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ABSTRACT

The electron-nuclear double resonance (ENDOR)
spectrum of 5TF&>* in the two alums RbAl(SOh)2-12H20
4)2-12H20 is examined at~9.4 GHz and 4.2 K.
With the magnetic field in a general direction of the

and RbGa(SO

crystals, the ENDOR spectra of the four sites in the
unit cell of the crystals were observed. A.spin
Hamiltonian expressed in trigonal form adequately
described the observed frequencies of the four sites
for the magnetic field in two directions. The hyper-
fine parameters were found to be slightly anisotropic.
The nuclear spectroscopic splitting factor gy was
found to be isotropic within experimental error, with
a value of gy = 0.180 = 0.004. An additional term of
the type SBI was required for a successful fit .of the
experimental results to the spin Hamiltonian. The
parameters are compared with those obtained by others

3+

in EPR or ENDOR studies of 57Fe in different crystals

systems.




CHAPTER 1
INTRODUCTION

During the past few years there has been an
interest in this laboratory to employ the principles
of electron-nuclear double resonance (ENDOR) to study

the paramagnetic impurity 530r3+

ion in hydrated
crystals of alums, guanidine salts and A1013'6H20.
These crystals have a common property in that they all
contain‘trivalent metallic ions surrounded by a trigo-
nally distorted octahedron of water molecules, forming
the complex N?+‘6H20. In the present work an ENDOR
57Fe3+

study is made of the ion doped as a small impu-

rity in the two alums RbAl(SOh)Z'lZHzo and

RbGa{sSO '12H2O. The study is done at a temperature

4)2
of L.2 X and a microwave frequency of~9.4 GHz (X-band).
To perform ENDOR the atom must possess a nuclear spin,
and the value for 57Fe is I = 4. The isotopic abun-

dance of the 57Fe isotope is normally ~2%, but in this

work the isotope enriched to 96% was used.




The rubidium alums are chosen as the host
lattice because they produce a relatively small split-
ting of the Fe>telectron paramagnetic resonance (EPR)
lines. Hence a symmetric pattern of EPR spectral lines
is obtained for all magnetic field directions at the
crystal, simplifying the study and interpretation of
the results. In contrast for the cesium alums, gua-
nidine salts and A1013'6H20, large zero fleld splittings
at the Fe3+ ion sites.cause the EPR transitions to fall
in the crossing point region of the energy levels, giving
rise to a complicated and asymmetric EPR pattern spread
over, a large magnetic field rénge.

The ground state electron configuration of

3+ 5)

the free Fe ion is (argon core)(3d which, according

to Hund's rules, gives rise to a 685/2 sextet term with
3+

3+

an electronic spin of S = 5/2. Hence Fe is called an

S —state ion. The interaction of the Fe ion with the
electrostatic field of the surrounding atoms in a crys-
tal causes a splitting of the ground state sextet,
leaving groups 6f smaller degeneracy. This degeneracy
within each group depends on the symmetry of the elec-

trostatic field at the paramagnetic ion site, and thus

can be predicted by group theory. In alums, the




trigonal distortion of the six waters coordinated to

the Fe3+

ion reduces the symmetry from cubic to three-~
fold symmetry about the trigonal axis. Fig. 1.1

shows the positions of the cubic field axes (xi,eta,
zeta) and the trigonal axis z in the octahedron, as
used in EPR studies.

A cubic crystalline electric field splits

the 6S sextet into a quadruplet and a doublet.

5/2
The separation between the two groups is usually
denoted as 3a, with a being called the cubic field
splitting parameter. The degeneracy remaining in

the groups can be lifted by a magnetic field, whose
action on the electronic spin levels is described by
the electronic spectroscopic splitting parameter g
[1]. The resulting spin levels labeled by the magne-
tic quantum number M are shown in Fig. 1.2.

Trigonal symmetry causes the sextet to be

split into three doublets with energy levels given

by the following expressions[2]

Wy, = - -]Zl(a—F) + -]3=D . %[ (18D + a - F)? +80a° 1%
_ ny _ 2
W, = (aF) - %0,




where D and F are axial splitting parameters for
second and fourth order energy terms. These levels,
known as the fine structure, are split at most by a
few cm—l in energy. The energy level diagram showing
the splitting for various symmetries is given in
Fig. 1.3. The next highest excited state of Fe3+ is
about 10° cm™T above the ground state.

Electron paramagnetic resonance occurs when
microwave radiation of frequency v and energy hv
induces transitions from the M to the M+l level within
the gréund manifold (Fig. 1.2). Or, stated alternati-
vely, allowed transitions occur when the selection
rule AM=+l is obeyed. With v fixed, the magnetic
fields at which the transitions occur are found by
detecting the energy absorption at resonance using a
microwave bridge. The intensity of a transition is
determined primarily by the difference in population
between the more heavily populated lower level and
the upper level involved.

'57Fe3+

Since has a nuclear spin of I = 3,
the interaction of the nuclear and electronic spins

will produce hyperfine splittings. The nuclear




levels arising from this interaction are labeled by
the quantum number m, and are shown in Fig. 1.2.

The hyperfine splittings can be detected by the ENDOR
technique. In this method a strong microwave power 1is
applied to an EPR line so as to partially saturate
it. Transitions between the m = 3 and m = -3 nuclear
levels are then induced by sweeping with a strong
radio‘frequency field. This produces a noticeable
change in the population of the electronic levels.
Thus the nuclear transition is detected by the conse-
quent change in intensity of the much stronger EPR‘

signél.




Fig. 1.1 Regular octahedron showing the cubic
field axes €ng and the trigonal axis z.

The trivaléht‘ion is at the center of the

octahedron, marked O.
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CHAPTER 2

EXPERIMENTAL TECHNIQUE

In the following sections an outline is
given on the detection of the resonance signal. An
excellent reference to the subject is the book by

Poole [3].

2.1 EPR Signal Detection

A block diagram of tﬂe spectrometer, built
by Danilov and Manoogian [4], is shown in Fig. 2.1.
The source of microwave energy is a reflex klystron.
The sample is in a resonant cavity which amplifies
the microwave field at the sample. The klystron
frequency is tuned to the cavity frequency by mini-
mizing the crystal detector signal in the cavity
arm of the micrpwave bridge. The klystron frequency
is stabilized electronically by a microwave oscilla-

tor stabilizer (MOS). At resonance, microwave power

is absorbed by the sample and the power level in the
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cavity changes. The absorption mode is selected by
a proper adjustment of the attenuator and phase
shifter in the cavity arm.
The steady external magnetic field H is

modulated at a frequency of w = 200 Hz by means of a
signal obtained from the lock-in amplifier, which is
applied to Helmholtz coils mounted on the magnet pole
pieces. The value of the total external magnetic
field H' is then given by the expression

H* = H + hcoswt,
where h is the modulation amplitude with a value of
avout 5 x 107% tesla. If v(H) is the normalized
absorption curve (Fig. 2.2), then the resonance signal
can be written as a modulation on the carrier by [5]

v(H')cosqt,
where O is the microwave frequency. Using a Taylor's
series expansion, v(H') can be written as

h? %
1 + I vt'(H) + [ v'(H) + 3 v't1(H) Jhcoswt + ...

dv

where v! (H) =(dH)H ,vand etc.

