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ABSTRACT

~F

The electron paramagnétic resonance - (E.P.R.)
spectra 'of the (.‘.u:H ion in hexagonal Ca(OH‘i2 and Ca(OD)2
crystals have been inéestigated-in‘the”temperéture qange.

4.2 - 300°K. Below 140° K, there exists an E.P.R. spectrum, I,
which is assoc1ated w1th a statlc Jahn- -Teller effect.

Spectrum I has three axial components referred to as a, ‘b,

and c. Each was analysed by assuming the static distortions
appropriate for trigonal symmetry. The unusually sharp
spectrum of Ca(OD) :Cu’ provided measurements of not only

the usual g—factors and diagonal components of the hyperfine-
structure tensor, but also its off-diagonal components and
quadrupole terms. A detailed analysis of spectrum I indicated
a Jahn-Teller effect stabilization energy of 1, 180400 ecm 1,

and a ground level splitting of 4,700%1,500 cm ~1.  above 150°%,

this spectrum vanishes and is replaced by an axial spectrum, III.

Significantly enough, the, parameters of spectrum‘III are almost
exact averages of the three corresponding parameters of
spectrum I. This is expected if the system associated the

low temperature spectrum, I, executes a hindered rotation

about ‘the hexagonal axis. If temperature variations of the :

'peak heights- of spectra I and III are described hy an Oﬁpach

relaxation process, then the" transitionm between them is

characterized by an activation energy of 1,300+400 cmil.
. k ;

Additional cutt spectra, II and iV, associated
with non-Jahn-Teller systems were also observed. - Most of
the gualitative and gquantjtative features of these spectra
are similar to those of spectrum T. Hoﬁéver,'these'spectra

do not vanish at high_temperatures.
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a I. INTRODUCTION

' The mineral group containing'the isomorphous
‘compounds, portlandite (Ca(OH) 5} and brucite (Mg(OH)j3)/,
has long- been the shbject of extensive experimental 1nves—

: ﬁwtlgatlon. Until recently, most interest in these compounds
',-wasﬁtoe result of difficulties encountered in accurate ‘lo-
cation of their protons, the detection of anomalous side-
bands associated with their infrared spectra, and most
1mporta§t1y,.thelr,occurrenoe major structural modules

in certain silicatesrsuch as lays and micas.

> » As early as 1921, Aminoff1 locatéd the magnesium
: and oxfgen sites’ in Mg(OH)2 by x-ray diffraction techniques.
Additionally, he established that the brucite lattice is a
C4I,-type structure, exhibiting hexagonal symmetry about an
axis directed normal to the crystal cleavage plane. The
_ magne51um and oxygen atoms were found to sit in layers par-
allel to the cleavage plane, w1th oxygen layers located on
both sides of each Mg layer atfseparatlons of about 1.04 ﬁ
The arrangement of‘atoms within these layers formed a cen-
- tralLﬁgexagonal pqttern with atomic separatlons of about
.'3.12 K. | f;; * | X
By 1933, Megaw2 had obtsined accurate values of
" the - lattlce constants of both brucite and portlandite, and
had determlned the oxygen p051t10ns in Ca(OH)z. Although
location of hydrogen sites had been impossible, Béernal and
Megaw3 postulated that each O-H bond is parallel to the
‘hexagonal axis {c axis), and tHat no hydrogen bondlng exlsted
between adjacent layers of oxygen atoms. These conclusions
were derzved on the basis of symmetry and electrostatlc

1
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arguments; and were confirmed by. the'low'freéuency infra- -

red investigations of Yeou Ta,q‘and Daval and Lecompte5 r6

in the early 1949's.,

."Mara and_Sutherland7 investigated the infrared .
spectrum of brucite in 1953. 'They observed a band exhlb—
iting fine structure with at least sixteen sub-bands, all
assoclated with O0-H stretchlng ‘frequencies and exhibifiing
a varlety of polarization propertles. In interpreting
these observations, Mara and Sutherland questloned the unit
cell mod€l originally proposed by Bernal and Megaw, and
suggésted that the un;t cell must be largér than 1ndlcated
by earller x—ray analysis. .

In. response to the Mara and Sutherlard conclusions, .

the crystal ‘structures of bruc}te and portlandite were
relnvestlgated by Petch andfMegaws. The new x-ray data re-
vealed nothlng to support the Mara and Sutherland_ proposal
of a 1arger unit cell. However, an additional sfudy of the

infrared absorptlon in portlandite did uncover an anomalous
spectrum similar to that observed for brucite.

The proton positions in brucite were first deter-
mined by Elleman and WJ.ll:Lams9 From the nuclear magnetic
resonance (N.M.R.) spectrum, they determined the distance
between nearest neighbour protons when located both in the
same' and in adjacent planes: From this information, the
separatlon between hydrogen planes was calculated. By a
comparlsonqof thls spacing with. the separation: between
oxygen layers known ¥rom x-ray 1nvest1gat10ns, Elleman and
Wllllams were able to provxde the first estrmate of the
O-H bond length. . » e T

h

Soon after this, Mara and Sutherlandl?

-

observed
that the anomalous sidebands on the infrared.spectrumA

e svand
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' dlsappeared when the sample temperature was lowered to

80 K. This demonstrated that thefe sidebands were asso-

ciated w1th "thermal motlons of the protons, and two alter-

native explanatlons of these sidebands were proposed. " (;
The first, by Hexter and Dows,ll‘suggested that the side-~ “
bands arise from librational or hindered rotational motions

S

of the hydroxide ionS'which couple to the internal stretch-
ing motion of the O~H bond.  The second, attributed to
chkershea,m,12 assumed that low frequency crystalllne lat-
tice modes couple to the internal stretching motion of the
©H ion. The investigation of energy levels in brucite

by Safford, Brajovic and Boutin13 supported the latte

and portlandite by inelastic scattering of slow heutrZE;//////ﬁf
Y
pothesis over the rotational model proposed by Hexter and

‘Dows. T -

" A neutron diffraction study of single crystals
of Ca(OH)2 by Busing and Levylé conflrmed the hydrogen
atoms to be p051tloned ‘as postulated by Bernal and Megaw.
Particular attention was given to the thermal motions of
various ions in the portlandite lattice. For hydrogen
atoms,’ 1t was found that displacements parallel to the
c axis are small while those in the ‘hydrogen plane are much
1arger and temperature dependent, 1ndlcat1ng that forces
tending to align the OH ions are weak.} The Ca++ 1ons, ‘on
thecther hand, were found to move almost entirely parallel
.to the, c axis. Small amplitude oxygen ﬁotlons were also
found to be confined to this direction. | The- observed lack .
of hydrogen boﬁding in Ga(OH)2 was attributed to a lack of

sufficient polarity in the QH  ions to Fofm such bonds.

The electron éistribution in/a Ca(OH), crystal
was determined by Petch15 using x-rayﬂand'Foﬁrier synthesis - N
‘techniques. His predictions of the hydrogen positions apd
0-H bond length differed from the values obtained from t

-
|



studies of Busing and Levy. However,

similar discrepancies en noted in O-H bond length

stances, and were attributed

neutron diffractio

determinations for other s
to increased electronic den

ity in the bond region between
ions. '

_, Considering its simple structure and interesting
vibrational -properties, it is amaziﬁg that the Ca(OH)2 lat-
tice has been, until recently, completely overlooked as a
host lattice for_electron paramagnetic resonance {E.P.R.)
investigations. Paramagnetic ions are‘gften capable of ’
.strong coupling to lattice vibrational modes. 1In such cases,
the changes in E.P.R. spectra not only indicate the effect
of lattice vibratioéns on thewggramagnetic ion,.butzalsf\caﬁ\\
provide extensive information regarding the physical proper- "
tiegs of the lattice and the nature of its vibrational modes
in the ticinity of the‘paramagnetic ion. In the first E.R.R.
investigation16 1nvolv1ng a Ca(OH)z-type host lattlce, an “
interesting temperature dependence was observed for the
crystal field and hyperfine interaction paraméters of the
Mn++ ion, clearly demonstratlng pronounced coupllng of the
‘ion to Ca(OH), lattice vibrations.

As a result of the vibrational effecte observed
for the Ca(OH)2 ++ system, it was -decided that the Cu + ion,
well known for its ab111t§ to couple strongly to lattice -
distortions of high symmetry systems by & Jahn- -Teller coupling
‘mechanism, would be an interesting candidate for study as a

dilute substitutional impurity in the Ca(OH)2 system.

- Ca{OH)2 crystals of a workablée size (about 5 mm per
side) were easzly grown from solution by a slow diffusion
technlqpe, and traces of copper impurity were found to enter
the lattice readily when present in solution. A prellmlnary
in%estigation,of.the Ca(OH)z: cu*t system indicated that

[
]
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the cupric E.P.R. lines were intense, reasonably narrow,
and observable over a wide temperature range (1nclud1ng
room temperature) When sample temperatures were below

150 K, three highly anisotropic, almost axial Cu ** spectra
were observed which closely resembled spectra associated
with manifestations of a static Jahn-Teller effect in other
cupric systems. When sample. temperatures were above 150 K,
a single, slightly anisotropic Cu++ spectrum was observed
which was similar to spectra associated with examples of a-
dynamlc Jahn-Teller effect in other cupric systems. In
addition, the ‘high temperature spectrum exhibited the pecu—
liar property of existing as an approximate average of the
three low temperature spectra. Consequently, the prelimij
nary observations encouraged the more detailed E.P.R.
investigation of Ca(OH)Z: Cu * ana Ca(OD)2 Cu++ systems
upon which tfiis thesis is based.
‘ .The Jahn~Teller effect, which occurs when certain
ions couple to their nearest neighbours.in a high symmetry
complex, was flrst predicted in a theorem postulated by - 5
Jahn and Tellerl7 about thirty-eight years ago. This theorem
predlctsvthat any non-linear complex hav1ng an electronically .
degenerate ground state is intrinsically unstable, and that .
it will distort in a manner such that the degeneracy 1is
1ifted,and the overall ground state eﬁerg& of the complex is ~
’ lowered. The sole exception to this rule is the Kramers
degeneracy present for all odd—electron‘atoms.

i

<
Over the last sixteen years, Jahn- Teller effects

have been observed for the orbital doublet ( E) state in
cublc symmetry in a number of systems, including AgCl : Cu+ ' )

nacl : Ag't, nici : ag™*, kc1 :Ag’ , CaO : widt, LiF % wi',

NaF_: Ni’, caF% s ¥, .AL0, : pa>t, A0; : i3, Mgo : ait,
and CaF., : T 18 35 Experimental studies by Co#fman®®~28

2 29 ++
on MgO : cu” by Hochli and Estle on CaF, : Sc¢ , and



i -. . . . 6

by Hochli3° on Ser : Sc++, have revealed the existence éfw-ﬁj
a type of dynamié¢ Jahn-Teller effect originating from the
zero-p01nt motion of ions in the ground state. During

this same perlod, earlier theoretical treatments of these
problems31 -34 have been extended, mainly by O'Brien,

Bersuker and Ham35 =37

An extensive review of Jahn-Teller effects
observed in solids -was written by Sturge38 in 1967. It
considered in deta11 the manifestation of Jahn-Teller
effects in optical and in some aspects of E.P.R. spectra
of ions in swolids, and in a variety of other solid state
phenomena. A later review by Ham39 in 1968 dealt exclu-
sively with the~influence of the Jahn-Teller effect on
E.P.k. spectra. In it, Ham formulated a generalized
approach to the problem for the cases of strong, intermedi-
ate, and weak coupled systems in both the orb1ta1 doublet
and the orbital triplet states. The two rev1ews, and the
more recent book by Abragam and.Bleaney,40 generaliy ré—
flect the state of understanding of the Jahn-Teller effect
on the spectra of ions in solids. ‘

Until the presemt investigat_ion?l"42 however, the
treatment of the Jahn-Teller effect associated with the
orbital doublet (ZE) state has dealt only with s}stems in-
volv1ng cubic or octahedral symmetry. In the Ca(CH), system,

: ++, .
the cu't impurities substitute for Ca 1ions at sites of

3d symmetry, which are one step removed from octahedral
symmetry. Hence, the results of a detalled investigation
of the E.P.R. spectra associated ‘with Ca(OH)2 : Cu++ and
Ca(OD)2 : Cu+f systems presented in this thesis represent
the first attempt at extending the treatment of orbital
doublet states to Jahn-Tellexr systems with lower than
cubic symmetry.

TR
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Generally speaking, most details of the cu’t
spectra agree well with the predictions of the theory de-
veloped for orbital doublet states in Jahn-Teller systems
of D3d symmetry. Nevertheless, there do remain some
aspects of Ca(OH)2 : Cu + -type systems which require fur-
ther 1nvestlgat10n before the nature of these systems is
completely understood. It is hoped that the results pre-
sented in this thesis will stimulate new experimental

interest in similar systems.
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IT. CRYSTALLOGRAPHY

X-ray studies‘”’m45 have shown that Ca(OH)z-single
crystals belong to a hexagonal system with space group
P{3,2/m,1), and are of CdI -type. The calcium atoms lie
in invariant pDSltlonS\(O 0 0), with point symmetry D3d ’
while the oxygen and hydrocgen atoms are located at pOSltlonS

~i(1/3,2/3,zo) and 1(1/3,2/3,zh) respectively, both with
point symmetFy 3m.

The Ca(OH) structure consists of layers of two
sheets of hydroxyls parallel to the (0001) plane, with a
sheet of Ca atoms sandwiched between them. As shown in
Fig.l, each Ca atom sits in the centre of six neighbouring
OH groﬁbs. These form an octahedron about it which is
slightly COmpressed along the hexagénal or c axis of the
crystal. The opposed hyd#oxyl sheeta are bound together
by weak van der Waals' forces. Neutron diffraction studies

have indicated that the thermal motion qf the hydrogens is

46

confined mainly to the hydrogen 1ayers dormal to the c axis.
As a result, there are no hyarOgen bonds between layers, as
is readily confirmed by the observed softness (2 on Moh's
scale) and a perfect cleavagg in the (0001) plane.

