close analogy between the (Cr-O):r+ ion and the vanadyl 
ion (V-0)2+ (also an ion with the (3d)l configuration). In an electron 
spin resonance study of the coordination of cr5+ in the surface of chro
mia/aluminas, we have encountered the same analogy 15 • 

As an extension to the investigations of cr5+ in alumina surfaces 
a spectroscopie and electron spin resonance study has been made of 
the ions (Cr-0)3+, (V-0)2+ and (Mo-0)3+. In this chapter an analysis 
will be given of the chemical bonds in complexes of these ions. It will 
be elucidated how absorption spectroscopy and electron spin resonance 
can be used to obtain information about these bonds. In the next chapter 
the expertmental results will be presented, discussed and compared with 
new evidence available in the literature. 

b. Crystal-field energy levels 

A thorough discussion of the crystal-field energy levels of the 
(V -0)2-+ ion is given by Ballhausen and Gray 39. The present discussion 
proceeds along the lines given by these authors. Some of the essential 
arguments will first be repeated. 

The coordination of the y4+ in vanadyl compounds (and of Cr5+ in 
(Cr-0)3+ compounds) supposedly is square pyramidal (Fig. VI-l): four 

Figure VI-1 

Square pyrami da 1 coordi nation of y4+ in vanady 1 compounds 
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ligands, X, at approx.imately equal distances in a square around the 
central ion and an oxygen at the apex of the pyramid with a very short 
distance to the central ion. 

The crystal-field energy levels of the square pyramid may be dis
cussed from two points of view: in terms of the electrostatic interactions 
of the electron with the ligands or in terms qf stabilizations due to the 
formation of molecular orbitals between the central ion and the ligands. 

In the first description the square pyramid may be considered as 
having originated from an octahedral configuration. Two extremes may 
be distinguished: a tetragonally deformed octahedron that is elongated 
along the symmetry axis, and one that is compressed along the sym
metry axis. 

The energy level schemes are given in Fig. VI-2. In the elongated 
octahedron the orbital doublet xz, yz is the lowest level, in the com
pressed octahedron the singulet xy. The sequence of the levels for the 
square pyramid depends on two circumstances: 

( 1) the distance between the central ion and the oxygen at the apex is 
very short; 

(2) the ligand opposite the apex is far removed or completely absent. 

It will depend on which of these effects predominatea whether the square 
pyramid is comparahle with the compressed or the elongated octahedron. 

~ xy 

-\_--yz,zx 

ELONGATEO OCTAHEDRON COMPRESSEO OCTAHEDRON 

Figure VI- 2 

Crysta1-field energy levels of (3d)1 ion 
in tetragona 11 y deformed octahedron 
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An essential feature of the molecular orbital description sterns 
from the short distance between the central ion and the oxygen at the 
apex of the pyramid: a substantial overlap may occur between the empty 
xz and yz orbitals of the metal ion and the filled Px and Pv orbitals of 
the oxygen. These orbitals have the right symmetries for tlie formation 
of two 'lt honds (see Fig. Vl-3). The bonding orbitals have the character 
of oxygen p orbitals. They are filled with the original oxygen p elec
trons. The anti-bonding orbitals have the character of metal d orbitals. 
They are empty. The bonding orbitals are stabilized with respect to the 
original p orbitals; the anti-bonding orbitals are destabilized with re
spect to the original d orbitals. In a pure molecular-orbital treatment 
the anti-bonding orbitals xz, yz are always expected to be higher than 
the non-bonding orbital xy. 

z 

~Py 

(a) COMBINING ATOMIC ORBITALS 

;-
~~ 

xy yz zx 
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(b) MOLECULAR ORBITAL ENERGY LEVELS 

Figure YI-3 

'lt bands in (Cr-0)3+ 
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A quantitative description of the coordination of the square pyramid 
should take into account the electrostatic effects and the effects of the 
covalency. The interesting point in discussing spectroscopy and electron 
spin resonance will be whether the xy orbital is the stabie one or whether 
the doublet xz, yz is more stable. 

For the vanadyl ion Ballhausen and Gray39 come to the conclusion 
that the xy orbital is lowest. In many vanadyl comple:Jj:eS the xz, yz 
doublet is found to be about 13000 cm-1 higher. In the light of the fore
going discussion these findings strongly suggest that the V -0 bond is 
stabilized by a double ?t bond. 

At the beginning of the present work it was not yet clear to what 
extent the conclusions for the vanadyl ion might be applied to the 
(Cr-0)3+ ion. We have set out to study this problem by erophaaizing the 
application of the electron spin resonance technique. 

Before going into details we might complete the molecular orbital 
description of the square pyramid complex. The a and p orbitals of the 
ligands at the corners of the square should also be taken into account. 
A complete description is given by Ballhausen and Gray39. For the pres
ent purpose only those combinations of orbitals will be required in which 
the original d orbitals predominate. They are given in Fig. VI-4. Not 
represented in Fig. VI-4 are the lower, completely filled, bonding com
binations nor are the higher, empty, anti-bonding combinations. 

--\_-E 
Bz 

CUBIC TETRAGONAL 
SYMMETRY SYMMETRY 

V 1- ~/-!332 • dyz- f:l2Py,5 • f:l3 1/t/z (pz,2 • Pz,lt) 

V 1• f3/· f3/ • dzx - f32Px,5 • ~ Vf2 (pz,1 • Pz,J) 

LINEAR COMB1NATIONS Of ATOMIC ORBITALS 

Figure VI-4 

Energy levels and molecular orbitals of (V-o/+ 
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Transitions between the levels of Fig. Vl-4 are found in absorption 
spectra in the visible or near ultraviolet. They may be distinguished 
from the charge transfer transitions because they are weak (Laporte
forbidden). As an example one may mention the interpretation of Ball
hausen and Gray for the vanadyl compound VOS04.S H20: 

13000 cm - 1 

16000 cm - 1 (shoulder) 

42000 cm-1 

B2 -+ E 

B2-+ B1 
. charge transfer 

In the molecular orbitals of Fig. VI-4 a numl5er of constauts are 
found: a.l, a.2, a.3, a.4, 131, !32 and !3a· It will be clear that a knowledge 
of these constauts would help a great deal in understanding the chemica! 
honds in the complex. In the following sections we shall see how elec
tron spin resonance may provide at least partlal information on this point. 

c. Electron spin resonance 

In discussing the electron spin resonance of the (Cr-0)3+ ion three 
factors are important: 

(1) the spin-lattice relaxation; 
(2) the anisotropy of the Zeeman effect; 
(3) the hyperfine structure. 

Further some problems of interpretation arise in the study of randomly 
oriented samples: either powders or solutions. The spin-lattice relaxa
tion and the anisotropy of the Zeeman effect will be discussed in this 
section, the hyperfine structure in the next section and the effects of 
random orientation in Section e. 

The spin-lattice relaxation is the most obvious factor. A fast spin
lattice relaxation leads to very wide lines. lncrease of the temperature 
above a certain value inevitably leads to the disappearance of the esr 
signals in the noise of the spectrometer. 

The esr spectra of most vanadyl compounds are narrow and well 
observable at room temperature. This immediately deeldes the sequence 
of the crystal-field energy levels: the xy level should be lowest. The 
alternative, xz,yz doublet lowest, is comparable to the situation for a 
regular octahedron: triplet xy, yz, zx lowest. Reasoning along the linea 
of Chapter 111 one can see that rapid spin-lattice relaxation is unavoid
able. Observation of electron spin resonance only would be expected 
close to liquid helium temperatures. 

The fact that the electron spin resonance is observed at room 
temperature gives a rough indication of how much the levels xz, yz are 
higher than xy. As discussed in Chapter 111 the deelding factor is the 
mixing of xz and yz orbitals into xy by means of spin-orbit coupling. 
According to first-order perturbation theory the coefficients of the or
bitals xz and yz in the ground state are of the order f../11. Spin-lattice 
relaxation is only negligible at room temperature for f../A below a certain 
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value. For vanadyl complexes a border line case has been described in 
literature: v4+ in Ti02. The separation between the xz, yz level and the 
ground-state level is of the order of 4000 cm-1. According to Gerritsen 53 
sharp resonances are only observed at aooK and lower. Apparently 
observation of the electron spin resonance at room temperature is 
only possible for a separation of the xz, yz and xy le5els of at least 
10000 cm-1. The s_rin-orbit coupling constant for Cr + is somewhat 
greater than for y4 (220 cm-1 for cz.5+, 150 cm-1 for v4+). Hence 
the observability of sharp esr resonances of (Cr-0)3+ complexes at room 
temperature also points to a separation between xz, yz levels and the 
xy ground-state level of at least 10000 cm-1. 

The anisotropy of the Zeeman effect may be expreseed in terms 
of a spin Hamiltonian: 

";Jl == g 111'H S + g 1 {3(H S + H S ) 
!I Z Z ~ X X y y 

According to Chapter III for a tetragonally deformed octahedron 
and a description in terms of d orbitals only, one has: 

Actually the system has to be described in terms of the molecular 
orbitals of Fig. Vl-4. Approximate results can be given when the con
tributions of the spin-orbit interaction arising from motions of the elec-
tron in the ligands are neglected. The results are 39: · 

g // = 2 - :: j 1 - f312 j 1 - 0.12 
1 

2). r.-:2/ 2 2 
~ == 2 - KE ..J 1 ~ 131 -.J 1 - f32 - f33 

Provided À is lmown and the absorption spectrum is lmown (i.e. 
ÀB and ÀE are lmown), measurement of g;; and fU from esr spectra 
leaàs to lmowledge of the two combinations 

J1-f312 R 
and 

jl- f312 jl- f322- f332. 

Hence, it is theoretically ~ssible to obtain information about the o honds 
involving the orbital x2-y (i.e. the 0 honds to the four ligands at the 
corners of the square) and about the 'Jt honds involving the orbitals xy, 
yz and zx (i.e. 'lt honds to all five ligands). In the next chapter experi-
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mental results of this type will be presented for various (Cr-0)3+ com
plexes. The data will be compared with similar inforroation for (Mo-0)3+ 
and (V-0)2+ compounds. · 

d. Hyperfine structure 

Hyperfine interactions are represented in a spin Hamiltonian by 
the terms: 

~h =AIS +AIS +AIS yp XXX yyy ZZZ 
(1) 

In this first approximation three parameters are required for its de
scription: Ax, Ay and Az. In this section Ax, Ay and fz will be related 
to the elementary quantities characterizing the (3d) transition roetal 
complex. 

The interaction between the electron and the nuclear magnetic 
moment of the central ion is composed of two contributions: 

the magnetic dipole-dipole interaction, 
the Ferroi contact interaction. 

The map,etic dipole-dipole interaction is anisotropic and may be 
expressed as : 

2yf3f3 f î.S +3 (r.ÏHr.S)}-2Yf3f:3 . .1. [ (1-3 l )I S + (1-3L)r S + (1-3 z
2 
)I S J (2) 

N 3 5 N 3 2 XX 2 yy 2 zz' 
r r r r r r 

where r is the radius vector of the electron with respect to the nucleus 
(components x, y and z); f3 is the Bohr magneton, f:3N is the nuclear 
magne,ton, y is the n~clear gyromagnetic ratio. Tbe dipole-dipole inter
action has to be averaged over all positions of the electron in its orbit 
around the nucleus. In a spherical symmetrical system the average is 
zero. For axial and orthorhombic symmetry this is not so. As is in
dicated in forroula (2), however, all cross terros cancel. Hence, the 
hyperfine structure parameters can be expressed in terros of integrals 
of x2, y2 and z2 over the ground-state d orbitals. 

Tbe Ferroi contact interaction is isotropic. It is the interaction 
between nuclear and electron spin for wave functions with a non-zero 
value at the place of the nucleus. lts energy is 4: 

ICÏ.S IC(IS +IS +IS), 
XX yy ZZ 

(3) 

where IC is a measure of the charge demiity at the site of the nucleus. 
Pure d functions would lead to a value of IC equal to zero. It is an ex
perimental fact that for d electrons non-zero values are observed for 
IC. They must be a consequence of an introduetion of small contributions 
of higher s orbitals into the d orbitals of the ground state by configura-
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tîon interaction. Experience has shown these contributions tO be rather 
insensitive to the coordinatîon of the ion under consideration. 

Comparison of equations (1), (2) and (3)shows that: 

2 
A =1C-P(Oil-3~jo) x · r2 .. 

2 
A ==IC- P (o !1- 3 L I o) 

Y r2 

2 
A =IC-P(Oil-3~1o) 

z r2 

where: P = 2Yf3!3N (r-3)av• 
I 0) is the orbital ground state. 

(4) 

The values of the matrix elements for the (3d) orbitals xy, yz, 
zx, x2-y2 and 3z2-r2 are given in Table Vl-1. It is seen that the hyper
fine structure constants depend on the type of ground-state orbital. Three 
situations can be distinguished: 

(1) xy or x2-y2 singulet ground state: A 11 = IC - 4/7 P 

A_L =IC + 2/7 P 

(2) 3z2 -r2 singulet ground state : A// = IC + 4/7 P 
A _L = IC - 2/7 P 

(3) yz, zx nearly degenerate doublet A// = IC + 2/7 P 
ground state A.L depends on the ground-state 

linear combination. 

Table VI-1 

x2 i!:_ z2 
Matrix elements of 1-3 -

2
, 1-3 and 1-3- in pure d orbitals 

r r2 r2 

xy yz zx x2-y2 3i-r2 

2 
1 3 L • 2 -2/7 4/7 -2/7 -2/7 2/7 

r 

2 
1-3 y_ 

2 -2/7 -2/7 4/7 -2/7 2/7 
r 

2 
1-3 L 

2 4/7 -2/7 -2/7 4/7 -4/7 
r 
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In the work on v4+ and Cr5+ in square pyramidal coordination we 
expect the xy or x2-y2 ground state, i.e. situation (1). It is seen that 
the hyperfine structure constants may provide a check whether these 
ground states have been realized. 

Actually, of course, the ground state is not exactly one of the 
five dorbitals mentioned above. In the first pl ace, spin-orbit interaction 
mixes small amounts of the higher d orbitals into the ground state. In 
the second place, the ground state is a molecular orbital · involving the 
metal ion d orbital and the ligand orbitals. 

The spin-orbit coupling constante of v4+ and erS+ are sufficiently 
small for actmixtures of higher orbitals in the ground state due to spin
orbit coupling to be neglected. Contributions of ligand orbitals, however, 
may be quite substantial. According to Fig. VI-4 the ground state for the 
(V-0)2+ and (Cr-0)3+ ions is: 

I o) = j1- f31
2 

dxy + 131 1/2(Py, 1 + Px,2- Py, 3- Px,4> 

The contributions of the ligand orbitals to the matrix elements in (4) 
may be neglected. Hence: A 11 = ( ~<: - 4/7 P)(1 - 13h 

A.i. = (K + 2/7 P)(l - (31
2) 

K(1 - 131
2) and P(l - f3 1

2) may be solved from the two equations: 

K(1- f31
2

) 1/3 (A//+ 2Aj 

P(1-f31
2) -7/6(A;;-A_i 

It is seen that measurement of hyperfine structure parameters may lead 
to interesting information about the covalent honds in the ground state 
of the ion under consideration. In fact such information bas been de
rived for eu2+ complexes by various authors 55, 56, 57 and for the vanadyl 
ion by Ballhausen and Gray39 . The experimental data of the next chapter 
will bé evaluated according to these ideas. 

e. Effect of random orientation 

As mentioned befare the anisotropic Zeeman effect may be de
scribed by the spin Hamiltonian: 

ê1t = g f3H S + g f3H S + g 13H S x XX y YY z zz 

For a one-electron system this is an operator within the system of the 
two spin functions I +) and I -). 

The resonance conditions are found by diagonalization of the spin 
Hamiltonian. The results can be expressed in analytica! form: 

gf3H hv 
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with: g = gz2cos26+ gx2sin26cos2!9 + gy2sin26sin2 !9 

for orthorhombic symmetry 

or: 
g = ~r-g-//_2_co_s_2a_+_~_2_s_in_2_a 

for axial symmetry. 

6 and fP define the orientation of the magnetic field with respect to the 
crystal axes. 

In the present work we are particularly concerned with polycrys
talline materials with random orientation. For a powder of this kind 
the resonance curve will be the enyelot~e of the resonance lines belong-
ing to the individu al orientations 5tl, 5],60. -

Examples of such envelopes are given in Fig. VI-5 for the cases 
of orthorhombic and axial symmetry. All other contributions to the line 
width have been considered bere to be extremely small. 