Since h is small compared to the linewidth (~20 x 1074
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tesla) then
. v(H*)— 1 + v'(H)hcoswt —>1 + Acosuwt

The signal

(1 + Acoswt)cosqt
at resonance enters the "magic T" of the balanced
mixer where it is mixed with a sideband (Q = f)
which is 30 MHz removed from the klystron's carrier
frequency. The sideband is produced by amplitude
modulation of the carrier with the aid of a microwave
switch placed in the wavegulde line. The intermediate
frequency of 30 MHz amplitude modulated at 200 Hgz,
given by the expression

cosft (1 + Acoswt) |
is detected by the balanced mixer. The use of the
high intermediate frequency at 30 MHz reduces the nolse
of detection, since this effect is inversely propor-
tional to the detection frequency. The signal is then
amplified by passing through a high gain 30 MHz ampli-
fier strip. The last stage of the amplifier demodula-
tes the signal ﬁo produce the 200 Hz component, which

is sent to the lock-in amplifier. The lock-in ampli-

fier produces the first derivative of the absorption
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signal, as shown in Fig. 2.2, which 1s traced on a
Qhart recorder.

The strength of the external magnetic field
H was measured using a proton nuclear magnetic reso-
nance (NMR) gaussmeter. The measurements were taken
at the center of the EPR lines. The NMR system
detects the hydrogen nuclear resonance of water used
as a probe. The frequency at which the proton reso-
nance occurs is measured with a frequency counter.
The magnetic field value of the resonance is then
calculated from the relation

H(tesla) = v(Miz) |,
S 42.5759

where v is the proton resonance frequency and 42.5759
is the frequency for proton resonance in a 1 tesla

magnetic field.

2.2 ENDOR Signal Detection

To obtain an ENDOR signal the steady magne-
tic field is set on an EPR line and the power level in
the microwave cavity is increased so as to partially
saturate the line. The 200 Hz modulation to the Helm-

holtz coils on the magnetic pole pieces is then switched
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off. A radio frequency (rf) field is applied to the
sample via a two turn coil of wire placed around it
iﬂside the cavity. The 200 Hz modulation signal from
the lock-in amplifier is applied to the rf power with

a deviation of 75 kHz. Nuclear transitions are pro-
moted by sweeping the the rf oscillator through the
desired frequency range. The detection of the ENDOR
signal at resonance 1s then the same as described above
for the EPR transitions. The derivative of the absorp-
tion curve with respect to frequency is produced on the
strip chart recorder. The rf frequencies at which ENDOR
transitions occur are read off-a frequency counter. The

rf modulation is switched off when making the measurements.

2.3 Microwave Cavity System
The microwave cavity used in both the EPR and
ENDOR work is shown in Fig. 2.3. The cavity operated in

the TE mode. The two turn copper coil for promoting

014
ENDOR transitions is wrapped around a carefully machined
holder made of Delrin. This material is a mixture of

Teflon and Nylon. It is easy to machine, is non-lossy,

and maintains its shape and dimensions upon cycling
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between L.2 K and room temperature. The leads of the
copper coil pass through a small hole in the cavity wall
and are connected to a coaxial cable. For liquid helium
operation the cavity is placed in a double dewar system,
with liquid helium in the inner dewar and liquid nitrogen
in the outer one. The liquid helium filled the cavity
and associated waveguide arm. This arrangement
permitted about six hours of operation without refilling

the liquid helium.
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CHAPTER 3
EPR THEORY AND RESULTS

3.1 Crystallography

The alum structure has been described in
detail by Lipson [6], Lipson and Beevers [7], and by
Bacon and Gardner [8]. The structure is cubic with
point group %3 and space group Pa3. There are four
trivalent ions per unit cell at positions

(0o00), (0% 3), (3032), (3 30),

each being surrounded by an octahedron of water mole-
cules. The positions of the water molecules are given
by the set (v v u), where v~0.02 and u~0.16. Each
octahedron is distorted along a trigonal axis which
coincides with one of the (111) axes of the crystal.
Thus the En¢ axes (Fig. 1.1) of the cubic field do not
coincide with the positions of the water molecules.

Each octéhedron‘is rotated about the trigonal
axis by an angle a. Hence each trivalent ion site will

have a different set of €n( axes which do not coincide
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with the cubic crystallographic (100) axes. The direc-
tion cosines (e,f,d) of the ( axes with respect to the
(100) axes for each site are given in the table of

Fig. 3.1. For small rotations about the trigonal axis,
the position of the §n{ axes will be nea£ the {110)
planes as shown in the stereogram of Fig. 3.1l. The
relationship between these axes, the angle of rotation
o ,and the positions of the water molecules, are derived
in appendix 1.

The crystals were grown from a stochiometric
solution of the constituent salts, and they had well
developed faces, mostly corresponding to {111) and
{100) planes. These faces were identified by measuring
the angles between the planes with a goniometer. Hence
i the {110)planes are easily found, since they contain the

(001) and the (111) directions.

3.2 Spin Hamiltonian Describing the EPR Spectrum
@ To describe the energy levels of the ground
state manifold, én effective Hamiltonian, called the
spin Hamiltonian, was introduced by Pryce [9]. The

Hamiltonian operates only on the effective spin functions
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the top of the figure shows the direction cosines .
of the ( axes with respect to the crystal (100)
-axes, for each site. .
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of the ground manifold. It consists of spin operators
which make significant contribution to the paramagne-
tism. FEach independent term in the spin Hamiltonian
is multiplied by a parameter which in principle can
be calculated theoretically. Each of these indepen-
dent terms must be invariant under the point symmetry
operations of the paramagnetic ion.

The spectrum of Fe3+

in alums was analyzed in
terms of the following spin Hamiltonian given by

Bleaney and Trenam [2]

K= gpH'S + D[ Sy - 35(5+1) ]
ar ghogh, b _ 1 243s8-
+ gl Sg+5,+57 - 8(5+41)(387+35-1) ]
+ TF%[ 3582 —BOS(S+1)S§ +2ss§ -65(S+1) +332(S+1)2

Here D and F correspond to axial fields of the second
and fourth degree, respectively. The z axis is along
one of the (111) directions of the crystal. The quan-
tity a is the cubic field splitting parameter, and
£,n,C are the éxes of the cubic field, which are dis-
placed from the crystallographic (100) axes by a

rotation about the z axis.