‘.. Copper atoms enter the lattice as substitutional
impurities at Ca sites. The symmetry of such a site occu-
pied by Cu++ is changed@¥rom Digq by a strong Jahn-Teller
coupling of the cu'? ion to distortions of its nearest
neighbours. Bonds witﬁ_four planar hydroxyls appear to
determine the symmetry axis of:the paramagnetic centre, as
is illustrated in Fig.i.



Fig.1

Geometxy of a Ca++ site in ca(OH),. Lines A and C
indicate the directions of the Ca=0 bond in Ca(OH):

and in undistorted octahedrons respectively. The
plane of hydroxyls 1, 2, 4 and 5 is angled at 42.5°
to the trigonal axis (line C, 2). The co-ordinate
systems (X,Y,2) and (x,y,z) have the Ca site as their
origin. ’ . ‘



} IITI. THEORY

A. ’THE FREE CUPRIC ION

The ground state of 'the free cu’t ion is a
2D term that exhibits a five-fold electronic orbital de-
generacy typical of a SLngle d hole. The Hamiltonian that
descrlbes this system may be expressed in the following
way ., w1th terms listed in the order of thelr magnitude:

¢

H = Vo+ V o+ v+ vH+.vQ+ Vi (1)
In this eguation, ' '
N o N ‘
B
?k=1 Zn T k>3=1 Ty - .
~{s the sum of kinetic and Coulomb energies, e
v—§(a1;+b11+;;.;)“ (1b)
Lg/ 5, k=1 jk™j "k jk73 "k - TikT] k .

is the spin orbit interaction,

3 o :

Tx Tk

X

(1c)

is the hyperflne interaction, including the anomalous

_1nteract10n of s electrons with the nucleus,

1

10
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is the electronic Zeeman term,

N ‘ '; K3 2 .
/N e?a I (1(,::+1) - 3(xy-1) ) (1e)
21 (25-1) k=1 3 ‘. 5
r . r
) k k .
is the nuclear quadrupole term, and |

v =y p_fi-1 : ' | (1)
il L . "w.

is the nuclear Zeeman term. The symbols found in these
and all subsequent eguations are defined in Appendix A.

r .
B. SPLITTING OF 3d9 2D ORBITALS BY CRYSTAL FIELDS OF
VARIOUS SYMMETRIES

When a cu't ion is located in a dielectric crys-
tal, it is subjected to an electrostatic field of strength’
and symmetry determined by the positibns and charge dis-
tributions of neighbouring ions. The interaction of cu™t
with thié crystal field adds a term, VT ,to the free ion
Hamiltonian given in Eq.(l). 'This term, larger in magni-
tude than .all terms of Eg.(l) except VF.ﬁis-responsible
for lifting the orbital degeneracy of 3d orbitals in the
maéner jllustrated in Fig.2 for Stark fields of successively
lower symmetry. It should be noted that the trigonal compo-

‘nent of a D3aéymmetry~fie1d splits the excited'tripléﬁ into

a doublet and a singlet, but fails, however, to lift the

degeneracy of the groﬁnd doublet. Furthermore, there is no

first order spin orbit splitting of this ZE state in 0, or

in D3d symmetry.
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Fig.2 Crystal field splitting of the 3d” “D term.
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C. CRYSTAL FIELP INTERACTION OF Cu' ' WITH gﬁs ca (o),
LATTICE IN THE ABSENCE OF JAHN-TELLER COUPLING

Ignoring the effect of Jahn-Teller coupling for
the present, the interaction of the Cu++‘ion with the elec-
trostatic field generated by six nearest neighbour’ OH ions
at thé Cu++ site in the Ca(QH)2 lattice is defiﬁed by the
Hamiltonian term :
vg'- -

= I l

) o - (2)
T i=1 S

For pure 3d orbitals in the point charge model approximation,
Eq. (2) can be expanded in electronic spherical harmonics to
give the result :

2 4
= - . 3r_ ¢ 3r
Vo= ~lee”l [T £5g Ypo(8h®) + 0w l%4o Y40 (809

. * .
+ 2\/3—5- f43 (Y4_3(al‘¢) + Y4_3(ef¢)a’)] r (3)

v

when the quantization axis of the system céincides“with the
trigonal axis of the complex (i.e. X,Y,Z2 co-ordinate system
of Fig.l). It is more convenient, however, to redefine VT

in terms of the following real linear combinations of spher-

ical harmonics: e

2,,(8,9) = Yy (6,8),
c N o_ V2 *
zlm(ardi) - _2-‘ [Yl"m(e'?) + Yl_m(el’ ¢)] l'.L
s ~ 2 e PR s y :

which are specifically defined in Appendix C for 1=2,4 in
both spherical harmonic and rectangular co-ordinate repre-
sentations. A further simplification is incurred By

LS Y
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defining the parameters ot i ~

) 4
By 3 jee &>
4R5

A -=_-3 |ee'|<r2> , | A

20 _
3

. A .
6= 29 - ' (5)
_'340

..
&

!

where (r » is the electronic expectat:.on value of the
operator rk given by the integral I R3¢R3drk+2dr. Then,

the crystal field interaction is g:.ven by

% Vo= Aw{afzezzo(e 9) + £,4% 40(6 $) + zf'f43 43(6 ¢)] '
6)

where V has matrix elements, as specified in Appendix D,

between the angular parts of the real 3d orbitals 220
c
222, .Zzl., and 222.

21'

Preliminary caldﬁlations were made using the point

charge estlmates for Ca(OH)2 parameters listed in Appendix E,
and the relationships developed in Append:.x D. It was found
that the crystal field interaction splits the 2D ground term
of Cu++ into a ground _lEg doublet, an excited Alg singlet,

tar”

and an excited 2Eg doublet with eigenstates

|ep= -sinvlzgl> + cosv | z;2>

|e>= sinvlzgl> + cosv]Z‘;z)

-\a;"
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|0>= [220‘> ;;Jr’
lc D= ’sinvlzc222>- cosv|z§1> ’

s D=t inv12222_+ cosvlzﬁ) ' ‘ (7)

respectively. Moreover, these initial computationq\indi-
cated that an estimated é-value of approximately 1.5

required a yalue of about 49° £6r v in Eq. (7). The addi- .

tional experimental observation that the g tensor symmetry
axis is directed at 47.5° to the trigonal axis ( i.e. ex-

’acj}y pex endicular to the plane containing four OH ions),

justifies fixing v at‘§7.5°. Then, § is treated as one

of several parameters to be determined by a computer fit" .
to experimental data. Final results of such a fitting -
procedure indicate a va\lue of 2.03 for 6. Furthermore,
if A, =-5040cn™ ", then the levels A, and 2E_ are 10,370

40 ) 1g
and 10,970cm above the ground doublet.

Often it is convenient to calculate matrix
elements of the iemaining spin dependent terms in the co-
ordinate system (x,y,z) defined in Fig.l. This is partic-
ularly the case when using pe;turbation theory to evaluate
theoretical spin-Hamiltqnian parameters for comparison
with those measured for the experimental spin-Hamiltonian
defined by ﬁq.(9). Tran¥formations of the orbital funcE{Zns,
Zost héﬁe been derived for a counter-clockwise rotation of
co-ordinate axes by a about the Y-axis, and are specified in
Appendix F. Since v was previously defined equal to «, the
real linear combinations of d orbitals which transform as
bases of the irreduciple representations lEg, Alg' and
2Eg in the co-ordinate system (x,y,Z} are:

led= lxy >

[e >= ;_f_?;_sinzacosulzz >+ coso:(coszu,—]_) |x2—y2>
2 - z .

| +sina{3cos?‘a—l) jzx >

e A e A



&

v, T

et
-

I . &

Le—}ii 3cos a-1 |'z2 >+ %sinzai Ixz-y.z)-ﬁéinu'cosd lzx >,
2 B ! _ [ : . K

ey = -ﬁz_oinu(?acosza-l) Iz2 >+ sina(3§oazu+1') Ixz;-y2>

f-‘ ﬁ : S

+ cosa(3sin2a-1) lzx >

1s> = ;zy) ' | (8) o
resPectivoly. -|22)= Izzo(x,y,2)> . zx) = Izgl(x,y,z}')- ’
1x%-y2Y = |25, (x,y,2) ) 4 l2y) = |25 (x,y,2)) and
|¥y>»= Izgz(x,y,z)> have been introduced to simplify no- .

tation.

D. THE EXPERIMENTAL SPIN-HAMILTONIAN

For the purpose of analysis and presentation of
experimental data, the Ca(OH)2:Cu++ system can be conveni-
ently treated as a spin doublet whose behaviour is described

by the spin7ﬁ§:iltonian .
H . =8 8.5 + T.4.8 + T-G-T - YBn?E-ﬁ . (9) -

spin

Matrix elements of this spin-Hamiltonian, operating within
the ['S,I,Ms,m1> manifold where S=1/2 and I=3/2 ; ‘gre listed
in Appendix G. e

E. THE ELECTRONIC SPIN-HAMILTONIAN USING A PERTUR?MMPROACH

1. Introduction to a Perturbation Approach

1

'

In the analysis of other systems in which the cu*?t
ion is, located at sites of octahedral or trigonal symmetry, it
has often been possible to view Jahn-Teller coupling as a mechan-
ism which induces a tetragonal distortion. The resulting tetra-.
gonal component of crystal field splits the ground orbital
doublet, leaving the cut ground state as a spin doublet. //;;7

l .
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In such cases, éhere are no zero order-matrix‘-' .
elements of the spin-orbit interaction. All admixtites of | ;*
excited orbitals into the cut? ground state by spin-orbit . |
terms of higher order are very small. Moreover, the second
order matrix element between the states split by Jahn-Teller
coupling, |e) and |8) , is of negligible magnitude, unless
the crystal‘field at the Cu++ site contains a 1arge trigonal
component. For these reasons, it has usually been possible
to justify the use of perturbation techniques when relating
theoretical parameters of the Cu + systems to those measured
for the experimental spin-Hamiltopian.

o

when perturbation theory is used in formulating
spin-Hamiltonian terms which are correct to second order,
the true Hamiltonian is written as A

H = Hy+ Hy+ Hy . (10)
.
H, is the electrostatic interaction (1nc1uding crystal field
effects), Hl is the spin-orbit coupling ¥nteraction and H, is
the sum of remaining magnetic and guadrupole interactions.
The eigenstates of BO' considered as zero order states, are
represented by IkM » where k=¢,6,0,C, and §, and where
M_=t1/2 are the spin states. Then the matrix <rM |H1+HZIEH >
represents the zero order contribution to the spin-Hamiltonian. ,
It contains no terms linear in the orbital angular momentum
operators L, L., and L, since <;M |L leM_ > =0 for pax,y,g.
The off-diagonal matrix elements, (;u IHl+H2|eM > . on the
other hand, admix excited orbitals into the ground orbital
through spin-orbit coupling. As a result, the first .order
ground spin doublet becomes

leng)" = leMgy+ I Gz AE-Slem > (g . (11)

I
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The second order contributions to the spln-Hamlltonian are
obtained by evaluatlng (H)+ H,) within the states IsM )
and- neglectlng third order terms. . i

J

~2. 'g—Factor

Centributions to the g tensor of the spin-Hamiltonian

defined in Eq. (9) arise from consideration of the electronic
Zeeman term,

= BH - (g, 3 A , (12)

To a second order approximation in spin-orbit coupling,‘fhe

g tensor elements are : A -
9pq~ JoSpa = ZMpg Ty
where .
' e|lL _[n n|{L e
Pq T B

With the aid of\me:le H3 in Appendix H, the principal compo-
nents of the spin-Hamiltonian g tensor are defined in the

(ﬁyy,z) co—ordinate‘§§§:em to be:

- - 2 sinzu (3cosza - 1)2 + 3sin2a coszﬂ
gxx gO AB - AO
""""" + cosza (3sin2a - l)2 } ’
- . A
.._ c
2
g = g - emam
Yy "0 44 /j
- - 22 cosza (3c052G - 1)2 + 381n4a
9.z~ 90 AB Ao

7 (15)

+ sinzﬂ_ ,(390520% + 1)2'}
. c | ‘ 4
where o= 47.5°, Particularly noteworthy in these expressions
is the occurrence of terms involving AB . Which, although zero
for octahedral complexes (a= 54.301, are far too large to be

neglected in the cases such as Ca(OH)2 .
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‘ ‘Forwnumerical gvalﬁation of the various paramééers,
A/Aii,-acébunt should be také@ of covalency effects by sub-
stitﬁﬁing Lo and g, for X , aﬁd-by multiplying the matxix
elements of Table H3 by the_ appropriate orbital reduction

factors k, and k, .47-59 Moreover, the § tensor elements

should be expressed correctly to third order perturbat:ion.51"'53
Third order expressions,.however,'are not easily derived
because of their complexity. In fact, it is more convenient -
" to evaluate these parametexs by a computer fitting process
which involves direct idiagonalization of a Hamiltonian con-
iaining all crystal field, spin-orbit coupling, and Jahn-Teller
coupling interactions. This latter procedure will be dis-
cussed in detail in section F. ;BV/
3. Hyperfine Structure
The magnetic hyperfine interaction between‘elec*
tronic and nuclear magnetic moments is given in operator

form by the electronic Hamiltonian terms4

ve= -p{x=4/N3.T + 1/7(L-5) (&) + -0 (@-5H - -1, Qe

‘where P = 2yBBn(r-3> and k is the hyperféne contact constant.
To a second order approximation in spin-orbit coupling, the
hyperfine interaction contribution to the spin-Hamiltoﬁian
of Eq.{9) is specified by the hyperfine tensor A, with =~
elements . )

qu=.—Pqu6pq+ 2Aqu) + 2/7(lpq- Aﬁéqﬂsqlp . 17)

P, x, and qu have been defined-previously, and

= ], + - L+ o 8
lpq 1/2(e|Lqu Lqule) 1/3L(L l)qu ' (18)

Aog® 172 (I, €5, g<;|Lr|§> <n[Lth+ Ltque)(kr/An) . (19)

The kr are the orbital reduction factors mentipned previously.

Tensor elements qu . 1pq and Aéq ,_fhich are tabulated in

]
AY

AT

P e T T =
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Appendices I% J, and K, include the appropriate.pfbital re-

duction factors.