ORTHORHOMSIC SYMMETRY 

figure VI-5 

Envelopes of resonances for randomly 
oriented polycrystalline suples 

d 
Hn H_. 

figure VI-6 

Esr spectra of randomly oriented 
po 1 ycrysta 11 i ne samp 1 es 

The asymmetry for the axial case is a consequence of the circum
stance that the perpendicular orientations (äiz) are much better repre
sented in a random distributton than.· the parallel orientations (H//z). 

In normal resonance experiments first-derivative curves are meas
ured. The first-derivative curves derived from the envelopes of Fig. VI-5 
are given in Fig. VI-6. It is seen that anisotropy leads to very charac
teristic line shapes for polycrystalline samples that allow of a more or 
less accurate dete.rmination of the parameters g/L and g.L, depending on 
the importance of other sourees for line broadening. We will encounter 
several analyses of this type in the discussion of the experimental ma-
terial. . 
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When the hyperfine interaction is included the spin Hamiltonian is: 

êtt = g !'H S + g j3H S + g j3H S +A I S +A I S +A I S . 
X XX y yy Z ZZ XXX yyy ZZZ 

In a single crystal the esr spectrum consists of (2I + 1) equi
distant lines of equal intensity. The position of the centre of gravity of 
such a spectrum and the distance between the lines are both dependent 
on the orientation of the crystal with respect to the magnetic field and 
are determined by the following resonance condition 61: 

with: g = 

A 
~< 2sm2e cos2<P + g 2sin2Elsin2<P + g 2cos2e 
"X y z 

Each of tht• lines belongs to a particular value of m1, the component of 
the nuclear spin in the direction of the magnetic field. 

In polycrystalline substances and in solutions the magnetic com
plexes are present in random orientation. Hence, the observed esr spec
trum is an average over all possible orientations. Yet there are essen
tlal differences in the two situations. In a polycrystalline material every 
complex is stationary in space and represented by a spectrum that is 
characteristic of its orientation; in a solution every complex rotatea 
rapidly with respect to the period of the microwave field, hence, even 
the spectrum of an individual complex is averaged over all orientations. 
The effect is illustrated in Fig. Vl-7. (a) and (b) give the spectra for 
Hiz and H//z, respectively. In a polycrystalline material all interme
diate orientations are also represented. Owing to the factor sin8d8dq> 
in the distribution function orientations Hiz are much more frequent than 
orientations H//z. The effect is given in (c). The esr spectrum will 
give four asymmetrie resonances of unequal width 56,57. In a solution 
the result of the very rapid averaging of all orientations is a motional 
narrowing. The esr spectrum consists of four equally spaeed narrow 
lines 62 ((d) in Fig. VI-7). Incomplete motional narrowing sometimes 
leaves traces of the original differences in line widths which are ob
served as the so-called phenomenon of anomalous relaxation 62,63. It 
will be clear from (c) and (d) that the information obtained from powder 
and solution spectra of the complexes under consideration is different. 
The four parameters are still represented in the spectrum of the poly
crystalline materiaL Part of this information bas been lost for the solu
tion and only the two parameters g and Ä have been left. 

A very useful way of combining the study of solids and liquida is 
mentioned by Kivelson and Neiman56 and by Gersmann and Swalen 57. 
By rapidly freezing of combinations of solvents glasses are formed with 
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a well-dispersed distribution of frozen-in transition metal ion complexes. 
While the esr-spect~m of the glass only gives the absolute values I A tÁ 
and I AJ. I of the hyperfin~ structure constants. the esr-spectrum of ále 
liquid gtves in addition I A I . Hence it is possible to decide the .relative 
signs of A// and A j• see Fig. VI-7. 

(o) 

(b) 

{cl 

11 

(dl 

I U I 

Ä 

j !l 
Figure VI-7 

Hyperfine structure in esr spectra 
a. single crystal, Hlz-axis 
b. single crystal, H7/z-axis 
c. randomly oriented polycrystalline sample; 

envelopes of single crystal resonances 
d. low-viscosity solution; 

rapidly averaged single crystal resonances 

For ac1llally observed esr spectra two more fea1llres have to be 
accounted for: 

(1) the spectra of Fig. VI-7 are represented in their integrated form; 
the effect of differentlation is given in Fig. VI-8; 

(2) the choice of parameters in the example bas purposely been a very 
simple one; in most actual cases the lines will overlap and two over
lapping series of equidistant signals will be obsezved in the deriva
tive spectrum. 
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ENVELOPE D.ERIVATIVE 

Figure VI-8 

Envelope and derivative of an esr hyperfine component 
for a randomly oriented polycrystalline sample 
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eHAPTER VII 

eOORDINATION OF er5+ IN THE (er-0)3+ ION: 
EXPERIMENTAL EVIDENeE 

a. Outline of experimental program 

The best defined structures containing the (er-0)3+ combination 
are those containing the (erOel4)- complex anion. Presumably the 
chlorines form a square around the er5+ ion and the oxygen is at the 
apex of the pyramide that has the chlorine square as a base. Analogous 
to vanadyl compounds the erS+ -0 distance may be abnormally short. 
The octahedron site opposite this oxygen is not necessarily occupied. 

Preparations of compoundsof this type have been reported by Wein
land51 in the beginning of this century. We have followed Weinland's in
structions in preparing the compounds (NH4)2er0e1s and esHsNH~rOC4), 
which led to success only with the latter of these compounds. 

At the start of this work it was not certain to what extent the di
pole-dipole interaction of adjacent er5+ ions would give rise to line 
broadening. Therefore we have also prepared the compound esHsNH
(VOel4), which is diamagnetic. By coprecipitation it was tried to in
corporate small amounts of (eroel4)- ions instead of the (VOel4)- ions. 
Afterwards this turned out to be an unnecessary precaution: the bulk 
chromium compound gives a reasonably well resolved esr spectrum and, 
moreover, the esr of frozen dilute solutions proved a satisfactory means 
to study the (erOel4)- ions. However, one useful by-product arose from 
this preparation: it appeared that in the course of time the (eroel4)
ion is oxidized by the (VOel4)- ion, producing a diamagnetic er0e14 
and a paramagnetic (VOel4)=. This latter ion is similar in electronic 
structure to (eroel4)- and the electron spin resonance that arises shows 
the full anisotropic hyperfine structure of the y4+ ion (I = 7 /2). 

Especially in conneetion with the unsuccessful attempts to prepare 
(NH4)2er0e15 it was felt useful to compare the coordinations of Mo5+ 
(like erS+ a (3d)l ion) in the stabie compounds (NH4)2Mo0e1s and 
e

5
H5NHMoOel4• 

In recent literature sharp esr signals at room temperature have 
been recorded for er5+ obtained by solving chromatea in oleumóB and 
in glyceroló9. On the analogy of our analysis of the coordination of er5+ 
in the surface of aluminas 15 it must be concluded that the erS+ in these 
solutions is present in the form of (er-0)3+ complexes. eonsidering the 
composition of the solvents the er5+ is here coordinated exclusively by 
oxygen-containing ligands. Four of the ligand oxygens must be present 
in a square around the erS+ prependicular to the short er-0 bond. We 
have incorporated these compounds in this work in order to compare the 
effect of coordination with oxygens to that of coordination with chlorines. 
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In all cases J;he preparations have been checked by measurement 
of absorption spectra in the visible and naar-ultraviolet regions. Spectra 
of the powders have been measured by a reileetion technique, the spectra 
of the solutions by transmission. In a number of cases the spectra gave 
separations of the crystal field energy levels that could be used in the 
interpretation of the electron spin resonance data. 

Electron spin .resonance spectra have been measured for powders, 
for dilute solutions at room temperature and for rapidly frozen dilute 
solutions at 80°K. In some cases suitable mixtures of solvents have 
been chosen in order to obtain homogeneons glasses. 

The esr technique has beendirectedat the anisotropy oflhe Zeeman 
effect and at the anisotropy of the hyperfine splitting. The latter effect 
is immediately observable for V, where the predominant isotope has a 
nuclear spin I= 7/2, but it may also be observed for Cr, where the 
53cr isotope (natura! abundance 10%) has a nucle~ spin I 3/2. The 
magnitude of the nuclear magnetic moment for Cr is considerably 
smaller than for V; hence, the detection of the hyperfine structure in 
the dominating esr of the main Cr isotope sometimes requires careful· 
observation. 

b. Preparation of samples 

c 5H5NH(Cr0Cl4): 

This compound is prepared from a solution of 5 g of CrOa in HCl
saturated glacial acetic acid by actdition of a solution of 5 g of pyridine 
(C5H5NH2) in the same solvent; before actdition of the pyridine solution 
HCI was passed through for 1 hour, any precipitates being removed by 
filtration; after actdition of the pyridine solution HCl was passed through 
for another 1 hour; the precipitate was isolated from the solution by 
filtration and dried over concentrated sulfurie acid. 

C5H5:NH(VOCI4): 

Preparation as above, from solutions of 5 g of V205 and 6 g of pyridine; 
the precipitation took 5 days in a desiccator over concentrated sulfurie 
acid; the precipitate was wasbed with HCI-saturated glacial acetic acid 
and dried as above. 

c 5H5NH(Cr0Cl4) in C5H5NH(VOCI4): 

Preparation as the pure CsH5NH(VOCl4), but starting from a solution 
of 7 g of V205 and 1.2 g of Cr03 and a solution of 10 g of pyridine. 

C5H5NH(Mo0Cl4): 

This compound is prepared by rednetion of a solution of ammonium 
molybda~ and HCI in water with granulated zinc; after the rednetion the 
pyridine was actded and the precipitates removed by filtration; the solu
tion was treated for 1 hour at 0°C with HCl; the new precipitate was 
isolated by filtration, solved in a little warm water and treated with 
HCI at o0 c; the final precipitate wasbed with HCI (density 1.18) and 
dried in vacuum over concentrated sulfurie acid. 
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(Mo0Cl4)- in solution: 

For spectroscopie purposes solutions of the (MoOCI4f complex ion have 
been made in HCI-saturated glacial acetic acid; preparationwas as above, 
but the water as solvent was replaced by glacial acetic acid. 

(NH4)2Mo0Cl5: 

Prep~red as C5H5NHMoOCI4, but precipitä.tion with NHa instead of 
pyndme. 

In the literature 51 the preparation of solid (NH4)2CrOCls and of 
the corresponding alkali compounds bas been described. We have not 
succeeded in preparing these compounds quantitatively. This is due to 
one difficulty in particular: upon admission of the ammonia solution a 
simultaneons precipitation of the chromium compound and ammonium 
chloride takes place. This difficulty does not occur for precipitation by 
means of the pyridine solution. A fluther advantage of making the pyri
dine complex is its solubility in acetophenone and acetone. Particularly 
in acetone stabie solutions are obtained, where the c~+ is not reduced 
rapidly t.o cr3+. These solutions allow of the study of erS+ complexes 
in low-viscosity dilute solutions and the glasses obtained therefrom by 
rapidly freezing. 

c. Absorption spectra 

The spectra of the (CrOCl4)- configuration have been shown in 
Fig. VII-1 and Vll-2. From these figures we feel justified to consider 
the bands at 13500 cm-1, 18200 cm-1 and 22500 cm-1 as characteristic 
of this coordination. In the spectrum of CrOa in HCI-saturated glacial 
acetic acid these bands appear as shoulders of a very strong band at 
25300 cm-1. Comparison of the spectrum in the solution with the re
flection spectrum shows that this band must belong to a cr6+ species 
in the mother solution. The mother solution is rather unstable and it 
was esaentlal t.o check whether some of the bands described above could 
be due to Cr3+ species formed by further rednetion of erS+. Fig. Vll-3 
shows the transmission spectrum of the mother solution after one night. 
Iudeed it is clear that now a complete reduction has taken place. The 
charge transfer bands have disappeared from the accessible part of the 
spectrum. The remaining bands at 14500 cm-1 and 20200 cm-1 are 
characteristic of Cr3+ partially coordinated with Cl, partially with oxygen 
(Ref. 3, p. 290). It is seen that confusion with the bands of the (CrOC14)
complex is improbable. In addition to the spectra given in Fig. Vll-1 
t.o Vll-3 spectra of the mother solution after the addition of pyridine 
have been measured. These spectra are completely identical with that 
of Fig. Vll-1. Redesolving of the solid CsHsNH(CrOCl4) in acetophenone 
also leads t.o a spectrum that is analogous to that of Fig. Vll-1. 
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Figure YII-1 

Transmission speetrul of (CrOCl~tl" 
in glacial acetic acid, saturated w!th Hel 

(prepared by dissalution of Cr03)* 
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Fi gure VII-2 

Refl edi on spedrum of 
C
5
H
5

NH(Cr0Cl 4) + llgO 1:1 

10.000 
cm-I 

Figure YII-3 

Transmission speetrul of Cr03 
in glacial acetic acid saturated with HCl 

after 24 h 

* The transmission spectra in this thesis have been measured with a Cary Recording 
Spectrophot0111eter Ilodel 14. 
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The speetral data of the (CrOCl4)- complexes have been given bere 
in some detail, because there are discrepancies between our spectra 
and the reileetion spectra reported byGray and Hare52 for (NH4)2CrOC15• 
These authors find bands at 12900 cm-1, 23500 cm-1 and 40000 cm-I. 
The band at 18200 cm-1 is missing. We see no obvious reason for this 
discrepancy. 

As a check on our techniques we have prepared the Mo5+ complexes 
C5H5NHMoOCl4 and (NH4)2MoOCl5. The transmission spectrum of the 
mother solution and the reileetion spectrum of one of the powders are 
given in Fig. VII-4 and Vll-5. The reileetion spectrum of (NH4)2MoOCl5 
is completely identical with that of C5HsNHMoOCl4. The results córres
pond nicely to those of Gray and Hare52, whoreport bands at 13800 cm-1, 
23000 cm-1, 26700 cm-1 and higher. It is seen that in the range up to 
26000 cm-1 the reileetion spectrum gives a fair representation of the 
actual absorption spectrum. 

OPTICAL OENS1TY 

30 

Figure VII-4 

Transmission spectrum of (Mo0Cl 1J 
in glacial acetic acid, saturated with HCl 

obtained by reduction of (NH4l2Ko04 
with Zn granu 1 es 
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Figure YII-5 

Reflection spectrum of c5H5NK(Mo0Cl) 



- 61 -

For the sake of completeness in Fig. VII-6 and VII-7 the trans
mission spectra are given of (Cr-0)3+ in oxide coordinationf:f obtained 
by bringing K2Crû4 in oleum and K2Cr207 in glycerol-ethanol mixtures. 
The only features of these spectra characteristic of erS+ are bands at 
14000 cm-1 and 18400 cm-1 for the oleum solution and the shoulder at 
16700 cm-1 for the glycerol-ethanol solution. The rest of the spectrum 
is due to Cr6+ in (Crû4~- or (Cr207)2- anions. The results for the 
oleum solution · correspond well with those observed by Misbra and 
Symons70. 