]
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The spin Hamiltonian is rewritten, as done
by Geschwind [10], relative to a set of axes which
more specifically expresses the point symmetry of

the octahedral sites

X = gpHcoses  + LgpHsing (S, + S.) +D[ 52 - %S(S+l) ]

2

- +25s§ -65(S+1) +382(S+l)2 ]

a-F L
- 2550 358, -308(S+1)S

+ é%%[ s ( s3etd(ema) , g3emi3(e-a)

( SieiB(cp-Ct) + Sée"iB(CP—CL) )S 7

+ z s

where S, = SX + iSY and S. = Sx - iSY .

In this expression the z axis is along a (111) direc-
tion. The x axis is chosen to coincide with the pro-
jection of H upon a plane perpendicular to the z
axis. The angles are defined as follows

8 is the angle between the il and z directions,

a is the angle of rotation of the octahedron

about the z axis,
@ is the angle between the projection of H in

the trigonal plane, and the projection of the

[001] axis in the same plane (a (112) axis).
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Table 3.1 gives the angles which H makes with the
different sites for an arbitrary direction of H.
Fig. 3.2 shows the projection of the cubic field axes

and the [111] axis in the trigonal plane for each

site.

3.3 Energy Levels

The energy levels to second order in pertur-
bation theory are given by Bleaney and Trenam [2] in
terms of the direction cosines of H with the cubic
field axes. Here instead, they will be giyen in
terms of 6 and.9. Hence the field positions H, for
resonance at a fixed microwave frequency v, are found

to be given by

1

£2%2: gpH = hu %[2D(3cos%8 -1) +2pa + ZFql -326, +hs

2
teq;
S+ L. = 2 p) 5 _
5+ gBH = hu F[ D(3cos“s -1) ~5pa -Zth] + 48, =55,
+eo3
lerl, _ . .
+5° =3t gBH = hu + 1661 - 862 €3;

where p is calculated by the method described in
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section 4.1 and is given by the expression

3

p = -q/12 + %SJZSin 8cosfcos3 (p-a)
The additional terms are given by Bleaney and Trenam
[2] as

q = BSCosheu—BOCOSZG + 3,

61= QEcoszesinze )

hvu

62= QEsinhe )
hv

e;= 2°1 50(1-70)/37
hv

e ;=-a°[5(3+1780-62507) /48] ,
hvu

e;= 2°[100(7-250)/31
' hvu

where o = (1-p)/5

Hence, with the magnetic field in a general direc-
tion, these expressions describe 20 lines correspon-
ding to AM=#l transitions, five for each nonequivalent

site.
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3.4 EPR Results
A, RbAl alum
4)2-12H20 was

studied in 1954 by Bleaney and Trenam [2]. Howsever

The EPR spectrum of RbA1(SO

it must be restudied and understood before actempting
ENDOR studies. The angular variation of the spectral
lines in a {110} plane as observed by them was similar
to the oane shown in Fig. 3.3. Maxima in the field
separation occur when the magnetic field is close to
the cubic field axes and on a crystal (111l) direction.

To evaluate the parameters in the spin Hamil-
tonian, measurements were taken along a trigonal axis,
which is the [111] axis, and near a cubic field axis.
For measurement near the £€m{ axes. the magnetic field
was rotated by a small angle in the (110) plane to

maximize the field separation between the lines.

For H on 'a - [111] axis, the trigonal axes of
the remaining sites ali'make angles of 70.5°with the
applied field, and their spectra coincide. For H near
the cubic field axes - 20 lines shauld be observed.

Only about 10 of these were measured since all were

not resolved due to line broadening. Typical spectra
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are showa in Fig. 3.4. From the EPR transition equa-

tions of section 3.3, the splitting parameters were

evaluated. Table 3.2 gives the values of these para-
meters and the EPR fields. At the bottom of the table
is shown a sketch of the observed and calculated line

positions which are listed in Table 3.Z2.

B. RbGa alum

For RbGa(SO '12H20 a more complete study of

42
the EPR spectrum was made since this was not studied
previously by other authors. Measurements were taken
along a (111) direction, a (110) direction, and near a
cubic field axis in the (110) plane. The spectra
obtained are shown in Fig. 3.5.

From measurements near the cubic field axes,
the cubic field splitting parameter a was found to be
the same as in REbAl alum. In that direction the first
order contribution of the D term’(Bcosze-l)’goes to

zero. Hence, to first order, we have

H(%..%) _"H(—%""_’-%) = 5(a - 7F/27) ¥ 5a .

The magnetic field positions of the EPR lines

as given by the equations in section 3.3 are plotted
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as a function of the D parameter for the [111] and
[liO] directions, and are shown in Figs. 3.6 and 3.7,
respectively. These: diagrams were used in conjunc-
tion with the observed spectra to determine the value
of D. The final values of the parameters were obtai-
ned by varying each parameter independently. The ones
that gave the best agreement with the observed fields
in the three directions measured are given in Table 3.3
along with the EPR fields. At the bottom of the table

a sketch of the lines positions for i near a cubic
field is given. The observed variation of the spectrum
in a {110} plane compared to the calculated one using
the parameters of table 3.3 are found to be qualita-"

tively the same (Fig. 3.8).
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3.5 Error of the EPR Parameters
Since the EPR fields were fitted within
0.001 T, the error on the fiﬁe structure parameters
a, D, F, is the amount by which an independent variation
of a parameter from its best fit value produces a 0.001L T
change in the calculated EPR fields . Thus for both alums,
pAa = £ 4 X 107% e or = 10 MHz,

AD = + 2 x 1074 cm_l or # 5 Mz,

AF + 2 X 10™% cm-l or = 5 Mgz,

1

and Ag + 0.003.
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CHAPTER U
ENDOR THEORY

4.1 The Nuclear Spin Hamiltonian
Locher and Geschwind [11] used the following
nuclear spin Hamiltonian in the analysis of the ENDOR

spectrum of F93+ in MgO :

f l 2 ?_‘\..:. _\._\
K, = [ 4 - (38 +3S-1)U 15°T - gy H T
3 3 3 .
+ UL Sg + Sn + Sg 1. oo (1)

The €,m, and { directions in this equation are along
the cubic axes of the MgO crystal. In alums, since
the local symmetry is trigonal, these terms must be
rotated to the trigonal axes.

In trigonal symmetry the allowed hyperfine
and nuclear Zeeman terms are

AS T + B(S.I_ + S.I.)
Tz g X X VY

ol _ ot
gheyf, T, - eppy (H, I + HI))
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As in the case of the electronic g term for an S-state
ion,

gr = 8] = &
within experimental error, and the nuclear Zeecman
term remains gIBNﬁ-f

The U term is rotated to the trigonal axes

by the following rotation

S\ [-1w6 12 13T sy
So| = |-1W6 -1z 1M |8,
5. 2//6 0 1/V3 | |8,
and similarly for Ig,I Ig' Here the x axis is chosen

as the projection of the { axis in the trigonal plane.
Hence, it is found that the U term in equation (1)
can be expressed in this trigonal set of axes as

U [ -28°1  + 2-(35%438- 1)5,T_ ]

3%z 7z 15
2
- U;[ (S S+ + S_S8,5. + S48Z)I.
+%§(s§s_ + 5,8-5, + 8_8%)I.
%3(33 #38-1) (S_Iy + S,I.) 7
+ U 3%§<81 " SE)IZ | §7—[ 5.5,5_I. #545_S+I, ]
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Uy =U. =Uy =UL =U for cubic symmetry. In trigo-
nal symmetry, four independent terms are allowed by
group theory considerations [12] if the nuclear and
electronic spin axes coincide. Thus U, U_ U, U, are
chosen to represent the behaviour of a 5°I term in
trigonal symmetry. The rotation of the 83I term
from the cubic to the trigonal axes was also verified

directly on a computer, as described in appendix 2.