With the aid of these tables, the elements .

of the- spin-Hamiltonian tensor, A .+ Bre approximated to
second order by the expressions~

-A . '
XX . o _ 2 _2)).0.412 0.719 0.301 1.500 .
\ c o 5
-A ! . : ‘
YY = e L 2 _ 22 ). 0.412 0.719 0.301
B K Agyy 7 7—' ( A + .A'c + Ao )ku
0.111 . 0.432 . 1.116 ’
+ + + 1k ;-
, AB . Ac Ao *}
...A .
zZZ _ .. 2A 0.111 0.432 1.116 1.500 .
P K Agzz+ a/7 + 7 ( Ae + A + 4 + A Yky i
. c o s
—A - ) .
Xz -0.019 0.106 0.232 -0.034 . 0.372
= 2X {( + + Yk, + (= + -
P { Ae Ac .Ao Ae Ac
+ 0_4A£§_) k.l.} H
¥
-A ., - )
ZX -0.034 0.372 0. 406 -0.104 0.347
= 2x { + + )k, + ( + 2L
P { Ae Ac Ao Ae Ac
+ 9_%i§)k&} . (20}

{

It should be noted that A° is a traceless asymmeiric tensor

which contributes off-diagonal terms to the hyperfine tensor.

As a result, failure of the z axes of experimental § and A

tensors to coincide should not prove'surprlslng.

LAY AP T T WERETTY
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4.ﬁ;0uadrupole Interaction
The nuclear electric quadrupole interaction is given
in operator form by the electronic Hamiltonian term55 56

2
e R CAD I Bd-H2a2@d-h -t 1]
(21)

where £ = 2/21 for Cu++. Because of the small magnitude of
this interaction, it is necessary to retain only the diagonal
terms. Hence, to a first orxder approximation, Eq.(21) Teduces
to the form

_  4e?q -3
Vo< [' 21(21\—J©<rq 78|pEq 1patpla (22)

Assuming that <i:3>_.a 265 a.u., the term in brackets has a
value of 5.3G, and the’ non-zero components of the Spln-

Hamiltonian § tensor are Q,,= 10.6G and Q = yy= -5.3G.

Moreover, Q7 = |Qxx - Q | = o.

N
F. THE JAHN-TELLER COUPLING INTERACTION
(STATIC DEFORMATION TERM)

At this polnt, con31derat10n must be glven to the
effect of Jahn-Teller coupllng between the Cu'’ ion and the
Ca(OH) lattice. The Jahn-Teller theorem’ predlcts the exis-
tence of at least one distortion of an XY6 complex ;rom a \
highly symmetrical arrangement. The possible distortions
from an equilibrium configuration are defined by the set of
normal co-ordinates listed in Appendix L. They have the
property. of transforming in the same way as the irreducible
representa%ibns of the point group D, . and can be viewed
as s@all depa;tures from the D3d co?figuration.

L

Assuming that the. OH ions are not necessarily at

their equilibrium positions, a position vector §i= §i+ Ei

.
- LY
a

k4
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is defined to specify the location of the ith ion. ﬁi de-~

fines its equilibrium location and 31 ,. its displacement
from equilibrium. With the further assumption that

loil << |§ |, the electrostatic energy of the Ca(OH),: cutt
system is given by the expansion

-

oo e a2 4y % 4 ]
A\ % T AZZm r sz + 9 FZ4m r Z4m ' (23)

ee” _ i *
where A = - and F = - . The Zi and 2
S3 , S m

im ’

are functions of the polar angles of §i and f, respectively.
By expanding Eq.(23) in a Taylor series about the equilibrium
configuration, the crystal field interaction is given in

. : ' -+
terms of ionic displacement, O,

i r as

= L - o
v=v +idwn -9; . ‘ (24)

v, and (3\')0 are evaluated at equilibrium. The first term

in this series, Vg v is identical with the trigonal crystal
field term, VT , defined by Eq.(6). The second term, linear
in configurational distortion, is the Jahn-Teller coupling

as defined by /van Vleck.57

e term g (3V)° . Ei was expanded \by Holuj et al._58

) *
for the Ca(OH)2 lattice. Taking only the 22m erms of V into

account, I (3V)0 . ai was found to span the entire -set of
i _
normal co-prdinates listed in Appendix L. Each term in the

expansion exists as’a product of an electronic operator, an
orbit-la e coupling coefficient, and a normal co-ordinate.
The only’ terms which actuallf come into play in Jahn-Teller
coupling are those which lower the energy of the cu’ " system
by splitting its ground doublet. For octahedral complexes,
this Spllttlng is related to deformatlons which transform

as the ‘8 and. € components of the irreducible representation

&
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/

E_ of the point group 0h .59 COnséquently, it is assumed

that similar deformations will be responsible for lifting
the electronic degeneracy here. As illustrated in Fig.L-l,
these types of distortion are present in the Ca(OH), lattice.
They occur as linear combinations of normal’ co-ordinates,
and are defined as ;

o of - S
Q.= q; siny.- q; cosy .,
0== -qi siny + qg ébﬁ; . | ‘ (25)

In such cases whefe the Born45ppenheimer condition is satis-
fied, the degenerate levels are separated by an energy which
is linearly dependent on the magnitude of Qg or Q¢ . Consider-
ing only those terms of Z(ﬁV)-o which contain Qg and Q..
matrix elements of the Jahn—Teller eoupllng interaction have
been evaluated in the manifold of |6 > and |e). They have the
form

Wr™ “Cp(Qelg* QcUc) (26)
where
Cp l%%:-%<p )51n051ny(SLnasiny+4cosacosy). (27)

Ug and U_. are identical to the Pauli matrices —Ez and EX'

The Jahn-Teller distortions, Q9 and Q:<¢—can be re-
expressed in polar co-ordinates p and 6 as

Qa= p cos® ,

Q= p sine , o (28)

where p defines their magnitude and ® , their direction. The
The distortion magnituydes are limited at some finite, non-zero
value by the presence in the lattice of quasi-elastlc forces.
These forces cause the energy of both ground orbitals to in-
crease by_an amount guadratic in their magnitude. The dis-
tortion orientations, as well, are restricted when account is

g Tt T
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taken of small anharmoniq terms of order.higher than second
in Qe and Q_.- For instance, the "warping term" introduced
by Upik and Pryce,60 '

3

- 2_.n2y '
Vop A3 QB(QB 3Q€) §3p cos30 , ' (29)

reduces the number of stable distortions to three. It is
apparent that a negative value of A3 requires that 6 equal 0°,
120° or 2400, and moreover, that potential barriers of magni-
tude 2|A393j separate these allowed distortions with regard
to variations in the parameter 6. '

Experimental data has indicated that Jahn-Teller
coupling in the Ca(OH'Z:Cu++ system is restricted entirely to
the Q, distortion. As a result, 6 = 00, and the electronic
energies_of the ground orbital doublet are

1, 2 '
E|€>= EO CIED + 5](0 ’ (30)
and g
1, 2 '
EIB)== E, + Cpp + 3Kp . (31)

K is theQ;lastic constant of the lattice in the absence of
Jahn-Teller ions. The minimum of E|€> is easily shown to
occur when

NIFP
o
@

(32)

ad BB,
0

P = PN =

and 2

L= - _E_
Bley®™ Bo ™ 3K (33)

¢

For the stable configuration, the magnitude Sf the Jahn-Teller

splitting for the 2Eg ground orbitals is g
K
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G. THE COMPLETE ELECTRONIC HAMILTONIAN -

As indicated previously,‘the approximate expres-
sions derived by perturbation theory for spin-Hamiltonian
g and A tensor elements must be correct to at least third
order in spinJg%bit coupling. Only then a.satisfactory
evaluation of system parameters ki y 8, K, B/R, r and Ai

is ensured. Because of the complicated nature of the third .

st
T
iy

order" expressions, a more convenient method of parameter
evaluation is introduced. The parameters are treated as
adjustable constants in the full electronic orbital 'Hamiltonian
which contains crystal field, spin-orbit coupling and static
Jahn-Teller deformation interactions. This Hamiltonian is- -
defined by the expression

Hopg = Vo * Sn Ku Sy Dy + T, ky (ST + S L)

\’4“ |ee |(r2) 8 (sin? 7222 + 2sinycosyZZI)

H

(34)

Matrix elements of H, . within the manifold .-spanned by

Zom 3F€ tabulated in Appendix M. For a given set of .para-
meters, this matrix is diagonalized and the corresponding
ground state eigenfunction is determined. Theoretical §

and A tensor elements are then calculated for this ground
orbithl and compared with experimeﬁtal values. This pro-
ceduré is repeated for many sets of parameters, The set
which provides the best agreement is chosen. All additional
Jahn-Teller computations are based on these parameters.
Although agreement between calculated and experimental spin-
Hamiltonian values could probably be improved by the intro-
duction of additional parameters, this will not greatly

affect the values obtained for i, ki ¢ K, 82 , 6 and Ai.
R

——
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H. DYNAMIC JAHN-TELLER EFFECT

For very low temperatures, strong Jaln-Teller
coupling, and large energy barriers between distorted con-
figurations, the XYG complexes are equally distributed -
among three equivalent vibronic ground states. Each indi-
vidual complex is essentially frozen into one configuration
for a period of time that is long, compared to that for an

"E.P.R. transition to occur. As a result, the observed low,

temperature E.P.R. spectrum should consist of three equally
populated sets of transitions, each exhibiting identiical
characters, but differing only in the directions of their
respective magnetic axes. - )

At higher temperatures, low - lying vibronic states
become populatéd at the expense of the ground vibronic trip-
let according to the Boltzmann distribution. This leads to
a corresponding reduction in the intensity of the low temp- -
erature spectrum, and may even result in the appearance of
new spectra. According to O'Brien}61 the first excited
vibronic state belongs to the.A1 representation. An E.P.R.
spectrum resulting from this state is described by the iso~
tropic g factor: ’ ﬁ

9" 9o * 48 - (35)

where if is assumed that u = % (approximately). Consequently,
. s N

the thermal population of excited vibronic states. is one

possible mechanism that could be responsible for the appear-

ance of a spectrum-associatéd with a, dynamic Jahn-Teller

effect. B

Alternatively, Abragam_andrl?ryce62 viewed the high
temperature spectrum as an average of the three spectra
observed at lower temperatures. A mechanism which may be
responsible for such averaging is portrayed in Fig.3.

AN
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The XY, complex is raised by phonon absorption to_eome’ex-
cited vibronic state, from which it can decay with equal‘
probability into any one of the three vibronic ground states
associated with dmgxerted conflguratlons._ The participating
excited states lie high enough relatlvé to the energy barrier
so that tunneling from one distortion to another is poss%ple.‘
At higher temperat

es, a larger number of phonons with “
enough energy to actIlvate such reorientations are available.
The increased probab111 y of a transition from one dlstorted
configuration to anothe reduces . the. time, 1, required for
configurational reorientation. When T becomes short with
tespect to the time of an E.P.R. transition, the complex as-
sumes all three distorted configurations many times during
the transition. In this case, the‘observed_spectrum is des-.
crlbed by the averaged parameters of the individual low
temperature spectra. These are derived in Appendlx N, and

are given by the following relations: ‘

AVE cos2 a + sin2 o

gu gzz gxx o BN
AVE _ 1 .2 2

gl = 2(gzz sin '.a + g, COs @ + gyy) (36)

Analogous equations hold for the hyperfine tensor. , If this
is the mechanism responsible for the high temperature spec-

trum, then the reorientation time, T, is given by:
E

T o explp ) . | ' (37) -

For such a case, the 1nten51ty of the low temperature spec—
trum is proportlonal to 1, while that of the high tempera-

ture spectrum is proportlonal to 1/1. Hence, a temperature
variation study of spectral intensities can be expected to

establish the size of the energy barrier separating distorted

configurations, correct at 1east to an order of magnltude.
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IV INSTRUMENTATION AND' MEASUREMENT TECHNIQUES

A. X Band Spectrometer 4

A block diagram is presented in Fig. 4 of the
bridge type og’gﬁéctrometer used for anisotropy and temp-
erature dependence studies of. the cut* spectra over the .
temperatiure range 78°k to 300°k.

The cavity assembly is illustrated in‘greater
detail in Fig.5. It consists of a pyrex cylinder coated
~'on the inside with silver oxide paint, and then baked at
" 710°% untilifhe paint was bonded to the glass. After re-
moyal of the surface oxide, gold was sputtered onto the
exposed silver surface. A brass cage and bottom plate are
used to mount the cavity to the waveguide, and to sﬁpport
a crystal rotating mech'anism.63 This cavity operateé in
the TEpq1 mode 'with a loaded Q of about g,sbo.

Y

-

i

Experiments at any;temperature lower than room
témperature are~possible with this system. A plastid cup
sealed with glycerine to the brass flange directly abave
the cavity, allows the cavity aésembly to beievacuated
while immersed in a liguid refrigerant. A heater attached
to the bottom plate of the cavity, can be used to establish
a temperature gradient along the length of the cavity cage.
Therqgl conductlon from the sample to the cage via the quartz
samplé pin and the rotator mechanlsm, and radiation transfer
from the sample to its surroundlngs, establish an equilibrium
temperature above the refrlgerant boiling point temperature.
The temperature of the sample .is monitored by an uncalibrated

' copper-constantan thermocouple, which enters the cavity
through the bottom plate and extends to the sample along the
cavity axis. Accuracy in temperature measurements is esti-

o
mated to be of the order of :2°K.. '
B ' Loe S

T b : 29
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Fig.5 The K band cavity assembly.
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B. X Band Spectromoter

An X bend\?pectremeter of the type illustrated in
Fig.6, was employed for studies involving the application of
uniaxiel stress to the eample in the temperature range 4. 2%x
to 300°K. This spect meter is easily converted from bridge
to superheterodyne op:Letion. Superheterodyne operation was
utilized only for experiments at 4. 29k when saturation effects -
required a 50db reduction of the microwave power.