OPTICAL OENSITY 
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Figure YII-6 

Transmission spedruil of K2Cr04 
in 65% oleu• 
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Figure Yll-7 

Translission speetruil nf K
2
Cr 

2
o
7 in glycerol +ethanol 1:1 

1;),000 
cnrl 

In Table VII-1 a surve~ is given of the interpretations of the spectra 
for the (Cr-0)3+, the (V-0) + and the (Mo-0)3+ complexes. The indica
tions of the levels are those of the molecular orbital level scheme of 
Fig. VI-4. The finding of an absorption band at 18200 cm-1 for the 
(CrOCl4)- complexes made us to give an interpretation that differs from 
that of Gray and Hare. In the next section the data of Table VII-1 have 
been used for the in!erpretation of the esr parameters of the (Cr-0)3+, 
(V-0)2+ and (Mo-0) + complexes. 
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Table vn.1 

lnterpretation of absorption spectra of (Cr-0)3+, (V-0)2+ and (Mo-0)3+ co111plexes 

Complex Authors B2-+ E 82-+ 81 Charge transfer 
transit i ons 

(CrOC\f Gray and Hare52 12900 c•-1 23500 c•-1 
this work 13500 18200 22500 and higher 

voso4 .sH2o Ball hausen and Gray39 13000 16000 42000 

(Mo0Cl 4)· Gray and Hare52 13800 23000 26700 and higher 

d. Electron spin resonance 

The literature of esr investigations in this field is all very recent. 
At the time of planning of the present work no reports on esr observa
tions of erS+ in octahedral coordination were available. Very soon, 
however, two papers appeared mentioning a resonance of this species: 
one by Gray et al. about er5+ in Rb2er0e15 

64 , one by Misbra and 
Symons about K2er04 in oleum 68. In the course of this work a paper 
of Garifyanov 69 drew attention to the occurrence of erS+ in glycerol 
solutions of K2er207 and the observability of the hyperfine structure 
of the 53er isotope, At that time suggestions about the coordination of 
erS+ in the oxide complexes were still lacking. Definite suggestions to 
this effect were made simultaneously by Kon on the basis of empirica! 
arguments65 and by ourselves on the basis of theoretica! argt!ments on the 
spin lattice relaxation of (3d)l ions and our work about er5+ in alumi
nas 15. Very recently two extensive studies have been publisbed about 
the electron spin resonance of erS+ in the (er-0)3+ ?t-bonded combina
tion: one mainly about the chlorine complexes by Kon66, one about the 
complexes in oleum by Misbra and Symons 7 0. Part of their experimental 
work overlaps with the present work. 

In the following we will present the esr spectra of the preparations 
discussed in the preceding section. The results will be compared with 
those of the other authors. A discussion as to the implications of the 
esr work for the chemical bonding in the (Cr-0)3+ complexes will cover 
the experimental material available at the time· of writing. 

The esr spectra have been assembied in Fig. VIT-8 to VIT-13. 
The analysis of the spectra according to the principles outlined in Chap
ter VI leads to the values of the parameters given in Tables VII-2, 
vn-3 and VII-4. 
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Figure YII-9 

Electron spin resonance of c
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* The K-band spectrometer and cavity have been designed by Dr. M.S. de Groot. 
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Figure YII-10 

Electron spin resonance of (VOCl/" in C5H5NH(VOC1 4) 
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figure VII-11 

Electron spin resonance of (lloOCl4,- compounds 

(NH.4laM<>QCl5 
2.457 x 1()10 .,. 
(1.22cm) 

GAUSS 

9200 
GAUSS 



3400 

2o•c 
0.9507 • 1010 cts 
(3.16tm) 

3500 
GAUSS 

- 65 -

Fi gure VII-12 
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Electron spin resonance of Cr5+ in 65% oleu• 
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Tabla VII-2 

'3+ 
Esr parameters for (Cr-0) compounds* 

gl. g I/ 9 1~1 fA 11 I 
(cm-1) (cm-1) 

c
5 
H
5

NHCrOC 14 
solution 1.9868 

glass 1.976 2.005 ( 1.9857) 8.7 x 10-4 
36.0 x 10 

-4 

solid 1.976 2.004 (1.9853) 
K 66 on 1.978 2.000 1.985 

K2Cr04 in 65% oleum 

salution 1.9703 

glass 1. 9754 1.9486 (1.9665) ( 9.2 x to"4) 38.7 x 10 
-lt 

Symons 70 
1.986 1.936 (1.969) 

KzCr207 in gl ycero 1-
ethano 1 

solution 1.9790 

glass 1.9793 (6.1 x 10-4) 35.2 x 10 
-4 

Garifyanov 69 1.975 

* The values in parentheses have been calculated from the other parameters 

Table V!l-3 

2+ Esr parameters for (V-0) compounds* 

- I A I I A //I gl 9 /I 
g 

(cm~) (c11·1 J 

(VOC1 4r in C
5
H
5

NHVOC1 4 
53 x 10-4 158 x 1flf solid 1.985 1.9626 (1.9775) 

VO oxalate 

single crysta1 37 
1.972 1.940 (1.961) 65 x 10-4 180 x 10"4 

VO sulfata 
. 63 71 

solut1on ' 1.962 

I Ä I 
(c•-1) 

18.3 x 10 -4 

(17 .8 x 10*4) 

18.5 x 10 -lt 

19.0 x 10 -4 

21 x 1f
4 

15.8 x 10 
-4 

18.5 x 10 
-4 

I Ä I 
(ca·1) 

(88 x 10"4) 

( 103 x 10"4) 

110 x to•4 

* The values in parentheses have been calculated from the other parameters 
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Table VII-4 

3+ Esr parameters for (l!o-0) compounds 

- I ALl IA 11 I gL g // g 

(cm·1) (c111= 1) 

C
5
H5NHIIoOC1 4 < 1.941 > 1.960 1.94 75 

(NH4)2MoOC1 5 1.956 1.937 1.9500 

l!o0Cl
3 

in ethano167 
1.940 1.965 47 x 1o"4 76 x 10"4 

First of all it should be remarked that the (Cr-0)3+ compounds 
give well resolved esr spectra at room temperature. In this respect 
they confirm the expectations about the slow spin lattice relaxation we 
had before their preparation. Apparently, the ground state is the xy 
orbital singulet, while the xz, yz orbital doublet is well above the ground 
state. This already supports the picture of a strongly ?t-stabilized Cr-0 
bond. 

The qualitative features of the esr spectra are in accord with this 
picture: the g factors are close to 2, I Al! I is definitely greater than 
I A.fl· There is a good qualitative agreement between the esr parameters 
of all complexes of (Cr-0)3+, (V-0)2+ and (Mo-0)3+, 

Tuming now to a quantitative analysis of the data, we make use 
of the expresslons derived earlier for the parameters of the spin Hamil
tonian: 

g// = 2 
8). ~1 (112 Jl - f312 -AB 

1 

gi = 2 
2À ~1 f312 .J1 - f322 - f3 2 --ç 3 

A// = (K - 4/7 P)(l - f3 2) 
1 

AJ. = (K + 2/7 P)(l - 1\ 2) 

For a discussion of the anisotropy of the Zeeman effect, the data 
assembied in Table Vll-5 have to be considered. Columns three and four 
refer to the following quantities: 

(2 - g ,).1'1 J 
.1. E =À (1 _ f3 2)(1 _ f3 2 _ f3 2) 

2 1 2 3 

(2 - g/J).öB [ 2 2 
---::::s--=1 =)..._p - 131 )(1 - al ) 
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Table YII-5 

Anisotropy in Zeeman effect of (Cr-0)3+, (V-0)2+ and (Mo-0)3+ coapounds 

(2-g/6E (2-g //).68 
1 

2-gl 2"9 I I 2 B 

(c•-1) (c• -1) 

(CrOCl 
4
)· 0.024 0 162 a 

(Cr-0)3+ in oleum 0.0246 0.0514 166 117 

(Cr-0)3+ in glycerol 0.021 0.021 175 " (VOC1
4

)"' 0.0150 0.0374 97 75 

VO oxalate 0.028 0.060 182 120 

C
5
H
5

NHI!o0Cl 4 0.059 0.040 410 115 

(NH4)
2

MoOC1
5 

0.044 0.063 300 180 

In the right-hand sides of these equations two intimately connected effects 
have been incorporated: 

(a) the formation of linear combinations of central ion orbitals and 
ligand orbitals; this effect is found in the factors: 

and 
~ (1 - "12)(1 - "2 2 - "3 2) 

~ (1 - 1312)(1 - a.12) 

(b) the variation in the radial part of the d orbitals of the central ion; 
this effect is found in the numerical value of )... 

The data in columns three and four of Table Vll-5 may be com
pared wfth tabulated values 12 of the spin-orbit coupling constants for 
the free ions in various ionization states, see Table Vll-6. The data 
of this table all relate to a single unpaired d electron in the ion con
sidered. 

Table YII-6 

Spin orbit coup 1 i ng constants for Cr, V and !lo 

valency 

.!:;; , cm 
-1 

0 1+ 2+ 3+ 4+ 

Cr 223 222 230 273 327 

V 158 136 167 209 248 

Mo 552 672 817 887 
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An arbitrary separation of the effects (a) and (b) has been made 
by adopting the following values of the spin-orbit coupling constants: 

Cr 220 cm-1 

V 150 cm-1 

Mo 600 cm-1 

In making this choice it is assumed that the effective charge of the 
central ion will be close to one. The resulting molecular orbital para
meters have been given in Table VII-7. 

Table YII·7 

l!olecular orbital parameters of (Cr-0)3+, (Y-0)2+ and (l!o-0)3+ compounds 

v (1-131
2)(1-13/-133

21 V (1-a./H1·13/l 

(CrOC1 1.J- 0. 74 0 

(Cr-0)3+ in oleum 0.75 0.53 

(Cr-0)3+ in glycerol 0.80 0.20 

(VOC14)'" 0.65 0.50 

YO oxalate 1.21 0.80 

C5Jt5NHNoOC1 4 0.69 0.19 

(NH4)
2

MoOC1
5 0.50 0,30 

It is seen that in all complexes under consideration there is a 
strong influence of covalency, in the o as well as in the 'JC honds. The 
first column only represents 'JC covalencies, see Fig. Vl-4. A distinction 
between the three types of 'JC covalency involved cannot be made. In 
view of what is k:nown about the great separation of the E and the B2 
levels, probably the greatest contribution comes from the 'JC honds to 
the oxygen at the apex of the square pyramid (coefficient 132>· The only 
a covalency involved is that to the four ligands in the square (coefficient 
CJi:L)• Comparison of the data of the first and the second column of 
Table VII-7 shows that indeed there is a substantial a covalency. Al
though a separation of the two factors ,Jl - a.12 and ../1 - 1312 is not 
possible, definite trends in the o covalency are easily recognized: in
creasing in the sequence v4+, Mo5+, cr5+, stronger for chloride than 
for oxide complexes. 

A remarkable finding for the pyridine complexes CsHsNH(Cr0Cl4) 
and C5HsNH(MoOCl4) was that g;; is closer to 2 than g;. Also for the 
(Cr-0)3+ complex in glycerol g;;::: g.L· These experimerital results are 
in contrast with what is found for most complexes of this type. Appa
rently, according to the data of Table VII-7, this must be attributed to 
strong 0 covalencies to the ligands of the square. 
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A quantitative analysis of the hyperfine structure constants leads 
to the data of Table vn-s. 

Table VII-8 

Hyperfine structure parameters for (Cr-0)3+, (V-D) 2+ and (Mo-D)3+ co1pounds 

I Ä I = I2/3A.L + 1/3A /11 IA/(A.LI 6/7 Ä/(A/(Aj} I7/6{AirAtll 
2 

IK (1-(31 Jl I 6/7 P( 1-13 /ll - KIP I P(1·(3/JI 
{CrDCl/ 

-4 -1 17,8 X 10 Cl 
-4 -1 27.3 X 10 Cl 0.56 

-4 -1 
31.8x 10 Cl 

(Cr-0)3+ 
in oleUlll 19.0 29.5 0.55 34.4 

{Cr-D)3+ 
in glycerol 15.8 29.1 0.47 34.0 

(YOC1
4

)= 88 105 a. 12 123 

YO oxalate 103 115 0.77 134 

(llo0C1
4

)" 57 29 1.68 34 

The parameter P represents the combination: 

2y (3f3n (r-a) av 

where 13n and y are the nuclear magneton and the nuclear g-factor and 
(3 is the Bohr magneton. 

For the ions under consideration 73: 

53cr 2~ = -1.51 x 10-4 cm-1 ga 
n 

5lv = +7.0 x 10-4 cm-1 ga 

95Mo J = -1.75 x 10-4 cm -1 ga 
97Mo 

With these figures the following values can be calculated for 
(1 - j312)(r-3) av: 

Cr 22 g-3 

V 18 g-3 

Mo 19g-3 

For the sake of comparison some valnes of ( r -a>av• collected 
by Abragam, Horowitz and Pryce 14 from hyperfine structures in optica! 
spectra, are given below: 

Sc 

V 

Mn 

8 g-a 
15 g-3 

23 g-3 
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The average values of ( r - 3) over the ground-state orbital are 
nearly equal for Cr5+, v4+ and Mo5+. The last column of Table VTI-8 
reveals, that the tendency of the ground-state electron to extend over 
the ligands is slightly greater for the chloride complexes than for the 
oxide complexes. 

The quotient K/P is a measure of the isotropie hyperfine inter
action due to the Fermi contact term, and hence, of the actmixture of 
highers functions into the ground-state orbital. In terms of elementary 
quantities: 

K/P = (8?t/3).jp(O)j 2 [ (r-3 )j-l 

where I :f(O) j2 is the negative charge density at the site of the nucleus 
in el/R. • The values for KIP should be nearly independent of the coor
dination of the ion. Indeed this is found, see Table VII-8. The values 
for K/P of the neighbouring first transition series ions y4+ and erS+ 
are close and correspond with tho.se given for v4+ by other auth0 rs37 • 39, 
the value of K/P for the ion Mo5+ of the second transition series is 
considerably greater. Quantitative theoretica! evaluation of these para
meters still is a difficult task. A qualitative interpretation has been 
given by Abragam, Homwitz and Pryce 74. 

The discussion of the electron spin resonance data in this section 
has clearly substantiated the great analogy of the chemical honds in the 
complexesof the ions (Cr-0)3+, (V-0)2+ and (Mo-0)3+. In other respects 
the discussions necessarily were of a fairly qualitative nature. In fact 
they must be regarded as a beginning rather than as a conclusion of the 
quantitative discussion of the honds in these complexes. Various difficul
ties will have to be accounted for in further work: the approximate nature 
of the theoretica! picture, uncertainties in the interpretation of the ab
sorption spectra, unavailability of accurate geometrical descriptions of 
the complexes involved. The presentation of the experimental data in 
this section seemed justified because some of the qualitative effects ob
served, particularly in comparing various complexes of one ion, may 
be considered as significant. Further our findings suggest that in essence 
the approach as foliowed is correct. 
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CHAPTER VIII 

ELECTRON SPIN RESONANCE OF IONS WITH S = 3/2: 
ANALYSIS OF ESR SPECTRA OF POWDERS 

a. Introduetion 

In an isotropie environment the Zeeman effect of an ion with a 
quadruplet ground state (S = 3/2) is as shown in Fig. VII 1-1. The four 
Zeeman levels are equidistant. Of the six conceivable resonance transi
tions only the three that are indicated by arrows are allowed. The 
resonance conditions for all three are identical to each other and to 
that for one unpaired electron spin: 

hv = gi3H. 

The effect of anisotropy is threefold: all six transitions between 
the four levels become allowed, the resonance conditions for the six 
transitions will be different, Fig. VIII-2, and they will be strongly de
pendent on the orientation of the crystal with respect to the magnetic 
field. For a single crystal in a particular orientation an esr spectrum 
will be found consisting of six lines with different intensities. This is 
a so-called fine-stmeture esr spectrum. The varlation of the six-line 
esr spectrum with crystal orientation helps a great deal in establishing 
the orientations of the symmetry axes at the sites of the magnetic ions 
and allows of deriving in a rather straightforward way values for the 
parameters of the spin Hamiltonian. 

Fiqure VIII-1 

Zeeman effect for S = 3/2 

Fiqure VIII-2 

Zeeman effect in ani sotropi c crysta 1 fi e 1 d 
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For a powder the esr spectrum is the envelope of the spectra for 
the individual orientations. Such a spectrum may get quite complicated 
and it may be difficult to derive the parameters of the spin Hamiltonian. 

For axial symmetry the problem of the random orientation is well 
known. Schulz-Du Bois 27 has given an extensive treatment of the ruby 
case: cr3+ in a.-Al203. In order to illustrate the problem some of his 
results will be given here. 

The spin Hamiltonian is: 

<Je = g(:l (H 8 + H 8 + H S ) + D (S 2 - 5/4) • x x y y z z z 

3+ The parameters for Cr in a.-AI2o3 are: 

We shall consider: 

g = 1. 98, 

D=0.19cm-1. 

hY -1 0.31 cm . 

Fig. VIII-3 gives a survey of the field strengtbs of resonance for 
a single crystal as a function of its orientation with respect to the mag
netic field ( 6 is the angle between H and the symmetry axis of the crys
tal). In this figure the field strength is expressed in the dimensionless 
parameter g13H/h v. 