For H at an angle 6 with the z axis, and the
X axis taken to be along the projection of the ( axis

in the trigonal plane (Fig. 3.2), the nuclear Zeeman

[ J

term g-B,H*I can be expressed as
. PI'N

gIBN[HcoseIZ + Hsine(I+e“i(m"a) + I_el(¢'@) ].

By expressing the nuclear spin Hamiltonian with the
X axis taken to be along the projection of H in phe
trigonal plane, as done in chapter 3 for the EPR

Hamiltonian, the following transformations are done:

i(o-a) -i(p-a)

I—Ie and I —TI_e

bl
and similarly for S; and S_ . Hence the total spin
Hamiltonian with reference to the trigonal axes as

Jjust described is
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gBHCos8S  + ZgBHsing (S, + S_)

2

L
- 180[355 ~30S(5+1)87 +25s -6 (S+1)

+ 2 s (53633 (#-a) 4 g3g-i3lw-al,

+ UL sl S+SZS+I+e13(m—a) + 8.5 8.I.e

2/

+382(S+l)2

+ (82613(‘:\0"0’) + 83 3(@ a))SZ ]
+ D[ si - %S(S+l) ]
- gpByHcoseI - %gIBNHsine(I+ + I_)
+ [ A+ 5(38 + 38 - 1)U, ]SZIZ
+ [ B+ 5(3s +35 - 1)UL 1 3(S_I4 + 5,T)

Uil 58T,
1 .2
- UJ__:LZ[(S S+ +S. S+S +S+S )I
+ (S%S_ +545_S4 +5.8%)1_ 1]

+ U;‘ _6%[ Sie.lB(cp"a) + Sge—iB(CP-a) ]IZ

-i3(p-a)

]
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With thé spin functions |M,m) as basis
functions, the spin Hamiltonian is written in Hermitian
form as (M',m' |(X|M,m), where M and m are the electro-
nic and nuclear spin magnetic quantum numbers. Most of
the  matrix elements for the spin Hamiltonian can bhe
found in Low's book [137. For the SBI term in trigonal
form some of the non-zero matrix elements are, for I=3}

(M,m|S)T_[M,m) = Wn

(M-1,%[(S%64 + S_S,S_ + 5482)I,|M,-1) =

[3(S+M)(S—M+l)—2][(S+M)(S-M}l)]% )

(2315905100 = -<M.l>[<s-M% ik
1
2

S+M) 1 (S-M+3) 1 ]
[(5-1

3 —
(M-3,m(SZI_|M,m) = J1(S+M-3)1

=]

The elements of the spin Hamiltonian matrix Hij are
written in the following order

(5/2,%1, (5/2,-%1, (3/2,%1, ...(-5/2,-%
15/2,%), 15/2,-%), 13/2,%), ...1-5/2,-%).

In Table 4.l are given the non-zero matrix elements on

i

I

J

and below the diagonal elements.
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.2 ENDOR Transitions to First Order in
Perturbation Theory

The hyperfine energy levels are first analyzed to
first order in perturbation theory, neglecting the fine
structure terms which have little effect on the hyper-
fine levels. With the magnetic field in the xz plane

the Hamiltonian can be written as
X = gBH(SZcose,+ Sx31ne) - gIBNH(IZcose + IX51ne)

+ A'S I+ B'(S_I. + S.I ) - 2, 5°I
A XX vy 3% 7z7g

. 2
- %%[(s§s+ +5-545. +8,5%)T, +(sFs_ +5,8.8, +5.85)1]

i 65%[ s7¢™7P + 52710 g1
\ .

+ 550 848, S4I4e™2P w55 5T P ]
where

A= A + 20, (35% + 35 - 1)/15

B'= B + 20y (35° + 35 - 1)/15 |

p = (p-a)

The electronic Zeeman term gsﬁ-§ is diagonaligzed

first. by changiﬁg to a new set of axes for 3 which

are rotated from the original set by an angle 6 about
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the y axis. Hence,

/s+ a® b2 2ab M
2
s_ | = _b? a”© 2ab st :
9 .
s _ab -ab (a”-b%) s*
2 4 z

cos(6/2) and b = sin(6/2)

]

where a
This transformation diagonalizes the Zeeman term to
gBHS% . To diagonalize the SI term the I axes must

be rotated by an angle ¥ about the y axis [14], so

that
t
tany = §7 tanb
and
L _ vttt
A'SZIZ + 28*(S_I+ + S4I ) = KSZIZ )
where

K% = (A'cose)2 + (B’sine)2

However, in our case, B' ¥ A', and so VY is put equal
to 6. With the rotation matrix for the T axes being
the same as the £ axes, then we have
5T H I
grfyfi-l = gyt 1,
For the first order contribution of the SBI

term, the expressions for S,., S_, SZ and I+, I., Iz

in terms of 8}, S, s; and I}, 1!

-

I; are: substi-
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tuted in the Hamiitonian and the resulting cubic
expansion is carried out. Then the six possible
combinations of the diagonal term: SLSLSlI; are
collected and simplified by means of commutation
relations to terms involving S'BI' and S’I;, as pre-
sented in appendix 3. Finally, dropping the primes,

the spin Hamiltonian to first order in perturbation

theory becomes

H o= gBHS, - gpByHI_ + KS I

Un 2 2 101 2

- 3 cos o[ (5 Z—rzf)cos 8 - (382 = ) ]S I
-'gn51n 9[3(532-l%l)s in%g -4(352 l%l) 1s,1

1

+ 6J2(U"+ BUL)SlnBSCOSGCOSBp[ SS lz— 15 T

The energy of the level (M,m) will be
M,m |¥| M,m X .
< ) | l b > M’m

The ENDOR transition (M,m)-»(M,m-1) will require a

quantum of energy

For frequencies at a constant field this leads to




hu(M) + hu(-M)

21 M|
=| K - UB—"—cosze[ (5M2-l%)cosze . (3MF-
- %sinZOEB(SMZ—%)sinZe L (3P
+ 3%§(Uh+ 3Ul)sin360058c033p(5M2-

- L8 -

- - =

o =jo o
= e
| -

The same procedure is applied to calculate the first

order contribution of the a term in section 3.3, which

gives

p = -q/12 + %5¢2sin

3

fcosbcos3p
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CHAPTER 5
ENDOR RESULTS

5.1 - Introduction

ENDOR measurements on 57Fe3+ in RbAl and
RbGa alums were performed with the magnetic field H
parallel to the [111] direction and also with H near
the cubic field axis gA . For a given paramagnetic
site, six ENDOR lines (M = 5/2, 3/2, ...-5/2) can be
observed. The corresponding frequencies are denoted
by v(M). These frequencies depend upon the magnitude
and direction of the magnetic field.