A ~

The X band cavity assembly includes all the facili-
ties described above for the K band assembly. In addition,
such features as an internal 100 kHz modulation loop, and an
optional polystyrene vigse for uniaxial stress experiments,
are available. These modifications are shown in Fig.7. The
.bottom half of the vise is fitted into the bottom plate of
the cavity. The top half terminates in a long stainless steel
rod, which extends th;gugh an O-ring vacuum seal at the top ’
of the apparatus. A force is supplied to this rod by a lever .
and hydraulic piston system. The magnitude of this force at
the sample, is directly proportional to the weight hanging
from the lever. When the vise assembly is used, the sample
rests on a flat brass disc which sits on top of a polystyrene
rod. A heater is attached to a brass finger which extends
up the axis of the polystyrene rod and the cavity to termin-
ate 3§ the brass disc. This arrangement allows the tempera-
ture of the sample to be varied. while it is under stress.
An uncalibrated copper-constantan thermocouple located at the
bottom of the brass disc was used to monitor temperatures.'

C. E.P.R. Measurcments

Experiments. were carried out using 12 inch and
15 inch Varian magnets, both equipped with Fieldial regulation,
as well as the K band and X band spectrometer systems discussed
above . Klystron frequenciﬁs of about 9.2 GHz, were locked
to the resénant frequencies of the sample cavities. E.P.R.
signals were phase sensitive detected, using a 100 kHz magnetic
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Fig.6 Block diagram of the X band E.P.R. spectrometer.

_ Components are labelled as follows: Kl,klystron 1;
_K2,klystron 2; PSl,power supply 1; PS2,power supply 2; ‘
FCl,klyston 1 frequency control; SHC.klystron 2 superheterc- o

~dyne control; IS,isolator; PH,phase shifter; ATT,attenuator:

ML,matched load; MT,maglc tee; X,crystal detector; C,circulator:
SST,slide screw tuner; WM,wave meter cavity: RC, resonant

cavity; MP,magnet pole; IFA, IF amplifier; RFG, RF gain control;
AMP,100 kHz amplifier; PSD,phase sensitive detector: REC,

recorder; 0SC,oscilloscope; V,Vvariasc; P,filaments; B,beam:
R,reflector. )
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Fig.7 The X band cavity used in uniaxial stress and
. temperature dependence experiments.



35
field modulation technique. Applicatfz; of an additional
60 Hz magnetic field modulation to the system, made it
possible _to observe first derivatives of the resonant lines
on the oscilloscope. Resonant fields were measured by
simultaneously superimposing the E.P.R. siénal and a proton‘
signal, obtained from an N.M.R. magnetometer, on a double-
beam oscilloscope, and carefully noting thetoscillation
frequency of the maghetometer. All such E.P.R. measurements
were calibrated to the resonant field of the well known
DPPH radical which has an isotropic g-value of 2.0036. Errors
in resonant field measurements are estimated to be less than
2G for spectra I, II, and IV which had line widths in the
range 3G to 5G, and less than 4G for the broader lines -of
spectrum III. ’




. V. EXPERIMENTAL OBSERVATIONS AND RESULTS

A. General Remarks

The E.P.R. spectra of Ca(OH)z:Cu++ and Ca(OD)z:Cu++
single crystals are very similar. The observed spectrum can
be divided into two spectra, I and III, associated with a
Jahn-Teller ion, and two additional spectra, II and IV,
assocliategd with non-Jahn-Teller ions. :The specFra, I, I1,
and IV,-éach consist of three sets, labelled a, b, and ¢, of
four hyperfine structure lines. All three sets of I are
shown in Fig.Ba for a general orientation of magnetic field(H),
where 'they are completely resolved. The doubling of
each set is real. The spectrum is a superposition of the
spectra of both the 63Cu++ and the 65Cu++ isotopes, which
occur naturally with a relative abundance ratio of 69.1 : 30.9.
At temperatures above 150°K, I is replaced by III, which is
shown in Fig.8b.

Differences have "also been observed between the
spectra of the two samples. The line width ‘of about 5G in
the Ca(OI—l)2 case is reduced to about 3G when the hydrogens
are replaced by deuterons. This results in improved reso-
lution, and makes possible the measurement of forbidden
transitions (AmI = 11,+2), which arise from the electric
quadrupole interaction. On the other hand, a superhyper-
fine structure is observed only for the Ca(OH)2 samples.
The hyperfine set, Ia, in Fig.8a indicates the presence of
a variable number of superhyperfine subcomponents. Similar

superhyperfine structure is observed for the non-Jahn-Teller . .
spectra,:II and IV,

.36
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"
Fig.8 Typical Jahn-Teller spectra of a Cai&on)z:cu"‘*‘
system for general orientations of H.
(a) illustrates the three sets of I at 87°K.
(b) is a room temperature example of III.
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B. The Jahn~Teller Cupric Ion

l. Low Temperature Spectrum
i) Angular variation

Spectrum I is associated with the Jahn-Teller
cu*t ion for temperatures below 140°K. The angular vari-
ation is almost axial, but exhibits a pronounced asymmetry
in the (1210) plane which contains the x and z magnetic
axes. This arises from a lack of coincidence of g and A
tensor axes. For example, the hyperfine tensor is rotated
4.2° about the (1210) dinection (i.e. y axis) with respect
to the g tensor. Additionally, it is significant that the
xy ‘plane of the g tensor approximately coincides with the
plane containing hydroxyle 1, 2, 4, and 5 in Fig. 1. The
z axis of the tensor is dlrected at a 13° angle to the 11ne
joining hydroxyls 3 and 6 in the normal catt site.

Recordings of spectrum'I are presented in Fig.9
for significant orlentatlons of B in the (1210) plane.
Throughout this plane, - spectra Ib and Ic are superimposed,
and for the special case of H // c axis, all three setq\pf
spectra are coincident. Spectrum Ia collapses when the
field is directed at -87° to the z axis. A similar collapse
does not occur for an angle of -93°, clearly indicating the
existence of asymmetry'in\this plane.

S B ‘

Angular variations of spectrum Ia in-the xz and
yz planes are illustrated in Figs.l0 and 11 respectively,
for a Ca(OD)2 host lattice. The region deflned by
-60° > o > - 120° expanded in order to show the variations
observed for forbidden transitions over this range. The
sudden-appearance and rapid growth in intensity of these
transitions relative to those normally allowed (&m, = 0),
is indicated by the series of recordings in Fig.l2.
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ii) Quantitative Results for Spectrum I

Spectrum I was analysed using the spin-Hamiltonian
given in Eq.(9). The results of this analysis are presented
in Table I. o and B refer to the angles in the (1210) plane
between the symmetry axes of the .g and A tensors and the
c axis. Kbcurate gquadrupole measurements are quoted only
for Ca(OD) cutt , where parameter fitting was aided by the
measurements of resolved transitions, AmI =°%1,t2 over
60° intervals in both the xz and Yz planes.

The spin—Hamlltonlan parameters listed in column 5 ™~
were evaluated ng_Ca(OD)2 63 ++ by the methods outlined
in chapter IIIG. They represent the best agreement that
was obtained between experimental and calculated values.
The hypotheticdl parameters given in Table II were used to

.arrlve at these values, and hence, are assumed to be typical

estimates of cutt parameters in Cu(OH), and Cu(OD), complexes.

iii) superhyperfine Structure

In addition to the interactions descrlbed by the
spln—Hamlltonlan of Eq.(9), a partially resolved super-
hyperfine interaction was observed for Ca(OH)2 .

Best resolution of the superhyperflne spectrum occurred when
% was along the (1010) direction. Fig.l3a shows that five

superhyperfine components can be definitely counted for one

_hyperflne transitiops—The approximate. magnitude of the

splitting between components is 2.8+0.5G. Significantly
enough, for this H direction, the four hydroxyl ions in the
xy plane, (1,2,4, and.5 in Fig.l) are equivalent. It is
expected that they should give rise to five superhyberfine
components with relative intensities 1:4:6:4:1, if the
interaction involves protons of only these four ions.
Unfortunately, the resolution is not good enough to deter-
mine the relative intensities of the observed components
accurately. Moreover, the series of recoxrdings in. Flg 13




) * 1
M1
l l“ \ F (a),0*
[ VR TN WU— 7 ’
Ie [ o]
—

- oren
— .
Tae
]l- (C).“B?'
oren
[T S ST
Ine
[
Ie
: L‘ - H {d) /90"
‘ orm
o “ N 2 » . Ie
Ibe .

H

Fig.9 Recording of spectrum I for Ca(OD) :Cu+t at
significant orientations_of H in tﬁe (1210)
plane at 80°K. Orientations of H are given beside
each trace as values of the azimuthal angle & for
the Ia system.
2

Y A T B SR




-—
=

P

.hamb.muuwm_mwu SUOT3ITSURI]} ZF PUC LF ‘0 nm‘pﬂw
‘3o'spre . 'spuouwetd *9% 0hZ°
(o 8 ©TJ JURPUOSSI paInseaw dY3 S3edTPUT SITOITO pue ' gsaxenbs ’‘spuo X .
.«mH:mwwo.wunm:ommu Hddd oYl °"SUOYT3ITSuURIl ZF = meq_@ucmmmnmmu ‘goUT] paysed °SuUOT3ISURIY
¥ = Twy jusgoxdaax saurT 30pP-yseq °suolIrsuedl o = “wy quasazdoa HOUTT PTIOS "
*¥_08 3°® uonmaoumu xo3 auetd (0tZl)} 2y3 ut eI umzjoads yo uoyrjeTtaea zernbuvy 0L°b1d
o ++ : ¢ PN

(se0ibeq) INVId Z-X Yl NOILVINIINO Q1314 OILINOVW .
. 06 - E

- 09 - : o€ - Sor9.
- 081 - \ os1- __oz! _ L -3 3
— - . ) _ »
g1~ g6- g8~ "
\ 2
‘m
_ 0
‘ o
M
3
)
A
3]
n
m
1
o
P—
>
()]
do6'z ~
do

2’8



———— . _ .
FErmgmirasat AL ETRADA G Bt TTE (R AT s e e S

{

I

T -A1eaT3oedsel sSuoT3TSURIZ TF PUB [ ‘0 = “my
e - JO SPToT3 3UeuosaI painseauw I3 8320 TPUT mmmuu..no pue ‘gpzenbs ‘spuoweTd *O) 0#T°8
N 3e SINO00 SDUBUCSSAIA HALA UL ‘SUCT3SURIY. 2F = Wy jysseoadex sSSUTT PIYSEd ‘esuoTISURII

lg = HEq. quasaxdax SoUT 3I0p-yseqg °suoIjTsueIld = Heq juossadaa s9UTT PTTOS

. *q,08 3I®° ++5U“Naovmu z03 oueid z-& @y3 uyt eI E_._Huom.mu.hm Jo uoT3ETIRA Hﬂﬂnmé LL°BTa ¢

‘ {s904D8g) IANVId Z-A Y NOILVLNIIHO ‘g3 OILINOVIN

08I+ QSlI - o2l - . 06- 09- og-~ o.w .
- _ _ . ] _ ! ) L9

0g'L

.

09'L

(9%) SATII4 OILINOVW LNVNOS3IH -

06'L

. oz'®



)
S

f_.

jo a%uexa onu 2240 4,08 3I®

«£8

Xy

‘sue|d z-A 8Y4 U| ,GB- % © % 89- 2]3ue Jeyjnwize ‘

nduwanovuu 103 peAzasqo vl unijdads jJo sSuoFIFSUBRII UIPPIqLOL ZL *31d

.+l_l

ceee 233 [ P L LIS TEY o R |

11

M

T~

crncna Is2 mesmravassesnssanrsanenff T Tt 1

O sMUT ccoorecnaroacmaranenny 1|

”[1

. -ﬂ\ll- ﬁUv

— T I—iu _l-o-o:nlu'nsnul:-cu--l- Nul
- l3s crererberssassnanenassas] '} TT Tt n

.......... O aMUP smemcmemmmececendT | | i

P—— : 2ss

B Ty R 11 TT Tt n

o oo vonse arrrsssncn sienan ls=

S ey

N e pom o s g e Dt | = T Tl

—
4 o e ———— —




. & i /
/ - _r - P} :
! v e
. . . we—
p ‘ R .
'($\} TABLE I | Y ’
3 N ’ .
. N .
Spin-Hnmiltonian Paramaters Of Jahn-Teller‘ L
L |Coupled Cn(OH)Z:Cu 2f//€a(00)2:Cu Complexeg .
— ii .
rry FJ
PARAMETER | Ca (OH) 5 630y | cato ,j:63Cu++ ca(oD) ,: 650,"*| carcurareD®
) VALUE
% I5 .
9,5 2.418£0.002 2. 416805001 | 2.4160.001 2.415
g 2.07540.002 2.074£0.002 2.074:0.002 2.083
xx —
9yy 2.071:0.002 2,076:0.002 2.076:0.002 2.066
A, (G) -132.0:0.5 -133.8:0.5 —144.0:0.5 -132.2
n (G) -2.8+2,0 2.9+2.0 3.5:2.0 16.6
xX — - -
A {G) -5.0°5.0 -1.192. -1.1:2.0 7 -9.3
/—\4 yy{) : 2 0
A, (6) 10.0°1.0 10.0°1.0 1090+ 2. 0 16.0
: - »
Q_,(6) . 15.041.5 . 15.0°3.0 10.0
. \/ »
v Qo Q) . 5.0:3.0 5.0+4.0 0
4] . o]
a 47.2:0.5 47.520.5 47.2+0.5 / .s
. . .G . R a” ] ,
& 51.521.0 51.5:1.0 51.4:1.0 ( .
! ‘. ' \C

+ Calculated values of Spin—Hamiltonian'parameters were evaluated
using the set of parameters listed in Table II.

+ value could not be.determihed from experimental data available.
Value was not calculated.



* TABLE II-

parameters Of Cu++ In Ca(OD)2 .
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Estimated Values Are pased

on Best Agreement With Experimental Measurements In The

Manner Described In Chapter IIIG.
values, It Has Been Assumed That Auo
vy = a = 47.5° .