Esr signals of the powder will be observed in particular at those 
field strengtbs where a cosEl/aH is small (see Singer 75). These field 
strengths are indicated in the figure along the g13H/hv axis. The esr 
spectrum is also given in Fig. VIII-3 (see O'Reilly and Maclver 13 ). It 
is seen that the resonance signals indeed are found in the expected posi
tions. The oircumstance that in electron spin resonance derivative curves 
are measured allows an even greater precision in the indication of the 
field strength at which the resonances attain extreme positions. 

It is the purpose of this work to extend Schulz-Du Bois' treatment 
to cr3+ in coordinations of lower symmetry. The most important problem 
is the interpretation of the esr spectrum of a powder containing such 
ions and the derivation of the parameters of the spin Hamiltonian from 
such a spectrum. Only one approach turns out to be feasible: a survey 
must be providedof fine-stmeture esr spectra as a function of the pos
sibie combinations of the parameters of the spin Hamiltonian. The values 
of these parameters are then derived by matching the experimental 
spectrum with the calculated spectra. 

An example for axial symmetry is given in Fig. VIII-4. In this 
figure the positions of the esr transitions between the first and the second 
of the Zeeman levels are given as a function of the ratio D/hv. Such a 
figure suffices to give the resonance positions for one of the transitions 
in the esr spectrum of Fig.VIII-3. 
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Figure VIII-3 

Electron spin resonance of Cr3+ in a.-A1 203 
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Figure VIII-4 

Condit i ons for e 1 edron spin resonance; 
S 3/2, axial symmetry, Zeeman transition 1- 2* 

b. Formulation of the problem 

The spin Hamiltonian for orthorhombic SY!fimetry is: 

êlt = 11: 13H S + g f3H S + g 13H S + D S 2 + D S 2 + D S 2 
"'X XX y yy Z ZZ XX yy ZZ 

0 
H 

Sx, S and S in this Hamiltoj.ian operate on the four spin states 
I+ 3/Z). I+ IÎ2), 1- 1/2) and - 3/2} of a spin S = 3/2. Without the 
energy effects represented in the Hamiltonian the four spin states are 
degenerate. Under the operation of the Hamiltonian the degeneracy is 
removed: twofold in zero magnetic field, fourfold under the action of 
the complete Hamiltonian. 

* Numbers in parentheses give intensities of the transitions for H f 1 H. 
r •• 
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For a particular orientation of the magnetic field with respect to 
the axes x, y and z, the solution of the Hamiltonian requires the dia
gonalization of a four by four eigenvalue problem. Usually the result 
cannot he presented in an analytic algebraic form, but has to he com
puted numerically. This is not serious when one particular orientation 
is considered. In studying a polycrystalline material, it is a nuisance, 
as a great number of identical calculations have to he repeated. The 
real prohlem, however, arises in the experimental procedure. The reso
nance conditions are: 

hV wi- wj, 

where Wi and Wj are the energies of two of the spin states. These 
energies are complicated functions of the magnetic field strength H: 
see the example in Fig. VIII-5. Experimental considerations lead to 
measurements in which the frequency is constant and the field strength 
is varied. Thus resonance will be observed at those field strengtbs 

"' 0 
3 

2 

..,..-

HHZ 

I 

-î rr:: 
/V 
~~ 

0 

-2 

- 3o.___,___,___...__2 -30 

Figure VIII-5 
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where hv fits between two of the levels. In order to calculate the reso
nance positions for one particular orientation of the crystal with respect 
to the magnette field, w1, w2 •. w3 and w4 already have to be deter
mined as a function of H in the whole range of field strengtbs available. 
Only then is it possible to look for the positions where hv fits between 
two of these. 

Fora different orientation of the crystal the diagramsof Fig.VIII-5 
change and the calculation of the four W1's as function of H and the 
construction of the resonance positions have to be repeated. 

This is the problem before us. In the following sections an outline 
will be given of how a satisfactory solution has been obtained. 

c. Computation of the positions and the intenstties of the resonances 

1. 
- First the spin Hamiltonian will be reduced to a simpler form. 
For a (3d)3 ion in octahedral surrounding the effect of the anisotropy 
of the Zeeman term is small as compared with the effect of the zero 
field term. Therefore the Zeeman term will be considered isotropic: 

at= gj3(H Sx+H S +H S) + D s 2 +D S 2 +D s 2 • --x y·y z z x x y y z z 

Any three with three tensor may be diagonalized by a suitable choice of 
the axes. Therefore this Hamiltonian is general even for symmetries 
lower than orthorhombic. 

Further simplification is obtained by noticing that an operator 
(Si + S 2 + Sz2) = 8(8+1) leads to a constant contributton to all four 
spin stafus. The resonance conditions only require differences between 
the energies of spin states. Hence no information is lost by subtracting 
such a multiple of this operator from the Hamiltonian that: Dx + D_y + Dz 
= 0. Specifying Hx, Hy and Hz according to Fig. VIII-6, the Hamiftonian 
then becomes: 

~ = gi3H(sin6coscpS + sin6sincp8 +cos es ) + D(S 2-5/4) + E (S 2- s 2), x y z z x y 

with D = 3/2 Dz 
and E = 1/2 (Dx- Dy)• 
Three of the six original parameters are left in this equation. 

By changing over to dimensionless notation one of the parameters 
can be .made to occur in the resnlts in a trivial way. In the complicated 
calculations two parameters are then left: 

at!'= G(sin6cos<pSx+ sin6sin<pS +coses )+S 2-5/4+ S(S 2-s 2), (1) y z z x y 
with G = g(3H/D 
and e = E/D. 
The energies obtained by solution of this Hamiltonian are expreseed in 
units of 1/D. 
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z 

y 

F l gure VIII -6 

Orlentatlon of H wlth respect to crystalllne axes 

Before we embark upon detailed calculations the problem of the 
intensities of the resonance signals has to be considered. The e,erturba
tiop. giving rise to the transitions is tbe magnetic component Hr of the 
microwave radiation. Hence, the transition probability is proportional 
to the square of the matrix element between the initia! and final spin 
states of the energy of the spin in this magnetic field: g f3Hr. S. For 
arbitrary orientation of the microwave magnetic field vector this means 
the matrix element of: 

g[3 (H S + H S + H S ) rx x ry y rz z (2) 

between two spin functions tri and Yj of the type: 

"i =~13/2} + 13i 1112) + Ytl-1/2} + ai 1-3/2). 

Now we have to choose between two procedures: either to describe the 
electron spin resonance in the coordinate system attached to the crystal, 
or to describe the resonance phenomenon in a laboratory coordinate 
system with, for instance, the magnetic field along the z-axis and the 
r-f field along the x-axis. In the first case the spin Hamiltonian has 
the relatively simple form of equation (1). The matrix elements of (2) 
for the transition probabilities, bowever, contain three angles: two angles, 
8 and cp, defining the orientation of H and another angle, 1jr, defining the 
orientation of Hr. In this case the prescription for the calculation of 
the transition probability is different for every different combination of 
8, cp and 1jr. In the second case the spin Hamiltonian is a more compli
cated function of tb ree augles e, cp and 1fi, but the calculation of the 
transition probability is simple and requires only the matrix elements 
of Sx = 1/2 (S+ + S_). In the present work the second possibility bas 
been chosen. Tben a transformation of the spin Hamiltonian bas to be 
performed by means of tbe formulae: 
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sx = sx,(+cosecos~cost - sin~sin t>+ sy,( -cos6cos~sin t -s~q>cos t> 

+ Sz, sin6cos~ 

S = S ,(+cos6sinq>cost +cosq>sinV)+S ,(-cos6sinq>sinV +cosq>cosV) 
y x y 

S = -S ,sinScost + S .,sin 6sint + S ,cos6 z x y z 

and analogously for HX• Hy and Hz. 

+ S , sin8sin~ z 

Omitting the primes in the new Hamiltonian, the result is: 

'af= GSz 

+ s 2(cos2 e + esin
2
8cos2 <p) 

z 

+ sx
2
(sin

2
ecos\ + e(cos2<p(cos2ecos2t- sin2t)- sin2<pcos8sin2V)) 

"~ + S 2(sin2E!!in2t + e(cos2<p(cos26sin2t- cos2t) + sin2<pcos8sin2t)) y . 

+ j(S S +S S )(-sin26sin2t - s(cos2<p(l+cos26)sin2V + 2sin2<pcos6cos2t)) x y y x 

+ i<SySz +SzSy)(sin26sin t - e(cos2q>sin26sint + 2sin2qBin6cost)) 

+ !(S s +S S )(-sin26cosw + s(cos2<psin26cosljf - 2sin2q>sin6sint)). z x x z 

The matrix form of this Hamiltonian is obtained after application of the 
usual substitutions: S = 1/2 (S+ + S ) and S = -1/2 i (S+ - S ). x - y -

The result is (compare Okumura 76): 

.g(. 13/2) 1112) l-1/2) l-3/2) 

13/2~ 3G+a-3bx 2 
-llPe 

-i(ljf-a.1) -Qe·i(21jf+~) 

11/2) 6- a+3bx2 _
08

-i(2t+a.2) 

l-1/2) -6- a+3bi -2Pe -i(f- a.1) 

l-3/2) -3G+a- 3bx 2 

wbere the following substitutions have been made: 

x = cose tan a. = ~ tan a. = Zdx 
1 bx 2 b 2 

a= 1- as cos~ 

b = 1 -e cos~ 
c = 1 + e cos2~ 
d = e sin2q> 

c- x 
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In the form given above the problem is ready for application in a 
computer program that diagonalizes four by four eigenvalue problems 
with complex elements. A simple extra program will suffice for the 
administrative part:· choosing the requisite values of the parameters and 
tabulating the energies and eigenfunctions of the four spin states accord
ing to those parameters. Some remarke have to be added: 
(a) The magnetic fields at which the resonances occur are found by try

ing to fit hv /D between two of the four eigenvalnes obtained. This is 
facilitated by printing, not the four values wl to w4 (arranged in 
order of decreasing magnitude), but the six differences wl-w2, 
W1-W3, W1-W4 , W2-W3, W2-W4 and W3-w4~ 

(b) It is not so much the eigenfunctions that are wanted, but rather the 
transition probabilities, i.e. the squares of the matrix elements of 
1/2 (S+ + S_) between the initia! and final states. A relatively simple 
addition to the computer program allows of calculating these transi
tion probabilities and tabulating them side by side with the energy 
differences to which they belang. 

( c) The Hamiltonian is complex, which makes the matrix diagonalization 
in the computer a much more time-consuming procedure than it 
would be for a real Hamiltonian. In view of the great number of 
values of different parameters for which the solution is wanted this 
easily leads to prohibitively long computer times. Moreover, at the 
beginning of this work not even a program for the salution of a 
complex eigenvalue problem was available. Fortunately, for many 
purposes this complication can he avoided. In the first place the 
eigenvalnes turn out to be identical with those of the real Hamiltonian 
formed by replacing the complex elements by their moduli. In the 
second place, this real Hamiltonian gives the proper matrix elements 
of s+ and s_ between the various states, provided the parameter d 
is zero. This holds if either e = 0 (E = 0) or if sin2<p = 0 (which 
means cp = 0 or cp = 'lï./2, i.e. crystalline z-axis in the laboratory 
xz or yz plane). Hence, the solution of the real Hamiltonian always 
leads to the correct positions of the resonances and in a number of 
oases to the oorreet transition probabilities. Thecalculation of transi
tion probabilities for the other cases can be reserved for those values 
of the parameter G where resonance is known to occur. 

(d) The positions of the resonances prove to he independent of 1jr. This 
should he so, as the direction of the magnetio field with respect to 
the crystalline axes is completely speoified by 6 and cp. The angle 
1jr is only introduoed to define the direction of the r. f. field in a 
plane perpendicular to ii. The transition probabilities of course de
pend on 1jr. For a powder with random orientation of the crystallites 
only the average of the transition probabilities over 1jr at fixed 6 and 
cp are of physical significance. The averaging procedure turns out to 
lead to a simple answer: 

j(!Jjs+ +s_l!)l2 =I(Pjjs+l'i)l2 +l(vjlsJ!i)l2 
where V1 and Vj in the right-hand memher of this formula are the 
funotions for t = o. 
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(e) Finally we are left with four variables: G, e, e and <p. The angles 
e and <p only have to be considered between 0 and 'lt/2, as beyond 
these values nothing new is added. The range to be considered for 
the values of G = g~H/D depends on the value of D, as experimentally 
gr;H varles between 0 and 1.0 cm-1. The range to be considered 
for e = E/D is lrmited to between 0 and 1/3. This is a fortunate 
circumstance ana can be seen from the equation: 

D - D 
e;=E= x y 

D 3Dz 

Essentially the axes may be interchanged without the problem being 
changed. Inspeetion shows that always a choice is possible that makes 
lsl <1/3. 

As an example, an arbitrary specimen of the tables obtained from 
the oomfilter is given in Table Vlll-1. The table is labelled by various 
data: 

(1) the levels between which the transition takes place: i= 1, j = 2; 

(2) the value of e; = E/D: 0. 250000; 

(3) the value of cos 2 <p : -1.000000. 

The columns in the table repreaent different values of x = cos e , 
the rows different values of y = 2g(:3H/D. Every site of the table gives 
three data: E = W. - W 

1 j - .L-A = transition probability for Hr f H 

B = transition probability for Hrf//H. 

d, Presentation of results 

After completion of the comfl.lter calculations it is easy to find 
in the tables obtained the resonance conditions (i.e. a set of six values 
of G) for a particular set of conditions: values of s, e, <p and h v /D. 
Moreover, to each value of G belongs a value for the intensity of the 
resonance. 

lf we are faced with an esr spectrum of a polycrystalline sample 
with unknown parameters, these data are of no great direct help. It is 
necessary to give a survey of these data in a more or less systematic 
way. This may be done in several ways. 

In the first place, a choice may be made for s and hv/D (i.e. of 
D and E), and the resonance conditions may he determined as a function 
of a fora fixed value of <p (for instance, <p = 0 or <p = -x/2, which means 
H in the xz- or yz-plane) or as a function of <p for fixed value of a 
(a= -x/2, corresponds to H in xy-plane). Examples are given in Fig. 
VIII-7 and VIII-8. 
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Table VIII-1 

Transition frequencies and transition probabilities. 
Speci•en of computed tables 

e: ~ 0.250000, cos 2q> = -1.000000 
1~1, 1=2 

x x x x x x x 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 

y 
0.00 

E 0.000 0.000 0.000 0.000 0.000 0.000 o.ooo 
A 1.105 1.123 1.181 1.168 1.042 1.060 1.126 
B 0.000 0.056 0.221 0.018 0.125 0.102 0.055 

0.02 
E 0.104 0.104 0.102 0.100 0.096 0.092 0.086 
A 1.105 1.106 1.118 1.136 1.163 1.206 1.271 
8 0.000 0.000 0.000 0.000 o.ooo 0.000 o.ooo 

0.05 
E 0.261 0.259 0.256 0.250 0.241 0.229 0.214 
A 1.108 1.111 1.120 1.138 1.165 1.207 1.272 
B o.ooo 0.000 0.000 o.ooo o.ooo o.ooo 0.000 

0.10 
E 0.521 0.518 0.511 0.499 0.482 0.459 0.429 
A 1.117 1.119 1.129 1.145 1.171 1.211 1.274 
B 0,000 o.ooo 0.000 o.ooo o.ooo o.ooo 0.000 

0.15 
E 0.780 0.777 0.766 0,748 0.723 0.688 0,643 
A 1.132 1.134 1.142 1.157 1.181 1.218 1.277 
B 0.000 0.000 o.ooo 0.000 o.ooo o.ooo 0.000 

0.20 
E 1.038 1.034 1.020 0.996 0.962 0.916 0.857 
A 1.153 1.155 1.162 1.174 1.195 1.228 1.282 
B 0.000 0.000 0.000 o.ooo 0.000 0.000 0.000 

0.30 
E 1.550 1.541f 1.523 1.489 1.439 1.372 1.284 
A 1.215 1.216 1.219 1.225 1.236 1.257 U97 
8 0.000 0.000 0.000 0.000 0.000 o.ooo 0.000 

0.50 
E 2.5~1 2.531 2.501 2.449 2.373 2.269 2.132 
A 1.425 1.421 1.412 1.398 1.380 1.363 1.354 
B 0.000 o.ooo 0.001 0.002 0.002 0.002 0.001 

0,70 
E 3.462 3.450 3.415 3.351t 3,263 3.137 2.964 
A 1.747 1.740 1.728 1.681 1.627 1.557 1.474 
B 0.000 0.001 0.004 0.007 0.010 0.010 0.007 
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Figure VIII-7 Fiqure VIII-8 

Resonance condltions as a fundion of orientation; 

hv E hv 
0 : 0.58, ii: 0.25, gj 3360 gauss, Zee11an transition 1.,... 2 

It is seen that the resonance conditions are smooth functions of 
the angles and that the orientations of the magnetic field along the crys
talline axes repreaent extremes in the resonance condition. This is neces
sarily so because of the symmetry of. the problem. It is of course not 
preelucled that extremes in the resonance conditions also occur for other 
values of e and <P. As mentioned in the introduetion of this cbapter the 
resonances of the powder are found at ·the field strengtbs where acos8/äH 
or ä<PiäH are great or where äH/äcose and äH/ä<P are small. 