In alums there are four paramagnetic sites
per unit cell. Thus for Hin a general direction of
the crystal, such as near the cubic field axes, 4 u(M)
lines should be observed. These are denoted by Ups
Vps Yg.and vp. When i is parallel to the [1117] direc-
tion. sites BCb are equivalent, as shown in Table 5.1.

In this direction only 2 uv(M) lines should be observed,

v and Vpep
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Table 5.1 Angles in the spin Hamiltonian for H

parallel to the [111] direction of

the crystal.

q SITE A B C D

i TRICONAL 111 111 111 111
] AXIS
{3

THETA 8 0 70.5 109.5 70.5

PHI ¢ o) 50 0 -60

ALPHA « 9.5 -9.5 9.5 -9.5




The hyperfine parameters are obtained from

- the frequency measurements. From the first order
perturbation theory equations developed in section 4.2,
the first approximation to the parameters can be found.
For more accurate values. the spin Hamiltonian matrix
must be diagonalized exactly. This diagonalization was
performed on a computer with the program given in
appendix 4. The eigenvalues obtained were accurate to
five significant figures for any direction of the
magnetic field. Using perturbation theory. the calcu-
lated frequencies were accurate to only two significant

figures along a (11l1) direction.

5.2 ENDOR of RbAl Alum

Some ENDOR spectra obtained for RbAl alum
are shown in Fig. 5.1 for H along the [111] direction
and in Fig. 5.2 for H near the ¢, axis. The v(x5/2)
frequencies were large and easy to measure for most
EPR lines. For ﬁ along the [111] direction the
UA(i5/2) frequencies were often masked by the UB(i5/2)

frequencies. Less accuracy was consequently obtained




in the measurement of these lines. Only one point
was identified accurately where the UA(5/2) line
occured alone. This was on the A 5/2—3/2 EPR
line. The v(#3/2) frequencies were, in general,
much smaller in intensity than the u(%5/2) frequen-
cies. Less accuracy was consequently obtained
because the smallness of the line leads to a larger
error in locating its central position.

Linewidths for all frequencies were
0.05 to 0.1 MHz, which is about the difference
between the 2 u(M) lines of the two sites for i
alqng.the [111] direction. When two frequencies
overlap, the center of the first derivative of the
absorption curves shift. This introduces a syste-
matic error in the measurement of these lines. The
accuracy of the ENDOR frequencies was thus reduced
to a maximun of 0.02 MHgz.

The v(+1/2) transitions could not be iden-
tified since too many lines overlapped in their

region of the'spectrum. Thus the measurements taken
in the 15-17 MHz range were not utilized in the

fitting process.
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Rb AL ALUXM H NEAR CUBIC FIELD AXES, FIXED ON EPR LINE A -1/2e= -3/2. H=0.2971 TESLA
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Fig. 5.2 ENDOR spectra of RbAl alum.
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5.3 Parameters for RbAl Alum
For 57Fe3+ in MgO, Locher and Geschwind [11]
found
A/h = -30.176 MHz and U/h = -0.0057 Miz .
For trigonal symmetry, Uy Ur Uy UL will be of the
same order as U, A trigonal distortion should only
affect the Uy parameter, the Uy U) UL being too
small to distinguish between them. Hence we have
Uy =0y =10y ,
and so the five parameters A B U, Uy 81 > along
with the fine structure terms, should describe the
whole ENDOR spectrum.
For H parallel to the [111l] crystal direc-

tion , first order perturbation theory gives

hog () + by (1) e 220

21 M| 3

il

5/2, 3/2 give

Av/h = -32.45 Mz and Us/h = -0.03 MHz .

-

From the perturbation equation of site B for H

The two equations-.of M

on the [111] éxis, we have

B'/h = -32.26 MHz  and U./h = -0.03 MHz

. N
From the perturbation equation for H near the cubic
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field axes we have
B'/h = -32.17 MHz and U./h = 0.0 MHz .

These values are used as the starting parameters for
the exact diagonalization of the spin Hamiltonian.

The U lines for H along the [11ll] direction
were first fitted by varying the parameters A, U, ,
and gr. The initial value for gr was taken to be
the same as the one given by Locher and Geschwind
[11] in their work on MgO. With these parameters
determined, then the Vg lines for i along the [111]
direction, and the frequencies for H near the cubic
field axes, were fitted. The variatioa of the para-
meters was done using the condition imposed on these
parameters by the first order perturbation theory
equations.

Experimentally, the magnetic field orienta-
tion for i near the cubic field axes was measured
as (1,9.5,-45). With this orientation only the
v, (£5/2) lines could be fitted, no matter how the
parameters wefe chosen. DMisalignment of a few
degrees for ﬁ was found to affect the v(£3/2) lines

considerably. A misorientation of 1 degree produced
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a change in the v(%3/2) eigenvalues by as much as
0.03 MHz, but with no change for the v(+5/2) fre-
quencies. Hence for best fit the orientation of
the magnetic field was taken to be (1, 10.5,-47).
The observed and calculated frequencies for both
directions are plotted in Figs. 5.3 and 5.4, and
are tabulated in Tables 5.2 and 5.3.

The spin Hamiltonian parameters for the

ENDOR of Fe’' in RDA1(S0, ) ,*12H,0 are

2
g = 2.003
a/h = 398 MHz
D/h = -93 MHz
F/h = 11 MHz
g = 0.180
At/h = -32.370 MHz
B'/h = -32.240 Mz
Un/h = - 0.021 MHz
U./h = - 0.004 MHz
ALPHA o = 9.5 degrees
From these, the values of A and B are
A/ = -32.299 MHz
B/h = -32.227 MHz
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Table 5.2 ENDOR frequencies for
RbAl alum. H on [111] axis.