-In pdtermining These
= ~5040 cm |

And

PARAMETER ESTIMATED ESTIMATED
VALUE ERROR
cicm 1) -65; +50
Ka 0.89 +0.05
X, 0.96 :o;os'
2g 0.18 +0.02
R
x 0.37 +0.02
§ o 2.03 +0.20
Aa(cm-1) ‘u,vzo . +1500
Ao(cm-1) 10,720 +1000
s (em Ny 14,046 +1000
As(cm_ ) 14,671 +1000

o

wrael

T T e v =~ FIw A 25T
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Fig.13 Superhyperfine structure of Cn(m)z'Cu systems at various
temperatures from 80% to 147°K for H // [IOIO] Temperatures

in °K are given beside each trace,
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indicate that at 80°K, the line widths of the superhyper-
fine components are sti)l decreasing with temperature.
Attempts to obtain better resolution by working at 4.2°%k
have, however, proven unsuccessful. Saturatioﬂ at such low
temperatures, could hg overcome only by 60db, or greater,
attenuation of the indident microwave power. This resulted
in poor‘'sensitivity. TLikewise, attempts to observe ENDdﬁ
transitions were also unsuccessful. a
Further consideration of Fig.i3 indicates that
line widths increase rapidly with temperagtfbx The super-

"hyperfine components are unresolved at temperﬁyures higher

than 115°K.

In the case of the Ca{OD}z:Cu++ system, no super-
hyperfine structure was observed.

2. High Temperature Spectrum

The sequence of events which occur as the temp-
erature is varied over the range 80°K to 300°K is outlined
in Fig.1l4 for Ca(OH)z:Cu+ ., and in Fig.1l5 for Ca(OD)2:Cuf+.
In both cases, the transition from I to III occurs at about
156°K, and spectrum III reaches a peak intensity near 210°k.
The lines broaden and disappear below 300°k for Ca(OD)Z:Cu++
but are still observable at temperatures higher than 300°k
for Ca(OH)z:Cu++.

) Spectrum III was analyéed employing the spin
Hamiltonian of Eq.{9). The results are listed in Table III.

gﬁVE and A%VE were the only parameters obtained for

“Ca(OD)2:Cu++ because the lines broadened and vanished as

the orientation of H was varied from the c axis.

Ve

&
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a,83°

b, 12°

c,125°
d,i40°
e,le0’

f,210°

-H-
Fig. 14 Temperature dependence of Ca{0d),: JSpectra at K band for
_the case when H // c. Temperatures 1n K are given beside each

trace, § increases from left to right.
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a, 8I°
b, 115°.

c,125°

d,150°

e, 160°

W f,190°

W g,210°

ull L 1 | 3 II
Fig. 15 Temperature dependence of ca(0OD)
_the case’ when H /] c. Temperatur

trace., H increases from left to right,

vy

:Cu ospectra at K band for
%s in K are given beside each
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3. The Transition Temperature

The relationship between spectra I and III was
investigated furthexr, through a de alled temperature de-
pendence study of their respective intensities. Experi-
mental measurements were made at X and K band frequencies
for several magnetic field orientations. Graphs similar
to those found in Fig.16 were obtained by plotting logar-
ithms of first derivative peak.to peak heights, Log I
versus inverse temperatures, T_l. P

L

!
E

C. NON-JAHN-TELLER CUPRIC IONS
1. Qualitative Discussion of Spectra I and 'IX

As in the case of spectrum I, spectra II and IV
are almost axial, and exhibit asymmetry in the {1710) plane.
A recording of the spectra for a general orientation in this
plane can be found in Fig.l7. The intensity ratio of

spectra II : spectra IV is about 5:4 at 140 °k. From Fig.18,

it can be seen that this ratio increases to at least 5:1 at
4.2°%. A study of angular variations indicates that the
symmetry axes of'spectra II and IV are rotated about (1210)
direction with respect to the z axis of spectrum I, by
approximately 1.5° and —0,8o respectively.

-

[

A partially resolved superhyperfine structure was
observed only «for the Ca(OH)2 samples. As in the case of
spectrum IY five components can definitely be counted at
the’ same special orientations. The degree to which the
superhyperfine transitions are .resolved 15 Virtually inde-
pendent of temperature over the range 80°K to 160 K, as can
be seen in Fig.l3. Above 160 K, the components begin to
broaden, and by 200 K, the superhyperfine structure is com-
pletely unresolved. ©
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Fig.16 Plots of Log Ip versus T | for spectra I and III.
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Fig.17 Recording of the non-Jahn-Teller spectra II and IV

o for a general orientation of in the (1210) plane
at 140 K. The low temperature Jahn-Teller spectrum I, and a
third non-Jahn-Teller spectrum are also present.

— (a)

T

(b)

I uw e RS TR
11 u 1 ] T DPPH
IV ¢t —h N EE—
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' Fig.18 Recordings of the Cca(OD scutt spectrum for a

general orientation of B in the (1070) plane.
(a) is at 80 K and (b) is at 4.2°K. A comparison of (a)
and (b) indicg;es a change in the relative populations of
spectra II and IV.
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Finally, frc Fig. 17, there is evidence of the
xistence of even more sets of- spectra similar to II and
, but of lower intensity.‘ These are shifted towards
lightly highex magnetic fields.

2.\ buantitative Results for Spectra ITI and IV

The spin Hamiltonian of Eq (9) was used to
analyse spectra II and IV. The data obtained from this
. analysis is summarized in Table JV. Lack of forbidden
transition measurements prevent 4 the accurate determin-
ation of quadrupole parameters/

D. APPLIED STRESS

Stress was applied to Ca(OH)Z.Cu samples
along the (10T0) direction, which is perpendicular to two
opposing ‘flat sides’ of the hexagonal crystal? The lines
of stress through the crystal assumed a hexagonai7pattern,
making the application of uniaxial stress impossible. The
sample also cleaved very easily along planes parallel to
this direction so that a guantitative study of applied
strebs was unfeasible. Nevertheless, a qualitative study
of the effects of stress at 4. 2°K is presented in Fig.19.
.One set of Jahn-Teller spectra, fa, is observed to dimin-
ish in intensity wmth respect to the ‘other two sets, Ib :
and Ic. -
a
Application of uni;§1a1 stress along the c axis,
although cogvenient experimentally, affected all three
Jahn-Teller configurations equlvalently. The E.P.R. lines
-of spectra I, II, and IV, suffered noticeable but relatlvely
‘equal broadening, as illustrated by the recordings in
Fig.20. However, no change in the Jahn-Teller traﬁ§1tlon
i temperature was observed, and the samples appeared to suffer
permanent strain in the course of this experiment.
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cth\\e TABLE IV
Spin-Hamiltonian Parametersfof Non-Jahn~Teller Coupled
Ca(OH)Z:Cu++ And ca(oD) ,:Cu’" Complexes . qu,,,f‘
COMPLEX ca(om) ,:°3ca** ca(op) ,: 2cu™”
- <
) = :
SPECTRUM 1T ﬁY’“\\,/f' II\ IV f/
- - I - i
9, 2.397£0.003 2.397i9$ng3 2.396@5.003 2.397:0%003
i
C 2.070%0.005 2.0701&%005 2.071£0.003 2)g7j10.003
). 00 .
- PR ) ; G
Yy 2.06420.005| 2.06420.005] 2.076:04003 | 2.07420.003
A, (G) |-141.0£3.0 [-141.0£3.0 }-142.0:2.0 |§142.02.0
a_ (6 ia_ l<86 |Axx|<5 14.0£2:0 I/J13.012.0
N . ]
A._(G) P|a__]<10 a__|<10 28.04£.0 24.522.0
vy Yy Yy’ -
a_(G) 10.0£3.0 10.0:3.0 10.8£2.0 10.0£2.0
o 46° + 1° 88° 4 1° 46° '+ 1° 4g° + 1°
N : /
B 49° + 2° 52° + 2° 50° + 2° \| . 52° ¢ 2°
A
— .
)
13
3
—— e ’-—\
- B 1 L /,/"""
3
3
m
M "
N ™~
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E. RADIATION DAMAGE

. The Ca(OH)z:Cu++ and 9&100)2:Cu++ samples ere.
x~irradiated at 80°K and neutron irradiated at room temp-
erature. No change was cobserved in the spectra of these

crystals.
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VI.DISCUSSION OF THE RESULTS

A. The Jahn~Teller Cupric Ion -
l. Low Temperature Spectrum

At temperatures below 140°K, the observed E.P.K.
spectrum, I, is a superposition of spectra associated'with
three distinct Cu'' complexes (a,b, and ¢). The individual
spectra are identical in-every respect, and are charactef-
istic of an orbital singlet, spin doublet system. However,
only one ca*t site exists in the hexagonal Ca(OH}2 unit’
cell where Cu++ can enter the lattice as a substitutional
impurity. As a result, I must'be viewed as an experiﬁéntal

.manifestation of a static Jahn-Teller effect in Ca(OH),~" -
»>

type lattices.

Furthermore, experimertal data suggests that the
cu™t impurities form strong c-bonds with four planar ligands.
The xy plane of the g tensor coincides with a plane contain-
ing four hydroxyls while its z-axis forms an angle of 13°

with the 3-Cu-6 bond, as illustrated in Fig.l. Also, a

resolved, five-line superhyperfine structure is observed —

when a magnetic field is applied along the [10T0] direction
where the four.planar OH are e@uivalentw As a result of
this type of planar bonding, some unique featuresg of both
"static" and dynamic Jahn-Teller effects are observed in
Ca(OH)2=Cu++ systems. For instance, the principal axes of
the g and A tensors of spectra associated with the static
case deviate noticeably from the cubi& axes of the complex.’

~
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Moreover, for a specific spectrum, the principal axes of
the g tensor do not coincide with those of the A tensor,
a phenomenon predicted by perturbation theory as a result
of substantial agmixture of |e) into the ground level |e)
by spin-orbit coupling. Finally, the g ‘and A tensors of the
spectrum associated with the dynamic case exhibit marked
anisotropy. Each of these features has not been reported
in the analysis of other cupric systems.

Prior to this investigation,,cupric Jahn-Tellex
complexes have always been approximated as tetragonally
distorted octahedrons. This approximation is generally
valid as long as any trigonal component present in the sys-
tem is small (i.e. a= 54.7°t2°), However, in highly tri-
gonal complexes such as Ca(OH)z:Cu++ (i.e. a= 47.50), this
is not the case. Moreover, an interpretation of the E.P.R.
spectrdm in terms of trigonal'rather than cubic symmetry
reveals some interesting consequences. First, the g tensor
axes are ‘allowed to vary substantially from the cubic axes
of the complex. Second, 51zeable amounts of exc1ted orbitals,
including the nearby orbital |8 > (i.e. ~4, 750 em Ly, are
admixed into the ground state. As a result, not only does
the validity of a perturbation theory calculation of spiﬁ-
Hamiltonian parameters become questionable, but also hope-
lessly complicated. Third, the failure of d an A tensor
principal axes to coincide lS actually predigpégi- It is
obvious, therefore, that highly trigonal cupric complexes
cannot be analysed using perturbation theory developed for
tetragohally distorted octahedrons. This p01nt has been
overlook d or oversiﬁplified by many‘authors.

Spectrum I was analysed by assumlng a symmetry
'1mposed on the. Cu++ site by the static Jahn-Tellex deform—

ation. The results of this analysis are. presented in
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Lfable II. Estimates of the separation energy, 44, oOf the

ground doublet, and of the deformation magnitude, Qg
are included along with the parameters normally quoted
for cupric systems such ae Ao' Aé' AB and «.

bt 4

From this data, it is possible to evaluate sev-
eral parameters which describe the static Jahn-Teller effect

occurring in Ca(OH) .Cu++. First, C_ is computed to have

an experimental value of 13, 100 cm 1;; . This agrees
reasonably well with point-charge-model calculations which
give a value of 12,500 cm-1/R- provided that the dipole
moment of the OH ions is taken into account. 4 It should
be noted that the coefficient Cp in this analysis is equiv-
alent to van Vleck's coefficient V in tetragonal calses.ﬁsm66
Next, the spllt;lng of the’ 2Eg orbital by Jahn-Teller coup-
ling was found directly and is about (4,710:1500) cm 1.
As a result, the Jahn-Teller stabilization epergy is esti-
mated to be (1,180+400) cm71 for this system. Finally, the
magnitude of the diStortion from the original D,, symmetry
is given by Puin- Qo = (.18)R = 0.426 R. This suggests
that in the distorted configuration, the 1-Cu-4 and 2-Cu-5
bonds in Fig.l contract by about 0.184 % while the 3-Cu-6
bond expands by twice that value.

_ &

It is iriteresting to examine the similarities
which exist for both the trigonal and tetrégonal cases of
Jahn-Teller effect. Both are described by "Mexican-hat"
shaped potent1a1 sheets, are separated at equilibrium by
AB = 2C /K, a%d have a stabilization energy egual to C /ZK.
Even the distortions respon51b1e for Jahn—Teller coupllng,

are Very much alike for both cases.

When the OH were replaced by oD ions, the
spectral lines of cu't were found to be very narrow (i.e. 3G) .
This prov1ded an excellent opportunlty to accurately mea-
sure the hyperfine structure and quadrupole interactions of
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the two naturally abundant cu'isotopes. From Table I data,
it is apparent that all parameters exceptnthogg pertaining
to the hyperfine interaction are identical within experi-
mental error. The magnitude of the hyperfine interaction,
however, is larger for 65 by a factor of 1.070. This
value agrees well with the factor 1.071 obtained by compar-

ing the nuclear gyromagnetic ratios of these isotopes.

2. High Temperature Spectrum

The angulayx variations of spectra I and III in
the (1210) or xz plane are superimposed in Fig. 21, A most
significant ‘observation emerges from this figure. The
resonant fields of III are approximate averages of those
observed for the three sets, a,b and ¢, of I at all orien-
. tations in this plane. ‘

Two possible mechanifms that might account for
the appearance of IIT at high temperatures have been dis-
cussed. The first of these suggests that III is associated
with the E.P.R. of a thermally populated vibronic state.

If this were so, an isotropic g-factor giuen by Eq.(34)‘is
expected. If, on the other hand, a thermally activated
reorientation of the complex is responsible for III, the
spin Hamlltonlan parameters should agree with those calcu-
lated from Eq. (35). The data in Table III appears to
support the latter mechanism.