This suggests another wa_y of repreaenting our material: to select 
the particular orientations of H parallel to the crystalline axes and to 
plot the field strength for resonance as a function of the parameter D, 
consictering the ratio E/D constant. An example is given in Fig. VIII-9, 
where we find the data for the transition 1 -+ 2 and for the particular 
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Con di ti ons for e 1 ectron spin resonance; 
orthorho1bic sy111etry, E/D ""0.25, Zee1an transition 1- 2 
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z 

value E/D = 0. 25. The possibly occurring extreme values of the reso
nance condition for arbitrary orientation of H can easily be incorporated 
in such a graph. For the situation of Fig. VIII-9 the only extremes oc
curring are those for H along the x-, y- and z-axes. In Fig. VIII-10, 
transit.ion 2 -+ 3, extreme values for the resonance conditions are also 
found for intermediate orientations. The transition probabilities for 
Hrf.Liî are given in parentheses alongside the curves. They are generally 
smooth functions of the parameter hv /D. The transition probabilities 
for Hrf//H are generally small. At places where these transition proba
hilities have significant values they are indicated between double paren
theses. 
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Figure VIII-10 

Conditions for electron spin resonance; 

orthorho•bic sy•metry, E/D = 0.25, Zeeman transition 2....-. 3 

hll 

A survey of our complete material is given in the six graphs 
VIII-11 to VIII-16 covering the various transitions for four values of 
the parameter e = E/D: 0 (axial symmetry), 0.15, 0.25 and 0.333. 
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Conditions for electron spin resonance; 

S = 3/2, various orthorhombic sym1etries, Zeeman transition 1+-+ 3 
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Condit i ons for e 1 ectron spin resonance; 
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S = 3/2, various orthorho1bic sy1111etries, Zeeman transition 1,._.4 
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Conditions for electron spin resonance; 
S = 3/2, various orthorhombic sy••etries, Zeeman transition 2-3 
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e. Orientation averag:i.ng in the calculation of a powder spectrum 

One of the problems encountered in this wolk is just the opposite 
of those mentioned thus far: given a set of parameters D and E, what 
is the esr spectrum of the powder to be expected? The solution is, to 
a certain extent, a straightforward one: with the help of the tables avail
able the positions of the six possible resonances can be calculated as 
functions of e and q>. But then the problem of the integration with re
spect to dcos6dq> arises. An easy metbod is illustrated in Fig. VIII-17 
and VIII-18 derived from Fig. VIII-7 and VIII-8. For each of the reso
nance lines a plot is made of cose vs. q> at constant H. Pronounced 
signals are to be expected at values of H where the successive lines 
are far apart. A numerical integration is obtained by determining the 
surface areas between the subsequent levels of H. In this procedure the 
transition probabilities have been neglected. When the transition proba
hilities are smooth functions of e and q> it is relatively easy to estimate 
their influence on the esr spectrum. 
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Flgure YIII-17 Figure YIII-18 

Resonance conditions as a fundion of orientation; 
hY E hY 
0 = o.s8, ii = o.2s, 9i3 m 3380 gauss, 

Zee1an transition 1....-+ 2 Zee1an transition 3 o-+ 4 
The nu1bers in parentheses reprasent the i ntensity of t he transition for iir. f jii 

In the course of our wolk the integration has been performed for 
a particular situation: cr3+ in f3-Ga203, where the parameters are known 
from the literature 79. Fig. VIII-5, VIII-7, VIII-8, VIII-17 and VIII-18 
already applied to this case. The result of the integration is shown in 
Fig. VIII-19. 
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Figure VIII-19 

I ntegrated resonance spectrum; 

hY E hY 
calculated tor: 0 = 0.58, 0 = 0.25, gj3 = 3380 gauss 

f. Application to Cr3+ in various well defined compounds 

Esr spectra of four compounds will be discussed: 

(a) cr3+ in (NH4)Al(S04)2 .12 H20 prepared by crystallization from a 
concentrated aqueous solution of (NH4)Al(S04)2. 12 H20 and 
(NH4)Cr(S04)2 .12 H20. 

(b) cr3+ in ZnAI2o4 prepared from a mixture of ZnO, Al(N03)3. 9 H20 
and (NH4)2Cr2o 7 by solution in diluted HN03, removal of water and 
nitrous vapours during heating in a crucible, thorough grinding of 
the residue and heating at 1200°C in N2 for 2 x 5 hours. 

(c) Cr3+ in (3-Ga203 prepared by coprecipitating Ga(OH)3 and Cr(OH)3 
from a mixed Ga(N03)3 and Cr(N03)3 aqueous solution by means of 
NH3, drying of the precipitate, heating in wet hydrogen at 500°C 
(in order to dehydrate without oxidation of the cr3+) and heating in 
air at 1350°C. 

(d) cr3+ in boehmite (AlOOH) made from a coprecipitate by hydrothermal 
treatment at 250°C. 

In the first two cases the site symmetries of the octahedral inter
sUces are axial, in the other two èases there is only reflection symmetry 
with respect to a plane through the Cr ion. 

The parameters of the spin Hamiltonian for the axial coordinations 
are known from publisbed single crystal work: 

-1 77 
Cr in NH4Al(S04)2.12 H20 D = 0. 0490 cm 

Cr in MgA12o 4 (isomorphous to ZnA120 4): D = 0. 924 cm - 1 78 

It is seen that for the first example D « hv, while for the secondexample 
D » hv. Hence, the esr spectra represent two relatively simple limiting 
cases. 
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(a) The esr spectrum for the alum is given in Fig. VIII-20. For com
parison this figure also contains a diagram of the single crystal 
resonance positions as a function of the angle between the magnetic 
field and the crystallographic z-axis. It is seen that expectation and 
observation tally well. 
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(o) POSITION OF THE SINGLE CRYSTAL RESONANCES AS A FUNCTION OF THE ORIENTATION OF H 
(THE INTENSITIES ARE GIVEN IN PARENTHESES) 
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Figure VIII-20 

Electron spin resonance of Cr3+ in (NH4)Al(so4)2.12 H20 

GAUSS 
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(b) In Fig. VIII-21 simHar data are given for Cr3+ in ZnAl204. By ref
erence to tbe diagrams of Beetion VIII-d it can be established that 
D = 1.055 cm-1. From these diagrams it is also seen that the esr 
spectrum of Cr3+ in ZnAl204 is rather insensitive to the accurate 
value of the parameter D, with the exception of the features at 
12000 and 13000 gauss. The determination of D is basedalmost ex
clusively on the field strengtbs where these resonances occur. 

lal POSJTIONS OF THE SINGI.E ~AL RESONIINCES AS A FUNCTICIN OF THE ORIENTATION OF H 

hl- •Q 3t64cnr• 

tOOO 

lbl ESA SPECTRUM Of THE POWDER 

Figure VIII-21 

Electron spin resonance of Cr3+ in ZnA1 20it 
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(c) The. parameters of the spin Hamiltonian for Cr3+ in 13-G~03 have 
heen determined by Peter and Schawlow 79 in single crystal wolk as: 

For hv = o. 316 cm-1: 

and 

D = 0.543 cm - 1 

E = 0.133 cm-1. 

hv/D = 0.584 

E/D = 0.245. 
In Fig.VIII-22 the esr spectra at 0.3164 cm-1 and 0.819 cm-1 are 

(ol 0.3164cm-• 

) 6000 -~ 8000 10000 

Figure VIII-22 

Electron spin resonance of Cr3+ in 13-6a2o3 
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given. The resonance positions to be expected from the diagrams of 
Section VIII-d are indicated in the spectra. It is seen that there is 
satisfactory agreement. The main features of the resonance spectrum 
originate from transitions between the quadruplet levels 1 to 2 and 
3 to 4. Some very significant details, however, stem from the transi
tion 2 to 3. Especially these details are sensitive to small variations 
of the parameters. 
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5000 
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I I 
Yt2 EXTRa3 
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(b) 0.3164cm-t 
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Figure YIII-23 

Electron spin resonance of Cr3+ in boeh111ih (AlOOH) 
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(d) The esr spectra of cr3+ in boehmite at 0.3164 cm-1 and 0.819 cm-1 
are given in Fig. VIII-23. With the help of the diagrams of Section 
VIII-d the following values of the parameters have been derived: 

Hence: 

D = 0.476 cm-1 

E/D = O. 325. 

E = 0. 155 cm - 1. 

The resonance positions to be expected for these parameters are 
indicated in the spectra. The analysis of Cr3+ in boehmite is the 
first analysis where the diagrams of Section VIII-d have been used 
to derive unknown parameters of the spin Hamiltonian from the esr 
spectrum of a powder. 
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CHAPTER IX 

ELECTRON SPIN RESONANCE OF Cr3+ IN ALUMINAS: 
SPIN HAMILTONIAN AND LOCAL SYMMETRY 

a. Introduetion 

Electron spin resonance may be used as a tool in the study of the 
structure of al~minas. To this end cr3+ ions are substituted for the 
diamagnetic Al + ions and the esr spectra then provide information on 
the point group symmetry at the sites of these ions. In the preceding 
chapter it is shown how the parameters Dx, Dy and Dz of the spin 
Hamiltonian can be derived from the esr spectrum of cr3+. Now the 
problem will be how to derive information about the local symmetry 
from the values of Dx, Dy and Dz• In this chapter the values of Dx, 
Dy and Dz will be derived for Cr3+ in an octahedral coordination of 
nearly cubic symmetry. A description will be given of how certain struc
tural features appear in the values of Dx, Dy and Dz. A systematic 
treatment of the expertmental material for carefully selected aluminas 
will be given in the next chapter. 

b. General 

The behaviour of a (3d)3 ion in a crystal field of octahedral sym
metry can be described in a weak-field scheme, see Fig.IX-1. Only the 
high spin states are given. Essentially of course all the wave functions 
are three-electron functions. The behaviour of the system in crystal 
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xyz 

WAVE 
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Crystal field energy levels of (3d)3 ion in weak-field coupling sche111e 
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fields of lower symmetry and under spin-orbit interaction can be satis
factorily described by only consictering the symmetry character of the 
wave functions 80 , i.e. p functions for the states derived from 4P and 
f functions for the states derived from 4F. This is the procedure adopted 
for the following discussion. 

The ground state is an orbital singulet and a spin quadruplet. The 
degeneracy of the quadruplet is removed by a magnetic field. The re
sulting Zeeman effect may be described by the spin Hamiltonian: 

2ft= g j:IH S + g f3H S + g f3H 8 + D(S 2 -5/4)+E(S 2-s 2). 
X XX y yy Z ZZ Z X y 

According to this procedure the electron spin resonance is described 
by the five parameters: gx• gy, gz, D and E. 

The calculation of these parameters in this so-called fine-stroeture 
Hamiltonian can be made in two steps4: first the four functions of the 
ground-state quadruplet have to be calculated in full, taking into account 
the admixturé of higher orbitals by spin-orbit coupling; then the eigen
values of the magnetic energy: 

in this ground-state CJ;!:la~ruplet have to be found. The matrix elements 
of Lx;, Ly, Lz and XL. S, required for this calculation, are given in 
Tables IX-1 and IX-2. The results are: 

The results for the (3d)3 configuration in a nearly octahedral co
ordination are seen to be relatively simple. This is due to the circum
stance that all matrix elements of Lx;. L and Lz between the ground 
state A2 and the excited states of symmefry T1 are zero. As a conse
quence2 in this first approximation it is only the T2 functions x(y2-z2), 
y(z2-x ) and z(x2-y2) that are involved. 
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Tabla IX-1 

Non-zero aatrix ele•ents of lx, ly and Lz between the 

3/2 

it/3 ~ 

4 4 4 A2 ground state and the T2 and T 1 statas 

(xyziLxjx(/-lJ) .. 2; 

(xyziLyjy(i.ll) -2i 

(xyz I Lz I z(i-lJ) • 2i 

Table IX-2 

llatrix ele•ents of ~Ls 

2 2 x(y -z ) 
2 2 y(z -x ) 

1/2 -1/2 -3/2 3/2 1/2 -1/2 

i-13 ~ ,.f'S>.. 

2i~ .-IJ~ 2~ 

2i~ it/1~ -2~ 

;,.f'S~ .,.fj~ 

-3/2 

..rs~ 

2 2 z(x -y ) 

3/2 1/2 -1/2 

3i~ 

i~ 

-i~ 

Various conclusions may be drawn from these formulae: 

-3/2 

-3i~ 

(1) The effect of anisotropy on the Zeeman term is small: ~ is of the 
order of 100 cm-1, E (_..2 2)' E ( 2 2) and E ( 2 2) are of the x y- -z y z -x z x -y 
order of 10000 cm-1, hence the quotients )./E ( 2 2) etc. are of x y -z 
the order of 1%. In terms of field strength the effects will be 30 
gauss at most. 

(2) D and E are of the order: 8 ~2/E2 , where 8 is a measure of the 
mutual separation of the thre~ T2 levels. Effects of the order of 
hY (0.3 cm-1) are obtained for 8•s of several thousands of cm-1. 
Zero-field splitting and anisotropy effects due to the zero-field terms 
are non-existent for E ( 2 2) = E ( 2 2) = E ( 2 . ..2)· Only per-x y -z y z -x z x -y-
turbations in crystal field leading to a removal of the degeneracy of 
the T2 states bring about anisotropy in the electron spin resonance. 

c. Low-symmetry crystal field perturbations 

Now the question arises as to what type of low-symmetry perturba
tion will lead to a removal of the degeneracy of the T2 levels. 
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An arbitrary low-symmetry perturbation of the crystal field can 
be expressed as: · 

2 2 2 V(x,y,z) = Ax + By + Cz + Pxy + Qyz + Rzx. 

The matrix elementsin the system of the three T2 functions are: 

V(x,y,z) 
2 2 x(y -z ) 2 2 y(z -x ) 2 2 

z(x -Y ) 

2 2 
x(y -z ) 1/3(A+B+C) -1/6 p -1/6 R 

2 2 
y(z -x ) 1/3(A+B+C} -1/6 Q 

(1) 

2 2 
z(x -y ) 1/3(A+B+C) 

It will be clear from this scheme that some of the most common per
turbations from cubic symmetry are insufficient to remove the degeneracy, 
such as: 

a tetragonal symmet:ry with respect to one of the coordinate axes; 
potential: Ax2 + B (y2 + z2), 

an orthorhombic symmetry with respect to the coordinate axes x, 
y and z; potential: Ax2 + By2 + Cz2. 

An orthorhombic symmetry may lead to removal of the degeneracy, 
but then the symmetry axes should not coincide with the axes of the 
octahedron of ligands. An example is the perturbation: 

V(x,y,z) = 6qyz. 

The energy levels for this perturbation follow by diagonalizing (1): 

El= EO 

E2 = EO+ q 

E3 = Eo- q 

where E0 is the energy in the unperturbed cubic field. The parameters 
of the spin Hamiltonian are ( consirlering q < E

0
): 
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It is seen that E/D 1/3. This particular deformation will be encoun
tered repeatedly in the study of cr3+ in aluminas. 

Another frequently encoûntered deformation that leads to removal 
of the degeneracy of the T2 orbitals is the trigonal one. The axis of 
symmetry is the line x= y = z, the potential is: 

V(x,y,z) = P(xy + yz + zx). 

Along the same lines as above, it is found that for this deformation the 
·parameter E of the spin Hamiltonian is equal to zero. 