EPR FIELD ENDOR FREQUENCY Miz
107t 7 OBSERVED | CALCULATED
A BCD
2.998 | 80.107 80.102
A 3575 | 47.697 47.693
2 2 |15.40 16.16 16.33 |15.18 15.29
17.01 17.05 17.07
3.079 | 81.110 81.111
B 4341l |80.053 79.96L 80.10  79.963
2 2 [149.196 49.189
15.63 16.26 15.18 15.28
3.163 | 81.128 81.120
{4 43541 |79.961 79.958
2 2 149.320 49.325
47.558 47.567
16.6L 16.91  17.17 | 17.06  17.07
3.188 | 81.251 81.130 81.255 81.123
79.956 79.956
B -3,-5 |49.328 49.325
2 2 |147.363 L7 .566
15.92° 17.01 17.49 |17.06 17.06
3.309 |81.27 81.134 81.269 81.138
+15-1 |80.09 79.943 80.081 79.0L8
22 |49.318 1,9.200 49.328 49.191
L7.698 147.580 47.689 L7.56
3.313 81.156 79.939
49.29L 47.676 17.08
3.325 81.124 79.934
4L9.21L  47.577 -
3.471 | 81.160 81.157
A -1_,-3 |80.069 80.068
2 2 49.20L 49.195
B +55+3 4L7.678 L7 .68k
2 2 |15.11 15.81 16.62 |15.20 15.26
16.82  17.36 17.06  17.06
3.563 | 81.256 81.30
B -1,-3 |79.930 79.929
2 2 47.564 L7.68 L7.55
16.78  17.17 17.07  17.06
3.63, | 81.300 31.306
79.898 80.05 79.92
A 45 4+3 | 49.324 49.3L  49.20
2 2 L7.687 47.677
15.51 16.45 15.21 15.25
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Table 5.3 ENDOR frequencies for
RbAl alum. H near cubic field axes.

EPR FIELD ENDOR FREQUENCY MHgz
1071 T OBSERVED CALCULATED .
A B C D
2.971 | 81.139 81.17 81.139 81.16 81.20
A -1-3 80.021 80.0, 80.01 80.04 80.08
5‘* 5 LO.LLO L9.177 | 4L9.16  L49.27 L9.46  49.45
. 47.801 L7.534 | 47.537 L7.63 47.85 47.85
3.023 | 81.155 81.17 81.15 81.17 81.20
80.024 80.0, 80.00 80.03 80.07
L9.438 149.168| 49.160 .49.26 L9.45 L9 . LL5
47.835 L7.572| 4L7.54L L7.63  4L7.835 47.839
3.078 | 81.167 81.18 81.15 81.175 8l.21
. | 80.033 80.033 80.00 80.033 80.07
47.580 L7.827 | k7.5 47.62  47.82, 47.828
3.135 | 81.186 81.184, 81.16 81.181 81.22
80.014 80.03 80.00 80.03 80.07
47.840 47.621 | 47.54 47.620 L47.81 L7.82
3.335 | 81.181 81.21 81.180 81.20 8l.24
80.000 80.02 79.98 80.01 80.05
. 49.411 49.176 | 49.17 4L9.25 49.407 49.406
41l —»-1 L7.541 4L7.512 | 47.53 L7 .61 47.78 47.78
2 2 |14.19 . 1L.67 _
- , 15.04 15.20 |15.27 15.60 15.67 15.32
15.41 15.59 (17.16 17.50 17.58 17.21
15.97 17.95
3.4,98 |81.199 81.23 81.198 81l.22 81.26
80.010 80.00 79.97 80.00 80.04
49.394 49.165 | 49.171 49.25 L9.391 49.394
3.54,8 | 81.222 81.23 81.20 81.228 81.26
79.989 80.00 79.97 79.994 80.03
: 4L9.392 49.208 { ,9.17 L9.25 49.387 149.3G0
3.606 | 81.235 81.238 81.21  81.235 81.27
79.98L 79.99 79.96 79.989 80.03
. 49.391 49.215|49.18 49.24 49.383 L9.387
3.661 ([81.228 81.214 |81.24 81.217 8l.2, 81.28
A 43 41 [79.964 79.99  79.956 79.98  80.02
2 2 |49.184 49.178 49.24  49.38  149.38

Polar coordinates of H with (100) axes (1,10.5,-47)

| PHI e 12.7 -0.4 -12.8

ANGLES FOR DIFFERENT SITES
SITE - A B C D
THETA ¢ . 55.8 65.2 55.0 L.

O O£~
ASA R, PV )

ALPHA G. 905 -905 9’5 =7 .
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5.4 ENDOR of RbGa Alum

Typical ENDOR spectra for RbGa alum are
shown in Fig. 5.5 for ﬁ along the [111l] direction
and in Fig. 5.6 for H near the QA axis. The lines
along the [111l] direction were weak in intensity
compared to those along the cubic axes. Very few
v(£3/2) frequencies were measured, but a few strong
isolated u(#£l/2) lines were measured and used in
the fitting process. To which site,A or BCD, the
v(%1/2) lines on the [111] axis belonged was deter-
mined by trial and error. The cubic field axis
spectrum was good. The 4 vu(%3/2) lines for each
different site were - often resolved, as shown in
Fig. 5.6. The u(+l/2) lines were not fitted since

too many frequencies appeared in that range of the

spectrum.

5.5 Parameters for RbGa Alum

Since the lines at v(M) and v(-M) frequen-
cles were not aiways observed, perturbation theory
could not be used to calculate the starting para-

meters. The UA(i5/2) and UA(-1/2) frequencies, however,
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Fig. 5.5: ENDOR spectra for RbGa alum.
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Fig. 5.6 ENDOR spectra for RbGa alum.
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were easily fitted by iterations on Ar Uy and 27

These were close to the values obtained for RbAl alum.
§ Then by iterations of B! UL,gI and the angle of rota-
tion about the trigonal axis a, site B of the [111]
axis and the cubic axis spectra were fitted. No
misalignment error was necessary for the cubic field
axes fit. The orientation of H near the cubic field
was (1,9.5,-45). The observed and calculated fre-
quencies are plotted in Figs. 5.7. and 5.8, and

tabulated in Tables 5.4 and 5.5.

The spin Hamiltonian parameters for the ENDOR

of 57Fe3+ in RbGa(SOh)z'lZHZO are
g = 2.003 gy = 0.180
a/h = 392 MHz At/h = -32.250 MHz
D/h = -252 MHz B'/h = -32.250 Miz
| F/h = 11 MHz Us/h = 0.007 MHz
g o = 9.5 degrees Us/h = -0.005 MHz
From these, the values of A and B are

A/h -32.274 Mz

I

B/h = -32.233 Mz .
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Table 5.4 ENDOR frequencies for
RbGa alum. H on [111l] axis.