The experlmental points fall on stralght lines
in Fig.16. Thls suggests the existence of exponential re-
lationships IPI“ exp(A /kT} and IPIIIE exp( -A /kT), over
the temperature ranges 120 ©_140°K and 160 —190 %k respectively,
similar to that found in Eq. (36). Average decay energies,
D(OH)= (1400£300)cm ‘-and +2(0D)= (11001200)?? -1 were
obtained for the, Ca(OH)z.Cu and Ca(OD)2 cut? systems,

respectively. : ¢
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The growth of III gave activation energiee AA(OH)-(12001300)cm -1
and & (OD)' (12001200)qm 1. These values, however, can be
viewed only as representing order of magnitude determin-
ations for the following reasons. -First, the temperature
ranges over which the Erowtﬁ and decay phenomena can be
studied are limited. Second, it is estimated that tempera-
ture gradients in the sample may;result in'errors as large
as +2°K. Third, a degree of uncertainty is present in
determinations of I because the observed spectrum is a
partially resolved superpositlon of spectra from two Cu +
isotopes. Fourth, different growth and decay rates exist
among the various hyperfine components. Finaliy, a more
precise quantitative analysis of this phenomenon would re-
quire a temperatyre variation study of line peak heights, IL;
The values of P cay. and activation energles guoted above
were obtained 'from an investigation &f_first erivative peak
to peak heights, I Since ILG(IP)-(first derivative line
width), and since the lines of I are broadened while those

+

of III are narrowed by increasing temperature, plots of I,
versus T © would provide reduced values of 4, and Aj.

67

As discussed by Wilson, Holuj and Hedgecock for

Ca(OH)2 Cu , if A and AD are assumed to represent the
same energy, B ' then the spectrum I1I can be explained

in the following way. By means of thermal excitation to
hrgher levels and relaxation back into one of the ener-.
getlcally eguivalent ground state distortions, the system
associated with spectrum I, is able to jump in a random
fashion between the three configurations available to it

at any orientation of H. When the jumping frequency is high
enough, spectrum III appears as an exper1mental manifestation
of the "hindered" rotation being executed by the system about
the ¢ axis. EB represents the enexgy barrier which must be
overcome when the system pasees from one configuration to
another. In systems - with strongﬁ;hn Teller coupling such as’
Ca(OH)z.Cu and Ca(OD)z.CutKQL/rt is likely that this energy

—\
®
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A ) 65
barrier is the "warping term“ 3p3 cos 36, which was
originally introduced by 0pik and Pryce.68 They estimated
|A p | to be 700cm "l for cu*t complexes, indiéating a value
of about 1400cm™ ! for the barrier height. The values of
E obtained for the systems fall in the range 900- 1700cm l,
and thus, are in a reasonable agreement with the Opik and .

Pryce value.

e

B. NON-JAHN-TELLER CUPRIC IONS

The cu™t systems associated with spectra II and
IV have not been identified. rom the parameters listed
in Table III, and from angu¥ar variation studies of thuse’
spectra, it appears tha

these - systems are similar to the
Jahn-Teller system associated with spectrum I, but are
somehow stabilized in one of the three possible distortions
of the cupric complex. Similar non-Jahn-Teller spectra

69 ., ++

were ohserved by Low and Suss in Ca0O:Cu .
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SUMMARY AND CONCLUSIONS 3y

The E.P.R. spectra of Ca(OH)z:Cu++ nd Ca(OD)Z:Cu++
systems have been 1nvestxgated thoroughly er the tempera-=
ture range 4.2 °k to 360°k. For T<140 K, the spectra suggest
that Cu"'v+ is subjected to a stath Jahn-Teller deformation.

A detailed analysis, aided by narrow line wi ths for

Ca(OD)é:Cu++ spectra, revealed two interesting points. First,
it established that the g tensor symmetry:-axes, oriented

approxlmately at 47.5° to the hexagonal c axis, are dlsplaced
considerably from the cubic axes of the complex(i.e. 5. 7° to

c axis). Significantly enough, they are directed perpendicu-

lar to planes containing four hydroxyls, a fact which 'is’
verified by the observation of a fivé line superhyperfine
structure at certaln orientations of the Ca(OH)z-Cu + system. .
It should be noted that this peculiarity Of these systems 1is
respon51ble for some unique features of both the "static"

and the "dynamic" Jahn-Teller effects. Second, it determined
that the principal axis of the hyperfine~structure tensor
differed noticeably (- HO) from those of the g tensor. In
addition, the analysis ylelded accurate quadrupole measure-
ments for the Ca(OD)2 .cutt system. The experimental spin-
Hamiltonian parameters of the low temperature spectra associ-
ated with these systems are listed in Table I.

Furthermore, by assuming the symmetry imposed on
the Cu++ site by the static Jahn-Teller deformation, order
of magnltude estimates have ‘been obtained for several

’\EEh -Teller ‘effect parameters in addition to the normally

quoted Cu + parameters such~as 6, K, AS A -and A .

These include the magnitudes of the coupllng coefflclent, CE '
the Jahn-Teller stabilization energy., §JT , the splitting of

the ground Eg orbital, and the actual deformation, QB '

s
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responsible for the static Jahn-Teller effect. In addition,
analysis on this basis appears to account for unique features
of these systems such as the orientation of § tensor symmetry
axis, and the appearance of off-diagonal hyperfine structure
texrms. '
N
Upon warming, the intensity of the low-temperature

spectra, I, gradually decreases and v1rtually ‘vanishes at
145°K, only to be replaced at a sllghtly higher temperature
by a single spectrum, III, consisting of weak broad lines
that grow in intensity with temperature. The decay of I
and the growth of III appear to follow an Orbach type of
relaxatlon process/ and-provide an order of magnltude estlmate
of the potential barrier height, or "warping term"4 separatlng
the distorted configurations of the complex. Moreover,
spectrum III is interpreted as originating from a rapid
Lsorientation of the complex among its distortions. This
interpretation is based on the fact that both the g and the
A tensors of III are axial, having elements that are almost
o exact averages of the corresponding elements of spectrum I.
E\“-\§s a result, spectrum III is unique in the literature on’

the Jahn-Teller effect, standing in contrast to all previously

observed cases where isotropic spectra only were reported.
P2
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APPENDIX A

DEFINITION OF SYMBOLS USED IN MATHEMATICAL RELATIONSHIPS

H , the Hamiltonian which describés;the energy of the
free cupric ion ' )

N

v. , the Hamiltonian term which specifies the 1 nter- .
action . .

P ¢ the linear momentum of kth electron of the cupric ion

the co-ordinates which located the kth electron rel-
‘ative to the cupric ion centre
1

~

m , the mass of the electron

4
e , the electrostatic charge of an electron
Z , the atomic number of an atom
. ’ ; .
Ty ! the magnitude of separation between the kP and jth \\\
electrons oo
+4 “ S th
1k , the orbital angular momentum of k electron
+ . th
Sy the spin angular momentum of k electron

total electronic orbital ahgular momentum of the

(3 4
&
©

ion

the total electronic spin angular momentum-of the ion

v+

H+

the total nuclear spin angular momentum of the ion

Y , the nuclear gyfomagnetic ratio
;
g , the Bohr magneton

x
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Y (0 ®)

20
40
43

i
sz(9'¢)

3

-

the nuclear magneton.
the external appligg magnetic field

q@g electric guadrupole moment

\

the gradient of electrostatic field at \uhe ionic
nucleus

the electrostatic charge associated with each OH

ligand th
the position vector locating t eqiiliibrium
position of the ith ligand relative to6 the centre

of the cupric ion

the positigﬁ}vector locating the parémagnetic
hole of the cupric ion relative to the ionic
centre o *

¥

spherical harmonic functions, specifically those Y

defined to order i = 4 in Appendix B

i N )
tﬁé‘angle between the Ca-OH bond and the trigonal
axis of the Ca(OH)2 complex

%; (3coszy - 1) < p

AT (35c0s'y - 30cos’y + 3) YJ/A
47 .3 - LY

5 (sin™y? cos ?LJ i - °

real linear“comé}nations of ] spherical harmonics
defined for t="2, 4 In.Appendix C JL

=
ﬁﬁ;d Riq <2 dr, the expectiyfggf;alue of the

I
electronic operator r

. N
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‘mk_
the radial cqmponent of a 34 orbital

the angle whose sine and cosine define fractions
of Z;m orbitals present in the eigenstates of the

3@” hole located in a ng symmetry crystal field
S

the angle about the Y-axis defined in Fig..] by
which the (x,y,z) co-ordinate system is rotated
with respect to the (X,Y,Z) co-ordinate system,

X

=TI 1!

¢

the g tensor

.

the hyperfine interaction tensor

the guadrupole interaction tensor !

p = X,¥,2, angular momentum operatoré defined in
Appendix H -

thé_spin-orbit constant for the fxee Cu++ ion

the freq electron g-factor

o
Q
I

X,y.,Z, the pg element of the g tensor °
Prd = X:¥Y1Z, the~Dirac'deI£a function

i = #6,0,c,s, the energy of the ith excited orbital "

above the ground orbital in the cutt system

’ spin-orbit covalency factors

orbital reduction factors \
4 f

the hyperfine contact constant'

Ay
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the expectation value of the operator\g;j‘where \§§
-t o s '

R
c w9

L] ! ] » ] q" i
r_ ,is the effective electronic radius seen by

: . . . L S
Ccu nucleus in the electric quga?upqle inter-

tion & - S o~
¢ o :
the position vector locating the instantaneous C
position of the ith ligand relative to the centre /////'

of the cupric ion

- L

the displacement vector locating the instantangeﬁé
poéition of ¥he ith ligand relative to its equi-

librium position

distortions of the Ca(OH), lattice from its
equilibrium configuration '

~

normal co—éfainates.af Dag symme try

the matrix elements of the Jahn-T€ller coupling

interaction within the manifold of degenerate

ground orbibtals |E> and [B)"
) »

the Jahn-Teller coupling constant

-

- [] ) ' 0 3 ) +
a matrix identical to the Paull matrix -9,

a matrix identical to the Pauli matrix Ex
- ’ @
the Opik and Pryce coupling cengtant

' the elastic constant of the lattice in the absence

~ >
of Jahn-Teller coupling
: \

the time requiréd”for’configurational reorientation
of the Ca(OH), complgx from one J.T. distortion to :
another ’ ' ;

o

*



Q%VE ' g; r Are p ahgzifs obtained by averaglng the
— principal”value of the § tensor measured for the
M three static d:.stort:.onq of the Ca(OH)2 :cutt

complex

Eg ' fhe'energy barrier sepafpting the distorted con-
(figurations
¥ ' . g

T ", the temperature in °k
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APPENDIX B
NORMALIZED SPHERICAL HARMONICS Yzm(e,¢)
PO ORDER & = U

General Definition:

_ t L 2 X _m im¢
Y (8,¢) = (-1) 7 28 + 1 (¢ =Im[)? P (cos 0)%
am ' ( "4“ ) ((2 +|m|)l-) L
where t =m form >0

* _ : io

P? (cos o) = (1 - cos e)%|m| ( a ‘7l9ﬁ/521cos 8)

. d cos @
p, (cos 8y = 1, 4 % (cos’e - 1)*
L T )

2780 d cos 8

Expressions for the spherical harmonics up to the_order
. = 4 are summarized in Table Bl for both spherical and

rectangular co-ordinate representations.

L | . B Y
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Y

Spherical
Harmonic

Y 0(9:¢)

p |

Ylil(e'é)

Y20(9.¢)

Yy,q(808)

Y2t2(8'¢)

Y30(9;¢)

-

Y3tl(a'¢)

Xy4p008)

Y3i3(6.¢)

«

¥ g0 (009)

¥, 0000)

Y4t2(ﬂ;¢)

Yy,508,0)

-

Y t3(6.¢)

TABLE Bl

Spherical Haﬁpunics to Order 2 = 4 in Spherical
Co-ordinate and Rectangular Co-ordinate Represen ations

Spherical Co~ordinate
Representation

@

(f%)k cos 6 -

3 i
7 (57 e

sin 8 e

{3 cos 6 - 1)

ks
(122

tis

_ 3
15) sin 8 cos 8 e

+ (E;

k
li) Binzadetiz¢

7 " 3
(ig;) (5 cos™ 8 - 3 cos 8)

k s
(3%%) sin o (5 cos’a - 1ell?

A ;
(105) sin;e dos o eti2e

b .
(3?%) ain3e o139

+1

9 3 a 2
(153?) {35 cos & - 30 cos“8 + 3}

¥

" .
- sin a(?*esdigﬁ: 3 cos e)eiw

-

j LS
( a5 sinze (7 cosze - 1)3112¢

+1

(315 einde cos 8 eil3"
3s %4 si4s
(317?) sin' 0 e

Rectangular Co-ordinate
Represantation

(7 )&2522- 3]:2)
Igw rj

213 (x & iy)(52% - r?
)

(105) z(x ¢t iy)
I
<035 .8 (x t iy)>
ey St
. r

-

5 M (352%-302%:% + 3rhy
(rmg7) - T

T r

k
45 (x '3 1y](7z - er}
*gar)

r

. & . 2 2
45 {x t iy)“ (72" - ")
o) e ;

[ ’

- ¥ 3
e (éég) z(x & iy} ‘
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a5 (f t i)
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REAL ANGULAR FUNCTIONS z, (6,4), & =2 and 4

Ve . }
General Defiﬁition: -
: : 2
C ‘/2— * '
/_/Z.Lm (6,9) = —— [}m (6,¢) + Y, _ (0,¢)] ~ 9
' 8 . V2 *
ng,(0,¢) =1 5 [Yg_m(6,¢) Yg_m(9;¢)1 .
ExpresSions for these real angular functions in both
spherical harmonic and rectangular “do-ordinate representations
are summarized in Table Cl for angular momentum values 2 = 2
and 4. '
<
%
. Ny .
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./—/- %
. ko
\ .
x 7
R [
s b ,
N
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atr

S

L

2

{o,9)

(6,¢)

(e,4)
{o,¢)
{e,s)
(0;;)

(e,4)

(6,4}

(8,%)

(8,9)

{a,¢)

(e,9)

(0,9}

(¢,4)

te,¢)

4

_..__.._—-—’J'
=
Real)’ Angular Functioiis, Zim +4), L

L4 .
Spherical Haxmonic
© Representatipn

Yoo (6,6)

/Z
-5 Moy

/2
7 a2

iv2
==
irv2
==

(0,¢) - Y21(9.¢)l

(8,¢) + 222(31¢)]

[¥,_; (8,6) + ¥py(0,Q)

[Y,_, (0,00 + Y4508,

1Y4_3 (9,@} = Y43(9,¢)]

(ﬂr?) + qu(arﬁ}]

3~ Ma-g

-2 Yy, ‘0'€?5+

¥y (00))

5

[¥y_p (8,0)

172 : '
\qéz;/kfij;ﬁte.¢) *

ive
2

- Yq:(ur¢)]
iy
Y508, 0)]

X

(Y, p (00} = ¥aat0,08)]

. (45
(32w
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= 2 and 4

: b
Rectangular Co-ordinate {
Representation . g

b 2 2
5 {3 -
() __E_;!_E;l
k
(12) !:Z)

R

M
) —"y—‘r )

9 % (352%-3022r%+3rY) :
(557 4

m

r

lz.x(7z3 - 32r2)
—-——T——-

- r2)

45 )5 - y2) (722
(337 A

315\% (32) (% - 3y%)
4

r

N

(215 s xd + v - exiyd)
256w - r] .