It should be stressed at this point that the fact that the electron 
spin resonance is indèpendent of the terms of the potential in x2, y2 
and z2 is exclusive for cr3+ in octahedral coordination. Even bere it 
holds only to the approximation, where the low symmetry perturbation is 
considered within the T2 triplet. In a higher approximation the anisotropic 
crystal field introduces T1 functions into the T2 functions. As the de
generacy of the T1 triplets is removed this gives rise to removal of 
the degeneracy of the T2 triplet. 

The interpretation of the electron spin resonance of cr3+ in ran
domly oriented samples is facilitated a great deal by the circumstance 
that only the crystal field perturbations with coefficients P, Q and R 
contribute to the spin Hamiltonian. For a randomly oriented sample all 
relation between the esr spectrum and the orientation of the crystal bas 
got lost. Hence only the two coefficients D and E are accessible to 
measurement. 

As long as D and E are determined by the three coefficients P, 
Q and R this information is satisfactory for a discussion of the local 
symmetry in the crystal. It would be highly insufficient, however, if 
D and E we re dependent on all six parameters A, B, C, P, Q and R. 

d. An example: Cr3+ in 13-G~Qa 

The relation between the parameters determining the low-symmetry 
perturbation of the crystal field and the parameters of the spin Hamil
tonian may be specified in more detail for erS+ in 13 -Ga203. Here a 
single crystal X-ray structure determination is available, giving accurate 
parameters for the positions of the gallium and the oxygen ions 81, 

In 13-G~Oa half the Ga 3+ ions occupy tetrabedral sites, the other 
half octahedrál sites. Only Cr3+ ions at octahedral sites can be expected 
to give electron spin resonance at room temperature. Therefore only 
the symmetry of these sites bas to be considered. In view of the great 
preferenee of cr3+ ions for octahedral sites it is very doubtful anyway 
whether cr3+ ions replace Ga3+ at tetrabedral sites. 

The surrounding of a Ga3+ ion in i3-Ga203 belongs to the point 
group Cs• The coordinates of the six oxygens of the ligand octahedron 
are given in Table IX-3. The crystal field potentlal of this configuration 
is found by expressing the deviations from the regular octahedron in 
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Tabla IX-3 

Dlstortion of ligand octahedron of Cr3+ in j3-Ga2o3* 

Nuaber of Locatlon óx Ar óz 
a toa 

1 positlve x-axis 0.011 0.154 0.154 
2 positivo .y-axis 0.160 0.062 -0.081 

3 positivo z-axis 0.160 -0.061 0.062 

4 negative x-axis 0.069 0.092 0.092 

5 negati ve y-axi s 0.105 0.034 0.183 

6 negative z-axis 0.105 0.183 0.034 

* All distances are in l. The •onoclinlc unit cell has the dimensions: 
a= 12.23 K, b = 3.04 '-• c "'5.80 K, {3"' 103.7°. The positive y- and 
z-axes have the directions [011) and [011], respectively. 

symmetry coordinates, as defined in Fig. IX-2. Q1 can he made zero 
arbitrarily by an adequate choice of the dimension of the undisturbed 
octahedro11; it corresponds to the requirement that the average value of 
the potentlal V is zero. The potentials corresponding to the modes Q2 
to Q6 follow easily 82. They are given in Tahle IX-4 together with the 
displacement in each of the modes. 

z 

x 

Q 1:1/'JS(Ax1+ Ar2+ Az rAx4-
Ay5-Az6) 

z 

y 

Figure IX-2 

x 

z 

x 
y 

0 3 : I/2V3{·Ax1- AYz+2AZ3+ 
Ax4+LIY5-2Az6l 

Sy11etry coordinates of the distortions of a ligand octahedron 
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Table lX-4 

Sya•etry coordtnates of the 1 igands of Cr3+ tn 13-Ba2o3 

Coordtnate Yalue (.) Potentlal 

Q2 -0.043 2 2 -(x ·Y )/ 11{3 

Q3 0.025 2 2 -(3z -r )/t{3 

Q4 0.059 xy 

Q5 -0.264 yz 

Q6 0.059 zx 

Applying a potential with these coefficients to the eigenvalue problem 
within the three T2 states the following energies are obtained (in ar
bitrary units): 

E~ -0.242 

ETJ = -2.639 

E.!';; = 2.881. 

With the help of these values the esr parameters 11;;. Dil and Dt::: 
can be calculated and in partienlar a value for the parameter e = E/U 
can be derived, characterizing the orthorhombic distortion. It is found 
that e. so calculated, amounts to 0.28. This is in satisfactory agree
ment with the value of 0. 25, determined ex.perimentally by Peter and 
Schaw low 79. 
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CHAPTER X 

ELECTRON SPIN RESONANCE OF Cr3+ IN ALUMINAS: 
STUDY OF THE STRUCTURE OF HYDRA TED AND DEHYDRA TED 

ALUMINAS 

a. Introduetion 

Many studies have been devoted to the structure and the texture 
of dehydrated aluminas ZB, 83• 84• 85 • X-ray diffraction work has shown that 
essentially the structures are simple: the oxygen framework of the lattice 
is nearly close-packed and the symmetry is slightly distorted cubic. 
In this framework the Al ions occupy octahedral and tetrabedral holes. 
Upon dehydration of a precipitate two processes take place: 

(1) hydroxyl ions and water molecules gradually disappear from the 
structure; 

(2) the Al ions are redistributed over the available sites. 

In this way various intermediate modifications are formed before, at 
1000°C or higher, the stablé a. modification of Al203 is attained. 

Considered in detail the intermediate structures are not simple at 
all. This is partly due to the texture of the aluminas: apparently it is 
very difficult for aluminas to crystallize into large three-dimensional 
units. Hence, the accessible surface areas are large. The size, shape 
and coherence of the individual particles are only roughly known. Indeed, 
the modifications occurring upon dehydration of an alumin.a may differ 
from sample to sample. Even compounds with only slightly different 
structures are found to dehydrate in completely different sequences. 

Most of the information about the metastable aluminium hydroxides 
and oxides comes from X-ray diffraction work 28, Bit, 85. Additional know
ledge sterns from measurements of water contents in various stages of 
dehydration, measurements of accessible surface area and pore size 
distribution, electron microscopy and selectecl-area electron diffrac
tion 85. In the present work a new metbod of investigation is added to 
thQ.se already mentioned: the electron spin resonance of cr3+ replacing 
Ala+ at octahedral lattice sites. 

Of course other paramagnetic ions could have been used instead 
of Cr3+. But cr3+ is a favourable ion: it easily adopts the valency three, 
it is known to be substituted easily for Al ions in alumina 10 , it bas a 
strong preferenee for only one of the two possible coordinations occur
ring in the aluminas, viz. the octahedral coordination 86,87 • Finally, 
the electron configuration of cr3+ is (3d)3, which appears especially 
favourable for the study of the symmetry of an octahedral coordination. 

In this chapter first a short survey of the stabie and metastable 
structures in the alumina system will be given. Then a discussion will 
be given of the symmetry of the local crystal fields to be expected in 
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aluminas of different structure. In Section d a few examples will be 
given of the esr spectra of characteristic alumina compounds. In Sec
tion e a systematic X-ray and electron spin resonance study of three 
dehydration sequences follows. In Section f the implications of the elec
tron spin resonance results for the structure of the aluminas under 
consideration will be discussed in some detail. 

b. Crystalline modifications of hydrated and dehydrated aluminas 

An outline of the stabie compounds in the Al20a-H20 system is 
given in Fig.X-168,69. There is one stabie hydroxide of the composition 
Al(OH)3: bayerite, two hydroxides of the composition AlOOH: boehmite 
and diaspore, and one stabie oxide: o.-Al203 or korund. The stabie com
pounds can be obtained by hydrothermal procedures either starting 8~r~on one of the metastable compounds or from aluminium and water • • 

200 

100 

BAYERITE 
(AI(OHI,l 

DIASPORE 
(AIOOH) 

BOEHMITE / 
(Al OOH) I 

I 

I 
/' 

/ 

,./ 

KORUND 
(Q-AI2 0 1 ) 

-#~ 
0o~--~~~~~o--------~~------~600 

oe 

Figure X-1 

Phase diagram of stable aluminas 

Relatively pure high-surface-area metastable aluminas may be 
prepared by precipitation from Al(NOg)g by means of ammonia. At room 
temperature the precipitate is highly gelatineus and has a composition 
close to AlOOH. lt is either amorphous or shows very broad X-ray 
diffraction linea of boehmite. From such a gelatinous boehmite three 
characteristic dehydration sequences may be obtained, as indicated sche
matically in Fig.X-228,85, 92, 93. In the first sequence the gelatinous 
boehmite is heated right away. In the second sequence the gelatinous 
boehmite is first converted into the trihydroxide bayerite by ageing in 
the mother salution and the bayerite is dehydrated by heating in air. 
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To obtain the third sequence first a well-crystallized boehmite is pre
pared by ageing in the mother solution at elevated temperature, which 
boehmite is heated in air. A fourth sequence may be obtained from the 
trihydroxide gibbsite, which is believed to occur only in the presence 
of alkali impurities. It is also given in Fig. X-2 but will not be dis
cussed in the following. 

PRECIPITATION BOEHMITE CRYST. 
GEL BOEHMITE 

j 

Figure X-2 

Alu1ina dehydration sequences 

c. Symmetry of the crystalline electric field at the Al-occupied octa
hedral sites 

As a fair approximation all aluminas can be considered as an 
assembly of close-packed layers of oxygens or hydroxyls 95. In the tri
hydroxides the anion framework consiste of "sandwiches" of two such 
layers, in the metastable dehydration products the array of the layers 
is cubic close-packed, in the stabie a. modificatiou it is hexagonal close
packed. The structures of the oxyhydroxides boehmite and diaspore are 
more complicated 95, Boehmite consists of layers mak.ing an angle with 
the close-packed faces. The arrangement of the oxygens within a layer 
is similar to that of a cubic close packing. For diaspore the arrange
ment of the oxygens is simHar to that of a hexagonal close packing (see 
also Lippens 85, p. 52). 
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The interesting point about the metastahle dehydration products is 
the distribution of the Al ions in the interstices of the oxygen frame
work. Boehmite and 6-Al2o3 are of particular interest for the present 
discussion. 

f i gure X-3 

6 -A 1203 Arrange1ent of occupi ed octahedron sites 
;s··· - } P-.:~~2~3 on top of close-packed layer of oxygens 

Figure X-4 

Boehmite; arrangement of occupied 
--------octahedron sites 

The distributions of the Al ions over a close-packed layer are 
given in Fig.X-3 and X-4. Both structures have reileetion symmetry 
with respect to a plane perpendicular to these layers. The positions of 
the Al ions in successive layers are shown in Fig.X-5 and X-6, the 
projections of the structure on the reileetion plane • 

• OCTAHEORALLY COOROtNATED MET AL !ON, IN PI...ANE 
0 OCTAHEORALL'i COORD!NATED MET AL ION, OUT OF PLANE 

• • TETRAHEDRALLY CO()I;'OINATEO METALION 
(INOICATED IN TWO LAYERS ONLY) 

Fi gure X-5 

6-Al203 
fj:sä ö 
-----2-3 Cross-section with (010) reflection plane 

Figure X-6 

Boeh111i te 
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It is seen that the structures of boehmite and 8-AI203 are char
acterized by rows of octahedrally coordinated Al ions in a direction 
perpendicular to the reflection plane~ These rows are identical to the 
rows recognized by Van Oosterhout B as structural units in iron hy
droxides, see also Lippens, l.c., p.52. The repulsions of the highly 
charged Al ions are bound to work more effectively in the direction of 
the row than in directions perpendicular to the row. Hence an elongation 
of the oxygen framework in the direction of the rows is to be expected. 
Indeed an elongation of the b-axis is found. This is illustrated in Table 
X-1, where the cell parameters of boehmite and 8-Al203 are compared 
with those to be expected for an ideal cubic assembly of oxygens. 

Comparison of idea1 and experi11enta1 lattice paraleters 

a (X) b (~) c (X) 13 

boehmite, experiment a 1 12.233* 2.861 3.696 90" 

I , idea1 cubic 10.92 2. 73 3.86 

6-A 1203, ex peri menta 1 11.74 2.86 5.62 1QJ02QI 

I , idea1 cubic 12.10 2. 76 5.56 103"201 

* This vector bridges the voids between the layers; hence, not significant 
for the present discussion. 

Translating the deformation into that of the individual ligand octa
hedron, one fincts that it corresponds to Fig.X-7c, i.e. the deformation 
that shows up in electron spin resonance. In the ideal case only one of 
the three coefficients P, Q and R (see Section IX-c) is expected to differ 
from zero. 

In the preceding chapter it is seen that such a situation gives rise 
to a value of 1/3 for the ratio between the parameters E and D of the 
spin Hamiltonian. 

As an example of an alternative structure the trihydroxide of the 
bayerite modification may be discussed. The arrangement of Al ions 
within a 11sandwich" of two close-packed layers of hydroxyl ions is il
lustrated in Fig.X-8. In the hydroxide such sandwiches are stacked on 
top of each other. There are no positive ions in the voids between the 
sandwiches. 
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Figure X-7 

Two ty11es of orthorho11bi c deforlllati ons of a regular octahedron 

A similar arrangement of Al ions within close-packed layers of 
oxygen ionsis found in a.-Al203. Here the arrangement of positive ions 
between every two close-packed oxygen layers is identical. The positions 
in successive layers are shifted with respect to each other in accord
ance with the requirements of the hexagonal close packing of the a.-Al203 
crystal lattice. The local symmetry for the Al ions in bayerite and in 
a.-Al20 3 is trigonal. 

The structures of the spinel compounds are more complicated than 
those discussed thus far. The dis tribution of octahedrally coordinated Al 
ions over a close-packed layer of oxygens is given in Fig.X-9. Owing 
to the cubic symmetry of the lattice, equivalent arrangements are found 
for the four different orientations of the (111) face. Inspeetion shows that 
the local symmetry of the surroundings of the octahedrally coordinated 
Al ions again is trigonal. 
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fi gure X-8 Figure X-9 

~!_!~!~!~~~:!~:! J Arrange111ent of occupied octahedron Spinel; arrange1ent of occupied octa-
?.::~h~J sites on top o! c1ose-packed layer -·-··· hedron sites on top of close-

of amons packed layer of oxygens 

In the preceding chapter it is seen that a trigonal deformation 
shows up in the electron spin resonance of erS+, but in a completely 
different way from the orthorhombic deformation: now the parameter E 
in the spin Hamiltonian will be zero. 

d. Examples of esr spectra of er3+ in aluminas 

The type of results to be obtained in the study of aluminas is 
illustrated by some examples in Fig.X-10. The samples chosen are 
well defined aluminium hydroxides and oxides. Hence, the spectra of 
Fig.X-10 may be regardedas references for the remalnder of this work. 
Four situations are represented. 

(1) 9.!!~-1~-~~!!!!1J!~~-~lQ9.!!. 
The er3+ -containing compound was made from a coprecipitate by 

hydrothermal treatment at 25o0 e 90. eharacteristic resonances are seen 
at 1200, 3350, 3450 and 4700 gauss. 

(2 ) 9.!!~-É.!-~:~.!293 
This compound was obtained by the dehydration of an impregna~ 

at 10oooe. During such a treatment a rather complete diffusion of er3 
into the interlor of the alumina occurs. The sharp and intense resonance 
signal at about 3400 gauss represents a relatively small amount of er>+ 
at the surface. The resonances of the er3+ are seen at 1200, 2800 and 
4700 gauss. It is known from X-ray diffraction work that the e modifica
tion of Al203 and the fl modification of Ga203 are isomorphous 96. This 
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is borneout by the electron spin resonan]e of cr3+ in these compounds. 
Comparison of the esr spectrum of Cr + in 8-Al203 (Fig. X-10} with 
that of Cr3+ in j3-Ga2o3 (Fig. Vlll-22) shows that the analogy holds in 
detail. 

<3> 9.!~~-.!'!!_~~h93 
This compound was obtained by heating an impregnate at 1300°C. 

The esr of the cr3+ is identical with toot of powdered ruby. This is 
the only one of the four reference spectra that was available at the start 
of this work 13. 

< 4) 9I~~-.!'!!_!h.~-~i!l~L~!0-_1294 
The cr3+ is known to occupy octahedrally coordinated lattice sites 

with a trigonal local symmetry. The characteristic resonance signals 
for cr3+ in this coordination are found at 1700 and 3400 gauss. 