EPR FIELD ENDOR FREQUENCY Mz
107t T OBSERVED CALCULATED
, A BCD
2.776 80.117 |{80.122
A -3_,-5 15.764 15.649 |15.11 15.648
2 2
B +3 _+1 81.083 81.080
2 2 79.931 79.935
3.045 49.180 49.175
L7.576 17.573
3.053 | 81.082 49.183
3.068 81.086 49.185
3.075 | 81.086 149.176
3.267
A +3 +1 .
2 2 79.929 79.926
B -55-3
2 2
+1 -1 '81.105 81.117
2 2 79.912 79.923
3.323 L7.574 | 47.587 47.565
3.317 | 81.112 47.599
3.390 81.123 81.125
A -3_,-1 79.923 80.073 |80.077 79.919
2 2 | 15.91 16.02 16.67 |15.15 15.49
B +5_,+3 16.76 17.18 |17.01 17.15
2 2
B -3_,-1 81.148 81.153
2 2 79.911 79.905
3.605 L7 .546 L7.552
3.589 [79.913 47.541
3.870 ' 81.329 | 81.333
A +5 _+3 15.150 | 15.152
2 2
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Table 5.5 ENDOR frequencies for
RbGa alwm. Pclar coordinates of B owivh (10C) axes (1,9.5,~45)
PR FIELD ENDOR FREQUENCY il
107 7 OBSERVED CALCULATED
A B ¢ )
2.977 49.168 [ £9.156 49.173
L7.650 | 47.655
3.018 81,134 | 81.136
80.03% 80.049
L9.179 1S.173
47.535  48.07 47.556 48.04
3.092 a1.147 | 81,145
80.00L | 80.010 79.996
49.170 49.405 49.173  L9.4L1E
L7.53) 549.851 57.556  L7.257
14,40 14.51 1%.80
_ 15.93 16.854 17,14
3.143 81.1.69 81..167
+Ly-1 | 81.175 79.995
p 2 | 49.46L L9.389
3.322 | 49.183 47.947
3.337 81.271 | 81.175 81.165
79.935 1 79.993 79.981
L9.47L 49079 49.270 ) £9.176  49.288 49.470
L7.546 L7.650  47.792 | 47.62 47.546 L7.806 L7.940
L7 .947 15.5k
17.50 17.88 -17.9% 17.30
3,352 | 12.7¢ 13.07 14.80
14L.95 15.58 15.70
15.86 15.99 16.81
17.95 17.73 7.07
3.515 79.977 179.979 79.968
52.178 49.360 | 49.177 19.275
3.549 81.195 | 81.201 81.85  €1.191
79.972 | 79.977 79.965
49.178 49.360 | 49.178 LG.183 49.373
. 13.46 13.32 13.73
14.50 15.27 15.50 |15.50 15.32
15.73 15.%7 16.07 15.90 15.88
16.2 I
3.594 81.198 | 81.206 81.190 €1.197
79.971 |79.973 79.962
£9.178 £9.350 | 49.181 49.185 49.370
47.599 | 17,595
3.658 79.952 79.94,2 79.958
49.182  k9.432 | 49.283 49.187 L9441
. L7.526 L7.526
3.671 g1.227 | 81.215 81.235
) £9.203  L49.439 | 49.185 49.188 49.439
Aa3 sl | 15.0h  14.67 16.62
2 2 115.98 L7.42 17.16
17.37
ANCLES IN SPI UAMILTOAYANFOR DIFFERENT STUTES
SLTH A I c D
THETA 6 55.2 63.7 55.2 L5.4
PHi ® 11.0 0.0 -11..0 0.0
ALPIA a 9.5 -9.5% 9.5 9.5
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5.6 Error of the Hyperfine Parameters
Since the uv(M) lines were fitted within

+ 0.01 MHz, the error on the parameters that produced
a 0.01 Miz difference from the best fit values is

AAY = AB' = = 0.005 MHz,

AU, = AUy, = + 0.001 Miz.
Thus the error on A and B is

A = AB = % 0.008 MHz.

Since

b
2HBN

g1 [ v(M) - v(-M) ]

and Av(£M) = £ 0.01 Miz
then—AgI = + 0.004.

The eigenvalues of the Hamiltonian matrix
for sites B,C, and D in the [111] direction and on
the cubic field axes were found to be very sensitive
to the angle of rotation about the trigonal axis, a.

Thus a could be determined within % 0.5 degrees.
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CHAPTER 6
DISCUSSION OF THE RESULTS

6.1 Fine Structure Parameters

The fine structure parameters found for RbAL
alum at a temperature of 4.2 K are nearly the same as
those found by Bleaney and Trenam [2] at a temperature
of 20 K, as shown in Table 6.1. The sign of the cubic

field splitting parameter a is positive, as determined

experimentally by Geschwind for RbAl alum [161].
Theoretically, Watanabe [17] showed that the sign of a
should always be positive in any cubic environment.
The cubic field splitting parameter a in the alums
has nearly the same constant value, as showed by
Bleaney and Trenam [2]. The values obtained in the
present work for RbAl and RbGa alums are exactly the
same.

The axial crystal field parameter D can vary

greatly, and be positive or negative, depending on the

type of alum considered [2]. The magnitude of D is

related to the strength of the trigonal distortion.
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Hence RbGa alum is more trigonally distorted than is
RbAl alum. The relative amount of distortion may be
due to the larger size of the trivalent Ga ion compared
to the smaller Al ion. It is uncertain in the case
of the Fe3+ impurity ion whether the negative sign of
D represents a trigonal extension or compression of the
octahedron.

The spectroscopic splitting parameter g was
found to be isotropic within experimental error. The
obtained value of g = 2.003 is close to the free spin

value of 2.0023, as expected for S-state ions.

6.2 Angle of Rotation a of the Cubic Field Axes
About the Trigonal Axis

The angle a was found by EPR and ENDOR
measurements to be 9.5 + 0.5 degrees. This is iﬁ
accord with the value of 9.3 = 0.5 degrees found by
Bleaney and Trenam [2]. The angle of rotation of the
cubic field axes should be the same as the angle of
rotation of the octahedron of water molecules about
the trigonal axis. If (v, v, u) is the position of

a water molecule in the crystal, then as shown in




- 7l -

appendix 2,

ol

cosa = [ 1 + (v/u)2 172,
From X-ray analysis of RbAl alum, Larson and Cromer [18]
found that v/u = 0.13 and o = 13 degrees. From
neutron diffraction work, Bacon and Gardner (81
found the angle o to be about 9.0 = 1.0 degrees.
Hence the rotation of the cubic field axes is related
to the rotation of the octahedron of water molecules

about the trigonal axis.

6.3 Hyperfine Structure Parameters

Tt was not known beforehand if the spin
Hamiltonian concept could be applied successfully
to describe the hyperfine levels in alums.. The
only previous ENDOR work on 57Fe3+ was for cubic‘
symmetry with the Fe’ T ion coordinated to O; ions
in MgO [11]. No work had been done on ENDOR in a
hydrated complex. The hyperfine structure parameters
could not be measured by EPR methods since the
hyperfine spliﬁtings were masked by the large EPR
line broadening, which is typical of hydrated

complexes. The only successful attempt was made by
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Culvahouse and Olsen [19] in the EPR of 57Fe3+ in
double nitrate crystals. They only reported the
hyperfine parameter

A'= 32,7 £ 1 Miz.
The value of the hyperfine parameters measured in
the present work using the ENDOR technique are
improved by two significant figures over ordinary

EPR methods.