'(45 )gb/;ilg3 - 3zr%)

327 r
-0

(12)5 (XY)(f;z - rz)
8n r4 :

(35" e o -y
" © .

r
&
(212)5 (xy)(x2 ~4y2) !
2n 4
i x
7 .
-
-
L
\\\u{/
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" - POINT THARGE MODEL CRYSTAL FIELD EIGENVALUES

-

e g

of 3a°

where

and

Z

: C . S S
D orbitals zz 0" zz 22 or Z2 1,.aqﬁ 22 2 is
' c c //;‘- ) .S
|z, o:> |23 1:> |23 2;>E |25 1:> |23 z:> ,
&y of |~ 0 0 0 0
c ¥ ' B )
&, 1 0. B ¢ 0 0
‘ c
lasa] o [« [» [ o ]
s -
@l o 0 0 B ¢
{
5/
s -
<Zz 2| 0 0 0 ¢ D
A=2-A [sfh +f‘ }
7 B840 LOT2 ¢ 40
B.= % Agg 185, o = 4/3F, ] o
. . v \\\\‘ \
C=10/3 £, 5 A,
o - - 1 £
D=-2/7 Ay [ 65, o= 1/6 £, ] (d.1)
f; = 3 Coszy -1
£, o = 35 Qos’y - 30 cos?y + 3 a
) - |
£, 3 =/y1{yc:osy . (D.2)
y .

The -crystal field interacti
' *
within the manifold spanned by the re

AND EIGENVECTORS

matrix expressed
linear combinations
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Th%a matrix is easily diagonalized by considering each of the-
sul:ﬁ'latrices. (A), (1(3: CD and (B C) individually: (A) is al- ’%
- ready diagonal, while both( and ( )gz.ve rise to the
| ] .
same secular equation, namely
/‘ L) 2 N
. %@k (B-E)(D=-E)=-C" =0 ~-
- » - ¢ -
™ " E® - (B +D ) E +8.D - c2 =0 % (D.3)

_ The roots of this secular equation are the elements of/the Lﬁé%f

diagonalized submatrices, and are glven by

ol
E,=(B+D) tV(B+D 12 4 B*DJ)'tka/

= =A ) !
, 40 - P
. . 17 f3 o * 4 o) |
+A - Y ' 2
40 - *TT\\ 140f
2% (388, o - 5/38, ¢ V/l + 9% 3
’ 965, o = 554 g

Hence, the éigénvalues of the .cryst,Q}” field interaction matrix
are giveh by A, E‘ and E_.

The elgenvectors desmrlblng states with elgenvalues
& A, E and E_ are 0> . > . le) , and |s) given by b

}

- |o>\ c}> | h |

8

2y
| & 25 1) | .
A N IRl S |
oz 23 1) ;
123 2>’ ' (D.5)
ks 3
o

e S




L .
where S is a unitary matrix such that

A 0 0 0 O < fa 0 0 0 O Y
o B ¢ o 0} - o E O O 0o
]
s.{o0ocpoo]-st= 0 0 °E 0.0
* . -
’ T~ 0 0 0 B-C 0 0 E_ O ¢
i +
) 0o 0 0-C O o 0 0 0 E_f (D.6)
In the case at hand, $ has the form
1 0 0 0, 0 ) ‘
0 Sin v Cos.y "0 0 E
S = 0 -Cos v Sin v 0 0
0 0 0 -sih v Cos v
0 0 0 Cos v Sin v
where the value of v is a function of 6. Substitution of

Eq (D.7) and Eq. (D. 1) into Eg. (D.®) establlshes the rela-
tionship between v and 6 to be: -

- Tan v - Cot v = 1, [Qf;.h s - 5f4 0] a
T ) 7
Hence, the eigenvectors of the AAtal field interaction de-
- flned in the (x%,Y.,2) co-ordlnate system of Fig. 1 are:

_LJ J ‘ |E> = Cos v ‘Z 2>— Sin v |z§\ l> }
‘Cosvlz§2>+slnv‘21> ‘ /

|

1y =z, o o
o ]é) = Sin Gv|zg 2> - Cos v |z§!£> j
|s) = sin'v |25 ,)+ cos vflzg 1>' | (D.8) |
& . \ '
A

s

o
===
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POINT CHARGE MODEL ESTIMATES OF

[

APPENDIX E

Ca(OH) ,:Cu SYSTEM PARAMETERS

PARAMETER VALUE UNITS
e }4.8027 x 10710 E.S. cgs units of charge
| -18 - iy “
MoH 1.66 x 10 (E.S. cgs units of charge) (cm)
Y N 610/ .
- . : _8 )
2.367 x 10 cm
R 4.48 Au
<r2> 1.044 Au
A (ru> 2.671 Au
A ~7660 —
20 .
o
A -5049 cn ] ]
40
£50 -0.2343 \
fuo -2.1178
TPkt
fu3 G.322%4%
«fzo —?.3483 | - . N
. £, -2.5325 )
. fuo 3 2233 : ) \}
\‘\. 40 -t o :
) 1.52 .
—80
\
. . a o .
=~ \’) & \\-
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APPENDIX F
TRANSFORMATIONS OF THE Z,; BASIS FUNCTIONS FOR ;//

A COUNTER-CLOCKWISE ROTATION OF, CO-ORDINATE

AXES BY o ABOUT THE Y AXIS i§\£§§7f1
.{"\-’i_;.

|
_ Let the co-ordinates of a point be (X,Y¥,Z) in the
original system, and (x,v,Z) in a system rotated counter-
clockwise by o about the Y axis. Then, '

71X cos o 0 sin a X
Y = 0 1 0 oy ,  (F.1)
pA -sin a/ O cos o z

defines the relationship between co-ordihates in the two
systems. By applying the relationships of Eg.(F.1) to the
rectangular co-ordinate definitions of the Z,5 functions

listed in Table C1, it is easily shown that the transforma-

J

- tions
2 .
3 cos“a-1 : /3 .2
ZZO(X'Y'Z) —_E_E_E__' -¥3 sin 0, COS o wi—Sln,u ‘ Zzo(x,y,z)
_231(X,Y,Z) =|v3 sin @ cos a« 2 coszu—1 -sina COS aj* 221(x,y,zj
' . /3 . 2- . 2
Zgz(X,Y,Z) 1_% sin o sin a cos « 1 +2cos a Zgz(x,y,z)
= (F.2)
and
722 . (X,Y,2) cos o sin o [28 (x Y2}
A rir ) - rXr
21 | - . 21 . (F.3)
- . ‘ s
Zgz(X,Y,Z) .\-sin o €O a Zzz(x,y,z)

define- these functions in the rotated {x.,y,2z) co-ordinate

system.
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APPENDIX G

NON-2ZERO MATRIX ELEMENTS OF THE SPIN HAMILTONIAN‘OF‘EQ.(Q)'

BETWEEN THE STATES | 1/2 , Mg ., 3/2 , mI>

K Mg | - 1/2 2172
m | 3/21/2 172\ =372 372 | /2 | -1/2 | =372
3720, |p, |p; 0 |, |Pg 0 0
1/2 | bt D D D 0
2D, |Pg [Py |Ps o | P10 11
1/2 : :
12 {or | ot |p,, %, o |p..- | o=—1|p
3 7 12 13 4 D1 15 16
2 M 0 0
=3/21 0 |Dg |Dy3 | Pyy | Dig | P1g
3z2 |o* | ot o | o D 0
/2 1Dy | Pg Doo | P21 22
' 12 ot oY |[of 0 ¥ ‘
b . .
/2 104 10 | P1g. Dyq 1 P23 Doy Dys
1 -1/2 .
' 72| o |pf, {ot. |o}. 0D D D D
~ 11| P1s | P1s | P22 | 24 26 27
1/2 0 | ¥ * 0 * *
D, = 1/8(24g,, - 3y)H, + 3(a,, + 3, + Q. ¢ ny))
D, = /i/u(axz { u?xz —‘27Hx.- 1(AYZ%T uQYz - 2Yny)) ;
Dy = /3/2(Qu, = Quy ~ 210,.)
. D, = 1/u(ggxxnx +3a,, - il2g, Mo+ B o)),
- ’ g2




PR S Ll St R

= (A, - - 2iA__
Y34 (A A,y i xyi

1780209, - Y)H, + A, +Q, + 74Q ., * ny))

- .= ] - vH
1/2(a_, 2YH, 1(Ayz Y y))

-

V37200, ~ Qpy T 219,

/§74(Axx‘+ Ayy)

' ' - i + A__))
1/4(ngxHx + A 1(2gyyHy YZ)

| - - 2iA_ )
1/2(Axx Ayy i xy)

I

1/8(2(g,, + VH, = B, @, + T+ QD)

‘ &

= /'3'/1;(sz - _ugxz - 2yH_ - i(Ayz - D'Qyz - ZyHy))
= 1/2(a_ + Ayy) N

= 1/u(géxxﬁx —.sz - i(2gyyHy f AYZ))

= /3/8(A_, - Aoy~ 2iAxy1

g-1/4(2(g,, + 3Y)H, = 33, +90Q,, * 3(Q, * Q)

1}

fi/u(Axx + Ayy)

‘ - =i H - 3Aa_.))
1/u(2gxxHx_ .3sz 1(2gyy v vz

o,
%

1/8(=2(g, + 3YYH, = 3A,. + 9Q ..+ 3(Q,, + Q)

"

. i —‘ + 2yH.))
Ji/u(~sz +4Q. - 2yH_ *+ 1(Ayz uoyz vHy

o N
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D22 = ﬁ/z (Qxx - ny - 2iQxy)

D23 = 1/uc-2(?zz + y)Hz - A + Q + 7(Qxx + ny))

zZ zZ
Dy, = 1/2(-A_, "Z?Hx + l(Ayz + yHy))
D,e = Y3/2(Q . - Qy ~ 2quy)

» ) ' L
Dye = 1/8(-2(g,, -~ Y)H, + A _ + Ag]zz + 7(Q, + ny)) .
D,, = fi/u(—sz - 4Q ., - 2yH ¢ 1(Ayz + ”Qyz + 2YHy))
Dyg = 1/8(-2(g,, = 3y)H, + 3A, + 5Q,. * 3(Q * ny)b

In the above relationships, the principal components off

- . : BLY Y
A and Q are expressed i y_ n'Cu _ Cu

of gauss, = —F— = 3gT6.8
| 3




+  APPENDIX H

>

. PROPERTIES OF ANGULAR MOMENTUM OPERATORS L_ , Ly‘,'Lz T~

AND.L_ WITHIN MANIFOLDS SPANNED BY SECOND ORDER SPHERICAL

-
v

HARMONICS, BY REAL LINEAR COMBINATIONS OF 3, ORBITALS

DEFINED Z,;  , AND BY CRYSTAL FIELD EIGENSTATES OF cu*t
TRANSFORMING AS REPRESENTATIONS 1, » B, AND 2E; IN Dyg
SYMMETRY

General Relationships:
¢ -

i L+. = Lx +'J'Ly
. L =1L - iL_. =
- R x y .
Lx = 1/2(]:.+ + L)

L& = -i/2(L_ - L))
SIS T o S A
z L,ML. I'I"L"_’ L'=MI!>

* -
2|YL'_ = MLh IYL,—MI_?

i}

'L‘-‘IYL;_-MI?: ./:(1. M + 1) (L £ M) h |YL,-ML11>

=
oy
»
v
[ .
I
Py
ol
4+

o L%
Mo+ D F M) K |YL,__ML;|_-1>




TABLE H1-
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®

\

‘Functions Generated By The‘@qgular Momentum Operators -

L, » L_, And L, Operating On The Spherical Harmonic "

Functions [¥

- *
2 ) —M>And IYZ '._M> r.M =0, 1, 2.

>

_ OPERATOR FUNCTION GENERATED FUNCTION'
|¥5 o2 /8|y )
o RPN BlY, o)

L, |Y2 -2>- ZIYZ #1> 4
E29) : 2|Y; )

. ) JY; _2> 0
1%, o7 BlY, L4
IYz _1>. zle -2> .

L v, 5> 0
lv; /8], o)

,, ¥ _22 -2|¥) >

¥, o oo
¥, _42 -l¥, L)

Ly v, —z;> "2|‘Y2 Y
¥ -1 1¥2 -1,
|3 20 2|¥y _4p

+ The listed generated functions are multiplied

by the common factor h.




TABLE H2

. . [
Functions Generated By The Angular Momentum Operators Lx P

'L And Lz‘Operating On The RgéllLinear Combinations Of

3d Orblﬁgls, Zoy .

OPERATOR FUNCTION |~ GENERATED FUNCTION'
|2, 0 4 +— 13|25 ). .
. JE% 17 : ‘i|Z§ 2D
L 23 27 iz
| 125 > | 14l o0+ ilzg 2
123 22 |} i|g- 12
|z, o) 173|235 )
R LD, -iv3|zy o)+ illzczz 27
. T R
_ B O L Y
23 22 | -i|23 40
. ’ -
| |z, o) 0
| % o 25 > i|23 47
L, - | |25 -, . 2i|z ?> |
N e R VA
‘Iﬁg 2) o '2i|zg 2> ‘f?'u'

; , ' T 5

+ The listed generated functions are multiplié?

by the common factor h. ;

.
'

¢ .