Some of the esr spectra of Fig. X-10 we re discussed earlier in 
Chapter VIII. There an interpretation of the spectra was given in terms 
of the parameters D and E of the spin Hamiltonian. Several points 
emerge that will be of great interest for the study of the structures of 
the aluminas in the next section: 

(a) Octahedrally coordinated Cr3+ in surroundings of orthorhombic sym
metry, such that E/D is close to 1/3, is characterized by esr signals 
at about 1200 gauss. For E/D = 1/3 and D> hv the accurate position 
of this resonance is: gf3H/hv = 1/(1 + .f3). From the diagrams in 
Fig. VIII-11 to VIII-16 it is seen that such resonances dominate 
the esr spectrum for rather wide ranges of the ratlos E/D and D/hv 
(0. 20 .;; E/D .;; 1/3 and D/h v > 1, respectively). 

(b) Octahedrally coordinated cr3+ in surroundings of trigonal symmetry, 
such that D»hv, is characterized by an esr signal at 1700 gauss 
(actually at gj3H/hv = 1/2). This resonance dominatea the esr spec
trum for D > hv. For axial symmetry there are no values of D/hY 
for which strong resonances occur in the range from 1200 to 1700 
gauss. Hence, electron spin resonance of ers+ allows of making a 
clear distinction between axial and orthorhombic symmetry. 

e. X-ray diffraction and esr study of characteristic dehydration se
quences 

Three characteristic dehydration sequences have been studied: 

(a) starting from crystalline boehmite, 
(b) starting from bayerite, 
(c) starting from gelatinous boehmite. 

The gelatinous boehmite was prepared by coprecipitation from a solution 
of Al(NOg)3 and Cr(N03)3 by means of ammonia; the crystalline boehmite 
was made from this precipitate by a hydrothermal treatment at 250°C90 ; 
the bayerite was made from the precipitate by 96 hours' ageing in 5% 
NH3 solution 85, 97. 
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The 9ehydrations have been performed in two steps: a first step 
at 500°C in a stream of hydrogen saturated with H20, a second step at 
the required temperature in air,, This procedure has been chosen in 
order to prevent too strong an oxidation of the Cr3+. For the same 
reason in some cases the second step was performed in a wet argon
hydrogen mixture (hydrogen pressure of the order of 10 mm). The de
hydration products have been characterized by X-ray diffraction patterns. 
By the same means it has been established that the structures of the 
dehydration products are not influenced by: 

(i) the reptacement of about 2% of the Al atoms by Cr; 

(i i) the application of wet hydrogen or hydrogen-argon mixtures ins te ad 
of air. 

The results of the X-ray diffraction work are shown in Fig.X-11 
and X-12 and in Table X-2*.At 500°C all three sequences show the 
pattern characteristic of the Y modification of Al203. Essentially the 
reflections are those of a cubic close-packed array of oxygen ions, as 
is found, for instance, in the spinel structures. The broad lines point 
to small sizes of the coherent structures, line broadening or doubling 
of the 400 and 440 reflections point to a probably tetragonal deforma
tion from cubic symmetry (see ref. 85, p. 85 ). The reflections in which 
only Al ions participate are almost absent in series (a) and (c). At the 
end point of each of the dehydration series the reflections of the a modi
Heation are easily recognized. In series (a) and (b) the a modification is 
preceded by the 6 modification. It is seen from the X-ray patterns that 
striking differences occur between the three series both in the tempera
tures where the e and a modifications are formed and in the type of 
intermediate products preceding these stabie modifications. 

The dehydration of crystalline boebmite leads to characteristic 
intermediate products. It requires high temperatures for the formation 
of the 6 and a modifications: 1100°C and 1250°C, respectively. At about 
1000°C 11 well identifiable 8 modification is formed. At 1100°C this 8 
modification dominatea over the 6 modification. In the range between 
1100 and 1300°C the two modifications exist side by side. With increas
ing temperature the 6 modiHeation increases at the expense of the 8 
modifi cation. 

The dehydration products of bayerite show broader X-ray lines 
than those of crystalline boehmite. There is a gradual transition between 
the y and a modification, in which some characteristic reflections of 
the B modification turn up. In contrast to the preceding series this 8-
type phase disappears as soon as the distillet e modification is formed. 
The e modification is less stabie than in the preceding series and at 
1000°C the formation of ar-Al2o3 has clearly started. 

There are several contrasta in the intermediate products of the 
dehydration of crystalline boebmite and of bayerite. In the first place 
the typical Al reflections: in series (b) they are visible right from the 
beginning, in series (a) they do not appear until at 700°C. Secondly, 
the broadening of the 400 and 440 reflections, typtcal of the oxygen 
framework. In series (a) there is a definite doubling of the two reflec
tions, which depends on the temperature. A minimum of the separation 

* The X~ray dittradion photographs reproduced in Fig. X-11 and X-12 have been made with a 
Guinier-de llolff Quadruple Focussîng Ca11era of Nonius, Delft. 
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is attained at about 700°C. In series (b) the reflections 400 and 440 are 
single. Here apparently the Y modification is nearly cubiè. In the litera
ture this cubic modification is frequently referred to as n 85, 91,92. 

The dehydration products of gelatinous boehmite show only very 
diffuse X-ray patterns of the y modification. The transition to the a. 
modification occurs in a narrow range of temperatures and not even a 
well defined e intermediate is formed. 

Although differing in detail, the dehydration sequences described 
above follow the general pattern found in the literature 28,85, 91, 92 : crys
talline boehmite dehydrates into a via a tetragonally deformed y and the 
8 modification; bayerite and gelatinous boehmite dehydrate into a. via a 
more nearly cubic y and the 6 modification. The intermediate phases 
upon dehydration of gelatinous boehmite are known to be less well de
fined than upon dehydration of bayerite. Three of the features observed 
have not been described very clearly in the literature: 

(1) in the dehydration products of crystalline boehmite well developed 
8 and 6 phases may coexist in a relatively wide range of tempera
tures; 

(2) in the dehydration sequence of bayerite the e phase is preceded by 
an intermediate phase that shows some of the characteristic diffrac
tion lines of the 8 structure; this intermediate phase disappears com
pletely as soon as the 6 modification is formed; 

(3) in the dehydration sequence of crystalline boehmite there is a mini
mum in the distoriion of the y phase at about 700°C. 

With the samples now defined by their X-ray diffraction patterns 
we may turn to the electron spin resonance of the cr3+. In Fig.X-13, 
X-14 and X-15 the resonance spectra of a number of the characteristic 
dehydration produéts are given. 

With the aid of Fig. X-10 the e and a modifications will easily he 
recognized. As far as these modifications are concerned, there is com
plete agreement between the results of X-ray diffraction and electron 
spin resonance. Of greater interest are the phases that are not very 
well characterized by X-ray diffraction, viz. the precipitates and the 
dehydration products between 500 and 1000°C. 

(a) In the precipitates (Fig.X-15(a)) boebmite-type particles are easily 
recognized from the edge in the esr spectrum at 1200 gauss. In 
esr spectra of precipitates somatimes details are recognized that 
do not belong to the esr spectrum of boehmite proper. The detail 
at 2800 gauss in Fig.X-15(a) is an example of this. They are thought 
to be significant for the type of colloidal particles present in the 
gel. A detailed interpretation is not yet available. It bas beentried 
to identify bayerite particles by means of the esr of C r3+. Thus far 
this bas not been successful. Probably it is very difficult to sub
stitute small amounts of Cr3+ for the Al3+ ions in this compound. 

(b) Most illustrative for the intermediate dehydration phases are the 
esr spectra of the produots obtained by dehydration of crystalline 
boehmite at 500 and at 1000°C. At 500°C two features can be noticed: 
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Table X-2 

X-ray diffraction povder patterns of y-, 8-, 6- and a.-A1 2o3 
y-Al203(1),28 8 Al 0 (Z),g4 

- 2 3 
6-Al O (3),81,96 

2 3 
a. Al 0 ( 4),28 

- 2 3 
d int. hkl d int. hkl d int. hkl d int. hkl 

7.9 VIl 100 
6.5 VIl 101 5.45 11 001 
5.05 • 111 
4.70 Yll 102 

201 4.50 11 111 4.50 111 

4.02 111 112 
3. 75 VIl 201 
3.56 w 210 3.53 w 201 

3.48 111 012 
3.40 11 211 
3.28 11 202 
3.19 11 113 
3.05 11 212 

2.84 IIIS 400 
2.81 • ~01 

2.80 11 220 
2.77 11111 203 
2. 72 s 1041221 2. 72 IS 002 
2.59 ms 1 4 

111 2.56 w 
2.54 ms 104 

2.44 s 311 2.44 s 111 
2.40 I 311 2.38 I 110 

2.31 IS 312 2.31 IS 401 
2.28 • 222 2.28 11 223 

l11 2.24 IS 
2.15 • 115 

2.08 s 113 
2.01 s (311 

1.98 IIIS )400 
112 

1.97 s 400 1.97 IIIS 

1.94 IIIS 006 1.94 ms 601 
1.90 IS 600,112 
1.80 • 510 
1.77 11 t02 1. 73 w 03 1. 73 • 024 
1.69 VIl 601 
1.61 w 511,203 

1.59 1111 226,117 
,13 

1.59 s 116 
1.57 11 
1.54 IIIS ~13 1.54 VIl 211 

1.52 w 511 1.52 11 018 
1.51 ." 603 

1.50 w 512 
• 1.48 111 113 

1.465 VIl 335,326 
1.45 IIIS 020 
1.43 • 800,710,222 

1.40 s 440 1.40 s 204 1.40 11 2H 
1.39 s 440 1.39 s 406 1.385 s 221,512 

1.37 InS 030 

(1): cubic; a= 7.90 t (2): tetragonal; a a 7.96 X, c = 11.70 x. (3): IIIOnoclinic; a a 11.71t x, 
ba 2.86 l, ca 5.62K, fj = 103"201 • (4): hexagonal; a= 4.76 l, c = 13.00 t 
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lol soo•c 

Figure X-13 

Dellydration of crystalline boeh1ite 

~ = 3430 GAUSS 
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6000 

the edge at about 1200 gauss and a broader resonance with maxi
mum at about 1550 ganss. At l000°C a threefold resonance is ob
served. The edge at 1200 gauss is still present, but shows a first 
trace of the structure that characterizes the 6 modification. The 
broad resonance bas split into two peaks, one at 1400, the other at 
1600 ganss. 
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Figure X-14 

Oehydration of bayerite 
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Comparison with the esr spectra of the standard substances shows 
that the edge at about 1200 gauss is analogous to that found in crystalline 
boehmite and in e-Al203. Apparently this feature is highly persistent 
throughout a dehydration sequence. A structural interpretation of the 
resonance at 1200 gauss is offered in Sections c and d; it is character
istic of chain-like structures, consisting of oxygen octahedra that share 
edges and contain an Al ion each. Colloidal boehmite particles are thought 
to consist of single or double rows of this type (see also Lippens, I.c. ). 
In the 6-Al203 structure such rows form an integral part of the three
dimensional oxygen framework 81, 96. 
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The resonances around 1500 gauss are not found in the standard 
substances. They occur generally in samples showing 8-type X-ray dif
fraction patterns. From the diagramsin Beetion VIII-d it can be derived 
that resonances around 1500 gauss are characteristic of deformations 
of the ligand octahedron with a rather low orthorhombic component. 
Genecally such deformations will be expected in structures with a rela
tively good periodicity in two or three dimensions. 

On going over Fig.X-13 to X-15 it is seen that the three dehydra
tion sequences show differences as regards the detail in the 8-type reso
nances: at the lower dehydration temperatures there is a broad band, 
at higher dehydration temperatures there is a certain amount of resolu
tion. Apparently a variety of local symmetries occurs in the relatively 
amorphous compounds, while at least two different site symmetries are 
retained in a well crystallized 8 modification. The three dehydration 
sequences also show differences in the relative amounts of boebmite
type and 8 -type resonances. 

In the literature it is frequently suggested that the structure of 
dehydrated aluminas is analogous to that of spinel compounds. In this 
conneetion it is a striking fact that in the esr spectra resonances have 
never been observei. around 1700 gauss, i.e. at the position where they 
should occur for Cr +in the octahedral sites of a spinel (see Fig.VII:I--21). 

f. Conclusions 

In the preceding section the esr spectra of Cr3+ in dehydrated 
aluminas have been compared with those for cr3+ in suitably selected 
standard compounds. 

The crystalline products in the dehydration sequences can be un
ambiguously analysed by means of esr: boehmite, e-Al2o3 and a.-AI2o3• 
Electron spin resonance, however, also allows of investigating the struc
tures in products which are amorphous with respect to X-ray diffraction. 

Two types of resonances can be distinguished: 

(1) a sharp edge or peak at about 1200 gauss, characteristic of the rows 
of Al ions occurring in boehmite and 6-Al203; 

(2) signals between 1400 and 1600 gauss, characteristic of the inter
mediate compounds with 8-type structures. 

In the precipitates boebmite-type particles (probably of colloidal 
dimensions) are easily recognized. 

In the dehydration products generally a mixture of the boebmite
type and the 8-type of local symmetriesis found. The X-ray work sug
gests that they may result as a consequence of an irregular distribution 
of the Al ions over the available lattice sites, giving rise in some places 
to arrangem~nts like those in boehmite, in other places more similar 
to those in thè 8 modification. We suggest that there is a close rela
tion between structure and texture of the dehydration products. Local 
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symmetries of the boehmite type are thought to be indicative of chain
like particles simHar to the colloidal particles in the original boehmite 
gel (see also Lippens, 1. c. ). From the results obtained by dehydration 
at successively higher temperatures it is clear that the boehmite con
figurations have a high persistency. 

The relative amounts of boehmite and 8 patches vary in the differ
ent dehydration sequences. The 8 patches are best developed in the de
hydration products of crystalline boehmite, where the development of 
crystallinity is better anyway. The boehmite patches predommate in the 
dehydration products of gelatinous boehmite. Here the crystallinity de
velops very poorly and the transition to the a. modification takes place 
at a relatively low temperature without the development of intermediate 
8 or 6 phases. 

Some of the results in this chapter are still open for discussion 
as far as their significanee for the structure and texture of the alumiDas 
is concemed. One of the points to be further clarified is the conneetion 
between crystal strûcture and electron spin resonance of the 8 modifica
tion. A combined X-ray and esr investigation to this effect is under way. 

An obvious extension of the present work is a trial to obtain in
formation about the K modification of Al203 by studying the isomorphous 
e modification of Ga203, particularly because the latter is more easily 
accessible to reproducible preparation. Applying the structural analogy 
of diaspore and 13-GaOOH, we have al ready illustrated the close simi
larity of the coordination of the Al ions in diaspore to that in boehmite. 
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SUMMARY 

The confrontation of the electron spin resonance technique with the 
problems of catalysis and catalyst preparation has been remarkably 
successful. It has led to the identification of valency statea and coordi
nations of transition metal ions in the surfaces of catalysts. In addition 
it has stimulated the discussion of surface states in terms of the ligand 
field concepts of modern structural chemistry. 

A discussion of adsorption complexes and transition states in cata
lytic reactions along these lines may be guided by existing knowledge of 
transition metal ion complexes in crystalline solids or homogeneons solu
tions. There is also a reverse trend: the discovery of certain phenomena 
of magnetism, chemical binding and structure in surfaces may lead to 
a more thorough study of these phenomena in solid compounds. The 
present thesis is devoted to three investigations of the latter type. They 
are concerned with the valency statea three and five of chromium and 
are typical examples of electron spin resonance studies of paramagnetic 
ions in polycrystalline materials. The contribution of the three investiga
tions to the study of the problems of surface chemistry in which they 
originated is covered by a short introduetion in Chapter II. 

(1) The spin-lattice relaxation of ions with one unpaired d-electron 

The phenomenon of the relaxation of the orientation of electron 
spins in a solid by lattice vibrations bas long been known. After it was 
realized that the relaxation is due to the magnetic fields accompanying 
the orbital motion of the unpaired electrons, relatively simple arguments 
were sufficient to understand why the spin-lattice relaxation depends so 
much on the coordination of the magnetic ion under consideration. Two 
types of processes have been envisaged to describe the relaxation in 
detail: direct processes and Raman processes. The present work was 
prompted by the finding that direct and Raman processes are insufficient 
to explain the rate of the relaxation of an ion with one unpaired cl-elec
tron in a tetrabedral coordination. It was found that a new mechanism, 
recently discovered by Orbach, had to be invoked. Chapters III to V 
give a theoretica! and experimental discussion of this development. In 
these chapters an attempt is made to present the theory of relaxation 
processes in a relatively simple way by treating some specific examples 
and avoiding sophisticated generalizations. 