: D
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., ¢ TABLE H3

B8

«  Matrix. Elements Of The Angular Momentum Operators L

2 " R A

e e e i AT R X

Ly And L, Within The. Manifold Spanned By The Real Cu +
Orbital E;L_gen:t‘,unct.i.ons e, |0> . 10>+ |e).and |s)
Defined In The (x,y,2z) Co-ordinate System Of Fig.1 By
Eq. (8)
| 19 1 o o> s
el | o -1a(3c2-1) i/3sc -ic(3s%-1) 0
ol | is(3c2-1) 0 0 0 —ic(3c2~4)
{o| | -i¥/3sc 0 0 0 iv3e? -
Lol | ic(3s%-1) 0 0 0 T _is(3c2-2)
{s| 0 | ic(3c2-u) —1/3c2 is(3c2—2) 0
o P DI S B
At 0 b
(el 09 0; o i
<l 0 0 i/3s -i 0
(o| 0 -iv3s 0 iv3c - 0
el 0 i 0 <0 "0
(sl -i 0 0 o 0
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]

L, le> e o ey s

(el 0 te(3c2-1) iv3s2 | ~is(3cP+1) 0

ol | -teac?-n 0 0 S T T 1
<o| -i/3s? 0 0 0 iV3sc
Ce| | isac®Hn) 0 0 0 -ic(as?-n)
{s|| O is(3c2-1) -iy/3sc ic(3s2-1) 0

Each matrix element listed in the above table is multiplied

by the common factor k. The symbols s and ¢ represqﬂt sin o
and cos a in Eq.(8). o ‘
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é TABLE HE

Matrix Elements Of The Spin Orbit Interaction, V o°= A3,
' Within The Manifold Spanned By The Coupled Real Orbital-

(] : vam 1 —l
Spin Functions lzzu ' MS ' MS =373

1z, o2 2y o 1z 2 |222> 125 > | 125 2>
NE N 1
gt I 12 -DIDI-DA -2\
< | -;-[ o[-0 ’Po —‘/%x ojo | o i‘/g-x o |0
(22 0o ) .
. iyl o | o '/52_1 o {0 |o 1"%1 0 |o|o
e o "%x oo [o{ 2|0 |ols
22 1 :
|73 0 [o o Slo.f o 3 Eilo
) G| o | oo} Fjojo o0 l-ia|o
<22"i| 1 =A 1A
_:'z'l- 0 | ‘0 —= 0 0 0 = 0 0 ix
1 -iv3, | i -ix | = )
<zs | z|[ o T3 =1 o 0 1—2- 0{0 o 'z
2 1 = : :
a '1@:; o o |2 |20 | oo %éd 0
_ Ul o o |o 2 aafo | oo 2 1o |o
_<zz 2 , . o
<§| 0 o ‘%- 0 0 f-ixy Tz |o o |o

e TR R S T

e S M A AT T



APPENDIX I / i
NON-ZERO ELEMENTS OF THE SECOND ORDER PERTURBATION =
TENSOR A, '
Pd _
. 1. . Elements of qu for a genéral,angle o -
.' 2 . .
A= Sanu(Bcosza—1)- + 3sin®acos’a + cosza(331n2a—1)2 k
XX ' Ae : A A <
o : c
.
YY by
* 2 2 2 4 | ,
A = {cos a{3cosa-1)" | 3sin a . sinza{3cosza'—1)2 k
zZ . Ae * A A n
) o . e
A =a = -sinacosa(3coszaL1)2 + 3sin ocosa
Xz ZX Ae A
o
-~ “ : )
| siﬁacosa(Bsinzu—1)(3cosza+1)
L + a (ko + Xk, 1/2
i c ' -
2. Elements of A__ for a = 47.5°
Py Pq
W = Jo.07s | o.7uu 0.1820
XX : AB N A A 1
) o J ¢
A= x kg @
yy s -
S . i
- J0.062 . 0.886 , 3.052
Apw = { By AR t =3 } Kn
. o c )
sz.= Azx = {?0.228 + 0\212 +o.zuu} (Ko + ky)/2
o c

SRR A ALl

e L T P



ELEMqNTs OF THE SECOND ORDER

PERTURBATION TENSOR 2

APPENDIX J

-1

-1

0 when p ¥ g

£

P4

ety
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APPENDIX X

NON-ZERO ELEMENTS OF THE SECOND ORDER PERTURBATION

OR
TENS APq

1. Elemeﬁts of A;q for a general angle «

A' - (3c2-1) (3cs)2 + 382(3c2+1) + 352 k + 3ky
XX 2 A - A A ZA
g " C
A‘ = _1 (3c2—1)(303)2 + 352(9c“-1) + 352(3c2-1)- *
yy 2 B 3 5, .
L1132 n? | 3des®on |, ase?l
- L
2 b be 4o
P 332(3c—1)2 . 3c2(352-1) + (3sc)2 +:§ ! X
zZZ 2 Ae Ac . Ao FN
Lo -3se J3eRn? (3c2+1),é52-1) L3820,
Xz 2 g ° Ac Ao "
L ‘ 2 2
d sC 2 ~AAs® - 3(387-1) 3
= 3 - + - A k
Azx* 2 (3¢™-1) { Ae Ac Ao} +

In the above relationships, ¢ = cos ¢ and s = sin «

while k; and k, are the appropriate orbital reduction

factors.
2. Elements of A' for o = 47.5°
‘ L jale|
.A;x _ 0.: .219 + 0.201 X, + 135;1
. ] C o] s

93 . , ' »
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0.301
+ k
Ao } "

0.111 0.432 1.116
+{ A + A + A—}k-‘~
0, c - o

+

1.116 . 1.5 -
N A}k-'-

AT

e s A A T T
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NORMAL CO-ORDINATES QEjAN XY6 COMPLEX

APPENDIX L

'OF D,  SYMMETRY
TABLE L1 ;
Normal ' . \ -
Co-~ordimate Symmetry
dp 1 Big [X, + X, - 2X3 - 3y, - Yz)]//ﬁ\,
dpg Aig (2, + 2, + 23)-//6_
] . 5
q, Eg.,e [X, + X+ 04X, -./3(¥, - ¥,)1//u8
-~ s -
- — : ; 1
c ~ - vy
a5 B0 (2, + 2, 233)/ 12
o ) |
9, . Eg.e _15(21 - 2Z,) ’
c ) L
q5 Ege® X, + X, - 2X3 + 3, - Yz)]‘/zu
s . - - - /
q3 Egre [ 5(?‘2 X,) .+ ¥, + ¥, 223]/fﬂ
¢ ‘ :
dy Eg,l.a (X, + X, + .x3)('/6_*‘
s. ) : - '
q, / Eg,e (Y, + Y, + 'arB)(/'s'

In the

'Y

-

. N -
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o

Some o'f the notmal modes of x}.’s complekx with I:!3 d

Fig. L1.

Qe and Qe are defined in Eq. (2.5), the remaining

' ones in Table L1.-

.

‘Bymmetry.
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-ELECTRONIC HAMILTONIAN, HO'RB , WITHIN THE MANIFOLD SPANNED

L3

-

o

-

‘APPENDIX M

NON-ZERO MATRIX ELEMENTS OF THE COMPLETE

_ BY THE STATES |2, ", ¢ 1/2)

9

7

.
- 4

5

: c 1 ,C ] 8
N 12,540 |zzo> |321>- 125, : |221> |25,
(g Y B [V7ZZ [2F17Z [ /ZF17Z (72172 172 T172
'3 . .“A - R . 7 . . N )
o] 172 | Hy| O Hy | -Hy | H,| © of{mu, [o]o0
’<?26ﬂ, | - - | |
) , |-1/2 Do vy L By Hy o | H, | H| O 01 o
S . A —1 ‘ [
. . l . - x
B R I I N ] T I I R T T
<221| ' ; | ) .
F172 | -myt my ol g | gl mg | 00| By | Hg | O
- T T .
S 172 | By, o | m | mg | Byt 0 0 | By t-ml O
<Zz'2! 1 [ ' D
-1/2 | 0 | By| -Hg| Hg | 0 | Hyp) Hg "0 |0 Hy,
A B R N N A T L P
<Zz1| - » .‘ . x d - |
_. -1/2 | =B, | | 0 |-ug | -Hg | O 0 | Hyqy| He |.Hys
' % _‘ i 7 Q ~ ' _:;4
Q/z o [r0 | oF|-ug | Hy 0 | oHyg By | ml o0
<zs | “ - -
22 /. . e |
p g2} oo [To | -my ) 0 o |-m,|-Hg| B3| 0 | Hy
o N ' 9
— ‘w‘ .
B, = 2R, (&F. + £.0) . ) .
17 7 Buot%%20 T Fup
. .5 s £ o2 5 S
B2 7840 ° faz ® i .
. »
/ ! ' ] “




e

mnm e

_ /Ay
Hy = 3% )
Q
__5 8 .
Hu = 7 Auo 8 -ﬁ— sln ¥y .
A . Vel Q
_ o g 15/3 B .
Hy = —7 (36f,) = bf,, + —5= & g—sin’y)
_. 10 - 3Y3 Qy ,'
He = —3 By 43 gt 1)
@
] = !.'_/—ik.l. )
H, 3
o 1
Hy = 3zhs .
- lAJ_ _' X = _j_-‘_'ln . .
Hy = PoHg T3 ,
f =—A—"‘D(saf' - £ )
10 21 20 40 .
A P Q -.
. _ 40 - _ 15V3 8 .. 2
;.H11 -" —2—1' (35f20 ufqo —-—'——'2 & -ﬁ-—’- 51n T) {
S o ' .
HTZ = Al w #;“‘.\ :
\ a
10 - 3v3f 9
Hiy = ~3 By f43 Gy ~ 1
The ‘parameters § , Auo ,~f205, fQO and‘f43 have been defined

in Appendix D, while A, = . k, and X, =z, k, are spin-orbit

coupling parameters.gﬁich have been corrected for ‘covalency
/ b

effects.
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APPENDIX N

SPIN-HAMILTONIAN PARAMETERS OF AN AVERAGED SPECTRUM I

-

4
Spectrum I consists of three component spectra,

a, b, and c, which are described by tensors g,‘A, and Q.
These tensors have egual principal values for all three
components of spectrum I, but. are expressed in three dif-
ferent co—ordlnate systems with es (x r Y. ¢ Z ) respec-

n n
tively, where n=a, b, or ¢. Parameters of an'averaged

spectrum of I, are obtained by flrst rotatlng the res ective
co-ordinate: systems of a, b, and‘c, to some common co-ordinate
system with axes (x; , Yy z ) Then, . the tensor elements

of a, b, and ¢, ar re—expressed in this new go~ordinate
syspeﬁ and are avgraged. ‘ |

~
£

The z  axis is <directed at an angle & to the c axis.
for all three systems of I.’ For this reason, 2z, is chosen to
be parallel to this [0001] direction. For convenience, Ya
is chosen to coincide w1th Ya ‘along the [1210] direction in

the (0001) plane. Then, the ﬁrgpsformat;oq of co-ordinate -

[

-

zs&stem (xA B N zAlﬁis given bf the Felatienship:

th cos e c sin o X,
Yal=t - 01 o Y, o
z sin & 0 cos o z7, - .
A . a -~
for systen a, v '

g
.
-
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X, cos 120° sin 120° 0\ /cos a 0.sin o\ /x,
v, |= |-sin 120° cos 120° 0 f 0 1 0 My
Z, ' 0 . 0 1/ \-sin o 0 cos a z,
-1/2 cos o /3/2  -1/2 sin a x£
=| -¥/3/2 cos a ~1/2 -/3/2 sin o f{ ¥
-sin a . 0 cos o 2y
Y a - -
for systenm b, and ’ ) : :
%, cos (-120°) &in(-120°) 0\ / cos a 0 sin a\ /x_
¥p | = —sin(-120°) cos(=120°) 0 0o 1 0 My,
Z, 0 - 0 . 1/ \+sin @ 0 cos a/ \z_
. A}
y ' j . o
. -1/2 cos « -v3)/2 -1/2 sin «o X,
. |
=|/3/2 cos a -1/2 /3/2 sin o |*
oL _ Yo
-sin @ o cos o Z,

for system c.

The Zeem;ﬁ‘interaction‘is given by the terh g-é-ﬁ
in the spin Hamiltonian. Sinée this germ is a scalar, while
H is a contravariant tensér,of raﬁk 1 aﬂd § is a‘co—variant
tensor of rank 1; § must be a mixed tensor of rank 2. _The

th

elements of the § tensor for the n~ system of I;-§n , are

determined in the new co-ordinate system by the transfor-
mation equations

n.

|
nA _ y 5 2p 23S
Irp —'Z i 2q arjssq

where,
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n = -a' Ib' or C', &
d,s8 =‘xn ’ Yn r'zn-r - -
r,p ="‘x.'A ’ YA r ZA ’ - ’

kY G

and gnq is a tensor element of ﬁn in the (xn A zn) cde

‘ordinate system, When the principal values of g in the

(xn r Y, 1 2 ) system are known, this expre551on reduces to
the form
nA _ g 3p 3g 0 ,
Irp 2 3q 3r Jqq

r‘r/ :
Hence, the tensorlflements of gAVE ,+wh1ch describes the

Zeeman interaction of an averaged spectrum I, are given by

AVE _ nA

1 I
grp 3 n grp

Applylng the co-ordinate transformatlons stated above to the
~case at hand, where,

n a

= for al

99q = 9qq foraln .

n _ ) ' .
gqs =0 ‘ for g # s ., i

. o
the following. tensor elements OE\§AVE‘are obtaine&(\

gizE = 1/2(coszagix + g;y + siq?ag:zj
.gzgg = 1/2(00?2ug:x +,g;y + sinzag:z) /
Q:ZE = sip%a gi; + cosZa é:z -
gf‘,__igE=0 forr#p'(.;..,
Since g}'}"VE = g?;E , these expéessioﬁs obviously- reduce to

the relatlonshmps glven in Eq. (36). Analogous relationships .

also exist for the hyperfine interaction tensor, A, and for
the electric guadrupole interaction tensor, Q.

Se
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