3+ 3+ (2) The chemica! bond in the complex ions (Cr-0) , (Mo-0) and 
<V-0)2+ 

If surrounded by oxygen-containing ligands tetravalent vanadium is 
known to prefer the coordination of the octahedron with one of the oxygens 
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at a remarkably short distance to the metal ion. This short distance in 
the so-called vanadyl compounds is connected with the stahilizing influence 
of two extra honds with ?t-symmetry, invalving empty d-orbitals of the 
central ion and filled p-orbitals of the ligand. It bas been suggested in 
literature that a similar type of bond may be formed by pentavalent 
chromium. In Chapters VI and VII this problem is discussed in detail. 
It was indeed found that the chemical honds an"a the coordination of the 
(Cr-0)3+ combination are well comparable to those of the (Mo-0)3+ and 
the (V-0)2+ combinations. An analysis is given of how much the electron 
spin resonance technique and absorption spectroscopy can contribute to 
a quantitative description of the chemica! honds in such complexes. 

(3) The structure of the metastable amoiJ?hous and crystalline aluminas 

Upon dehydration of gelatinous aluminium hydroxides metastable 
aluminas are formed, characterized by high surface areas. Apparently 

·in these compounds there is a great resistance against any reorganiza
tion of the structure that should lead to the stabie modifications. By 
means of X-ray diffraction a variety of crystalline modifications have 
been identified in aluminas prepared by dehydration at high temperatures. 
Relatively little is known about the structural transformatlans at lower 
temperatures. Chapters IX and X describe how the electron spin reso
nance technique can be applied to this l;)roblem. A small amount of cr3+ 
ions is incorporated at the sites of Al3+ ions and thus the symmetry of 
the immediate surrounding of the metal ions is studied. The results of 
a combined X-ray diffraction and electron spin resonance study are pre
sented. It was found that generally in the structures of the dehydration 
products there is a strong memory for the arrangement of the ions in 
the chain-like colloldal particles already present in the aluminium hy
droxide gels obtained by precipitation. 

The electron spin resonance investigation into the structures of 
aluminas depended to a great extent on the interpretation of the esr 
spectra of the ion cr3+ in these compounds. Such fine structure esr 
spectra of ions with more than one unpaired electron may get quite com
plicated when the ion is incorporated in a randomly oriented polycrys
talline sample. Only a limited number of situations have been discussed 
in literature thus far. In Chapter VIII the salution of a new situation 
is presented: the cr3+ ion in an actabedral coordination of lower than 
axial symmetry. By numerical computation six diagrams have been pre
pared giving a survey of the esr spectra to be expected for all possible 
combinations of the two parameters D and E of the spin Hamiltonian. 
These diagrams have been used to interpret the esr spectra of cr3+ in 
various powdered compounds. 
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SAMENVATTING 

De toepassing van de elektronenspinresonantietechniek op proble
men van katalyse en katalysatorbereiding heeft nieuwe mogelijkheden ge
opend. Zij heeft geleid tot de identificatie van valenties ~n omringingen 
van de metaalionen in de oppervlakken van katalysatoren. Ook heeft zij 
geleid tot een discussie van de structuurchemie van het oppervlak in de 
taal van de moderne kristalveldtheorie. 

Op deze wijze kan in de discussie van adsorptiecomplexen en geac
tiveerde overgangstoestanden teruggegrepen worden op bestaande kennis 
van vergelijkbare complexen van overgangsmetalen in de vaste stof en 
in homogene oplossingen. Het omgekeerde komt ook voor: de waarneming 
in katalysatorstudies van bepaalde verschijnselen op het gebied van mag
netisme, chemische binding en structuur kan leiden tot een uitgebreidere 
studie van deze verschijnselen in goed gedefiniëerde vaste stoffen. In 
dit proefschrift worden drie onderzoekingen van het laatste type bespro
ken. Zij houden zich bezig met de valentietoestanden drie en vijf van 
chroom. Het zijn typische voorbeelden van elektronenspinresonantie
onderzoekingen van paramagnetische ionen in polykristallijne vaste stof
fen. De bijdrage van elk van de drie onderzoekingen tot de oplossing 
van het oorspronkelijke katalysator probleem is samengevat in een korte 
inleiding in Hoofdstuk II. 

(1) De spin-roosterrelaxatie van ionen met één ongepaard d-elektron 

Het verschijnsel van de relaxatie van de oriëntaties van elektro
nenspins door de roostertrillingen in een vaste stof is reeds lang be
kend. Een belangrijk moment in de discussie van deze relaxatiever
schijnselen was de ontdekking, dat de magneetvelden nodig voor het 
doen omklappen van de spins afkomstig zijn van de baanbeweging van 
het ongepaarde elektron. Daardoor werd het namelijk mogelijk te be
grijpen, waarom de relaxatiesnelheid zo sterk afhangt van de aard en 
de symmetrie van de omringing van het betreffende magnetische ion. 
Aanvankelijk werden twee relaxatieprocessen beschouwd: directe en Ra
man-processen. Het huidige werk kwam voort uit de ontdekking dat de
ze processen niet voldoende zijn om de relaxatiesnelheid te verklaren 
van een ion met één ongepaard rl-elektron in een tetraedrische co<Srdi
natie. Deze kon alleen verklaard worden met behulp van een nieuw re
laxatiemechanisme, onlangs beschreven door Orbach. In Hoofdstuk III tot 
en met V is een theoretische en experimentele behandeling van dit pro
bleem gegeven. De theoretische behandeling, hoewel niet nieuw in prin
cipe, streeft naar een goede analyse van de mate waarin het Orbach
mechanisme zich onderscheidt van de andere processen. 
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(2) De chemische binding in de complexe ionen (Cr-0)3+, (Mo-0}3+ en 
(y-0)2+ 

Het is bekend dat vierwaardig vanadium temidden van zuurstofhou
dende anionen de voorkeur geeft aan een omringing met zes ligaoden op 
de hoekpunten van een octaeder. Daarbij is de afstand van het centrale 
ion tot één van de zuurstofligaoden abnormaal $ort. Dit is de zogenaam
de vanadyl-binding. De korte afstand ontstaat omdat deze binding ge
stabiliseerd wordt door twee extra bindingen met 'Je-symmetrie, die tot 
stand komen door de overlapping van lege d-golffuncties van het centrale 
ion en gevulde p-golffuncties van de zuurstof. In de literatuur zijn aan
wijzingen dat soortgelijke bindingen ook gevormd kunnen worden door 
vijfwaardig chroom. In de Hoofdstukken VI en VII is dit probleem uit
voerig besproken. Inderdaad werd vastgesteld dat de chemische binding 
in de (Cr-0)3+-combinatie geheel vergelijkbaar is met die in de combi
naties (Mo-0)3+ en (V-0)2+. In de genoemde hoofdstukken is een uitge
breide bespreking gegeven van de mogelijke bijdrage van de elektronen
spinresonantietechniek en absorptiespectroscopie tot een kwantitatieve 
beschrijving van de chemische binding in dit soort complexen. 

(3) De structuur van de metastabiele amorfe en kristallijne aluminium
oxyden 

Door ontwatering van gelatineuze aluminiumhydroxyden ontstaan 
metastabiele aluminiumoxyden met kenmerkende grote toegankelijke op
pervlakken. Blijkbaar verzetten deze structuren zich sterk tegen de her
groeperingen die nodig zouden zijn om de stabiele modificatie te berei
ken. Met Röntgendiffractie-onderzoek is een heel gamma van kristallij
ne modificaties aangetoond in de aluminiumoxyden die gevormd zijn door 
ontwatering bij hoge temperaturen. Er is nog betrekkelijk weinig bekend 
over de structurele transformaties tijdens de ontwatering bij lagere 
temperaturen. In Hoofdstukken IX en X is beschreven hoe de elektronen
spinresonantietechniek op dit probleem kan worden toegepast. Daartoe 
wordt een kleine fractie van de Al-ionen isomorf vervangen door de 
magnetische ionen cr3+. Uit elektronenspinresonantie-onderzoek van de 
laatste kan de lokale symmetrie van de metaalionen in het rooster af
geleid worden. In genoemde hoofdstukken zijn de resultaten beschreven 
van een gecombineerd Röntgendiffractie- en elektronenspinresonantie
onderzoek. Het is daaruit gebleken, dat in de structuren van de gedeel
telijk ontwaterde aluminiumhydroxyden nog een sterke herinnering te 
vinden is aan de rangschikking van de ionen in de oorspronkelijke ke
tenvormige colloiäale deeltjes, aanwezig in de aluminiumhydroxyde-oplos
singen. 

Het elektronenspinresonantie-onderzoek naar de structuur van de 
aluminiumo}{J'den was afhankelijk van de interpretatie van esr spectra 
van het cr3+ ion in deze verbindingen. Zulk een fijnstructuurspectrum 
van een ion met meer dan één ongepaard elektron kan zeer onoverzichte
lijk worden als het ion zich bevindt in een polykristallijn monster. Zulke 
spectra zijn betrekkelijk weinig behandeld in de literatuur. In Hoofdstuk 
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VIII is een nieuwe bijdrage geleverd: het cr3+ ion in een octaedrische 
co6rdinatie met een symmetrie lager dan de axiale. Door numerieke be
rekening zijn zes diagrammen samengesteld die een overzicht geven van 
de esr resonantieposities te verwachten voor alle voorkomende combina
ties van de twee parameters D en E van de spin-Hamiltoniaan. In het 
betreffende hoofdstuk is beschreven, hoe deze diagrammen zijn toegepast 
voor de interpretatie van de esr spectra van ct-3+ in verschillende poe
dervormige stoffen. 
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Na een middelbare opleiding op de RHBS-5 je te Breda begon 
ik in 1936 mijn studie aan de Technische Hogeschool te Delft. In 
1941 behaalde ik het diploma voor natuurkundig ingenieur. Een 
jaar tevoren was ik aangesteld als theoretisch assistent bij de 
toenmalige Röntgenafdeling TH en TPD, welke functie ik waarnam 
tot 1945. 

Onder leiding van Ir. J. J. de Lange maakte ik kennis met de 
problematiek van het röntgendiffractie onderzoek. Ik studeerde af 
bij Prof. Dr. R. Kronig op het onderwerp "Afbreekeffecten in de 
röntgenografische fourieranalyse". Onder diens leiding bestudeer
de ik daarna theoretische problemen betreffende de verstrooiing 
van röntgenstralen. 

In de voorzomer van 1945 volgde een practicum assistent
schap bij de Tijdelijke Academie te Eindhoven. Sinds het najaar 
van1945 ben ik verbonden aan het Koninklijke/Shell-Laboratorium, 
Amsterdam. 

Hier werkte ik successievelijk onder leiding van Ir. J. J. de 
Lange, Dr. G. C.A. Schuit, Dr. J.H. van der Waals en Dr. Ir. 
E. L. Mackor. De volgende onderwerpen kwamen daarbij aan de 
orde: 
röntgendiffractie-, electronendiffractie;.. en electronenmicrosco
pisch onderzoek van problemen uit de olie-industrie, onderzoek 
van physische en theoretische aspecten van de katalyse, onderzoek 
van magnetische en half-geleidingaeigenschappen van katalysatoren. 
In het seizoen 1959-1960 verbleef ik één jaar in het laboratorium 
van de Shell Development Company te Emeryville, Californië. 

Het werk, waaruit het huidige proefschrift is gegroeid, is in 
belangrijke mate gestimuleerd door de samenwerking met twee 
collega's: Dr. P. Cossee, die mijn belangstelling wekte voor de 
kristalveldtheo_rie en de verwante moderne ontwikkelingen in de 
anorganische chemie, en Dr. J. D. Swalen, die mij tijdens mijn 
verblijf in Emeryville vertrouwd maakte met de theorie en de 
praktijk van het electronenspinresonantie-verschljnsel. 

Bij de uitvoering van de beschreven onderzoekingen heb ik 
veel medewerking genoten. Dr. M. S. de Groot ontwierp de esr 
spectrometer voor het 1, 2 cm gebied. Onder zijn supervisie was 
verder de Varian esr-apparatuur steeds in optimale conditie be
schikbaar. A.E. Korswagen heeft alle esr-speètra uit dit proef
schrift gemeten. Ir. J. Wilkens, D. Phil, ontwierp de trilholte, 
die gebruikt is voor de eerste esr-metingen bij de temperatuur van 
vloeibare waterstof. Het anorganisch chemisch preparatieve werk, 
waarop de beschreven onderzoekingen berusten, is uitgevoerd door 
H. J. van Haren, E. B. M. Doesburg en Mevr. c. M. A. Messing
den Doop. Zij hebben ook de absorptie- en reflectiespectra geme
ten. Mej. E. Addink heeft de röntgenopnamen vervaardigd, welke 
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besproken worden in hoofdstuk X, en heeft medegewerkt aan hun 
interpretatie. G. ter Maten heeft de computorberekeningen uit 
hoofdstuk VIII geprogrammeerd en uitgevoerd. 

De directie van het Koninklijke/Shell-Laboratorium, Amster
dam, ben ik zeer erkentelijk voor de vrijheid die ik steeds genotèn 
heb in de uitvoering van mijn wetenschappelijk onderzoek en voor 
de toestemming om de resultaten van het recente onderzoek in dit 
proefschrift te publiceren, alsmede voor de faciliteiten, verleend 
bij het klaarmaken van het manuscript. 

De bewerking van dit proefschrift heeft noodzakelijkerwijs 
een belasting gevormd voor mijn gezin. Ik ben er mijn vrouw 
dankbaar voor, dat zij mij desondanks tot dit werk heeft aange
moedigd en het door haar steun heeft mogelijk gemaakt. 



1. In hun berekening van de nulveldsplitsing van de grondtoestand van 
het driewaardig chroom in robijn wordt door Sugano en Peter een 
belangrijke verbetering van de overeenstemming tussen theorie en 
experiment geconstateerd na de invoering van de configuratie-inter
actie met hoger gelegen toestanden. Het is twijfelachtig of deze 
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de geldigheid van McConnell's theorie over de anomale relaxatie van 
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complexen kunnen gedeeltelijk teruggevoerd worden op het niet in be
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A.I. Rivkind, Russian J.Phys.Chem. 35 (1961) 1031 
J.Strud.Chem. 2 (1961) 345 

H.M. McConnell, J.Chem.Phys. 2s (1956) 709 
R.N. Rogers en G.E. Pake, J.Chem.Phys. 33 (1960) 1107. 
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tische wisselwerking in het dimere koperacetaatcomplex is aanvecht
baar. 

L.S. Forster en C.J. Ballhausen, Acta Che1.Scand • .1§. (1962) 1385. 

6. Bij de studie van het superparamagnetisme rijst de vraag naar de 
grootte van de verzadigingamagnetisatie van kleine deeltjes. Het is 
instructief om in dit verband het grensgeval te beschouwen van 
groepjes van twee, drie of vier atomen. 

P.W. Selwood, •Adsorption and Collectiva Parall!agnetism•, Academie Press, 
New York 1962, p. 71. · 



7. De elektronendichtheidsdiagrammen, verkregen door Milberg en Daly 
uit hun rontgendiffractie-onderzoek van georiënteerde vezels van 
natriummetafosfaatglazen, zijn vertekend door afureekeffecten. 

M.E. Milberg en H.C. Oaly, J.Chem.Phys. 39 (1963) 2966. 

8. Haber en Stone spreken een verwachting uit voor het relatieve ren
dement van excitaties naar de 3Tlg en de 3T2g toestanden van het 
nikkelion voor de fotodesorptie van zuurstof van het oppervlak van 
nikkeloxide. Deze verwachting berust op een onjuiste veronderstel
ling. 
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9. Wolkensteln's behandeling van het verband tussen katalyse en half
geleiding doet geen recht wedervaren aan het werkelijke belang van 
de studie van halfgeleiders voor het begrip van de katalyse. 
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11. Metingen van halfgeleidende eigenschappen van poeders worden vaak 
uitgevoerd aan geperste tabletten. Het verdient aanbeveling om steeds 
ook de mogelijkheid van metingen aan los gestorte poeders in aan
merking te nemen. 
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