In Fig. 3.6, showing the EPR spectrum of
RbGa alum for ¥ along the [111] axis, the EPR lines
BCD #1/2% +3/2 are split into a doublet. . The
average separation between thé doublets is 45 MHz.
Tt is not known whether the splitting is due to mis-
alignment of the magnetic field or hyperfine split-
ting, because a misalignment of 1 degree would ailso
split the EPR line. Since a misalignment of 1
degree would also split the UBCD(iB/Z) ENDOR lines,and
since .. these lines were not clearly observed(Fig.5.7),
then one cannot tell if the field was misaligned or

not.

The spin Hamiltonian developed in chapter
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L for trigonal symmetry permitted an adequate
description of the ENDOR spectrum of 57Fe3+ in

the RbAl and RbGa alums. Hence the substitution of
the paramagnetic ion in the host alum crystals did
not appreciably alter the symmetry at the ion site
as sometimes happens [20]. Hyperfine structure
parameters of 57Fe3+ for various crystals are
listed in Table 6.2. For the alums, A and B are
chosen as the parameters for the §-f term instead
of At and B' . This is consistent with previous
work [11] and with symmetry considerations of

group theory.

The anisotropy of the hyperfine parameters

due to the trigonal distortion is minimal. The
difference A-B is about 0.07 MHz for RbAl alum
and 0.04 DMz for RbGa alum. Within experimental
error, the B coefficients for RbAl and RbGa alum
are equal, showing consistency in the results.
The A term are also nearly equal. Thus a trigo-
nal distortion does not affect the SI terms. As
in the case of the B parameters, the Uy for RbAl

and RbGa alums have the same value within experi-




*qT8Tp 1SBT 9U1 UO JOJJIS dY3 ST STSdYjusded UT Jdqumu 8Yf,

Kl

(osT 0| (T)s0070- (T)L00°0  (T)€2'zE~  (T)lz2€-| 0%HeT-°(0s)enay

- 77 =

(7)08T°0 (T)%00° 0~ (T)T20 0~ (T)e€e ce- (T)og*2¢E- ONmNH.thowVH<Dm

(T)S08T 0 | (£)L500° 0~ (€)L500°0- (2)9LT°0€~ (2)9LT° 0t~ LTT] o3u
|

Ig Rh! 'n ! v Teqsfan

Zyy SJaoioweaed sutJaedAy

sTeas£ad

snotaes J0F B4, JO saeqoweaed aaniondss sutyJedAy 29 9TqBL

+€

I T LS A L S




- 78 -

mental error. However Uy differs greatly for the
two alums. Hence the SBI term along a trigonal
axis is affected by a trigonal distortion.

The value of the nuclear spectroscopic

~splitting parameter g; = 0.180 = 0.004 is in

accord with the value of 0.1805 £ 0.0001 found

by Locher and Geschwind [11]: Less accuracy is
obtained in the present case since the Fe3+ ion
exists in a hydrated environment, which causes
broadening of the ENDOR lines. Also the pre-
sence of 4 sites in the crystal reduces the
resolution of the ENDOR lines when H is along the
[111] direction.

The signs of the hyperfine parameters are
in accord with the work of Locher and Geschwind [11]
in MgO. Also the signs give a correct interpretation
ofvthe identifidation of the ENDOR lines'givén in
Tables 5.2 and 5.4. When H is along a [111l] direc-
tion. and set on the EPR line X(M->M-1) with X=A,B ,

the ENDOR frequencies.uX(M) and vy (M-1) should be

x(
observed. since they are the most probable. An

examination of Tables 5.2 and 5.4 shows this to be
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the case for most EPR lines. On the cubic field axis

Qirection the occurence of 4 sites somewhat masks this
effect.

For the case of trigonal symmetry, measure-
ments are usually taken along the z axis and in a
direction perpendicular to it. Measurements along
a (110) direction should directly yield values of
B and Uy, since the first order contribution to A, U,
Ui, and U, goes to zero. But in that direction
the EPR field separations are at minima ,. and
misalignment of the magnetic field becomes critical,
causing large errors in the ENDOR eigenvalues for the
two nonequivalent sites (AC) and (BD). On the other
hand, for measurements along the [111] axis and near
the cubic field axis QA, misorientation of the magne-
tic field is minimal for site A.

In conclusion it can be said that the
measurement of the EPR fine structure and ENDOR
hyperfine structure parameters of 57Fe3+ in RbAl
and RbGa alums:gives.values that are in accord
with those obtained by others in systems where

similar types of measurements were made. It
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would be worthwhile to extend these measurements

to other types of alums and hydrated crystals in
order to classify crystal behaviour from the point
of view of parameter magnitudes and signs. In this
way one can obtain a better understanding of the
physical behaviour of the 57Fe3+ S-state ion in
hydrated crystals, and also evaluate the available

theory.
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APPENDIX

1

Directions of the Cubic Field Axes

The directions of the €n{ axes rotated from the

r-i R;l R (001}

|-1/v6
1//2
1/V3
R

Al

cosaq.
-sina

0

L

axis of abscissa

-1//6
_1/J2
1/43

0

sina
cosa

0

in the trigonal plane of each site is

Thus the four R matrices are

-
2/,/6
O |, Rg
1/J3
- ’ RD
0 0]
-1 0
0 =1

0
0
1

-

I

{(001) axes are given, for each site, by

1/./6
1/M2

-1//3

HRBH

of axes with respect to the (001) axes for each site.

“

-1/v6  2/V6

1/2 0
-1/¥3 1/J3

by properties of the %3 point group. Ra is the rotation

matrix about the trigonal axis, and is given by

Here R is the direction cosine matrix of the trigonal set

The

chosen as the projection of the [001] axis in that plane.
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For sites A and C, a is positive, while for sites B and D
it is negative. This is due to the choice of trigonal axes.
For example, the direction of the ¢ axis for site A will be
[efd] = B}* R;l R, [001].

The positions of the En({ axes are determined pri-
marily by the rotation of the octahedra of water about the
trigonal axes. For the rotation about the [111] axis, we
let the coordinates of the water molecule at (v,-v,u)
with respect to thé trigonal axes of site A be

RA(V,-v,u) = (x,v,2).

A trigonal distortion only affects the z component. The
angle of rotation o will thus be the angle between the pro-
jection of (x,y,z) in the trigonal plane, (x,y), and the
projection of the [001] axis in the same plane, (1,0).

Hence

X u

N4 x2 + y2 N u2 + 3v

cosa = > .

Similar equations for the position of the En{ axes were

! stated by Bleaney & Trenam [2].
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APPENDIX 2

Numerical Rotation of the SBI Term from the

Cubic Axes to the Trigonal Axes

3

In the program below the S”I term on the cublc
field axes is written as
SYPIX + SYPIY + S7°IZ - 101/20 S-T
To rotate this term to the trigonal axes the SX, SY 3%,
vector operators ?re transformed according to the relation
SX 1//6  =1/J2 1/,¢3T SXD
SY |= |-1/4/6  -1/J2.  1/J3 SYD
S% | 2///6 0 1/v3 SZD

(Transposed Rotation
Matrix A¥k(-1) )

SXD, SYD and SZD are the vector operators whose axis of

quantization is the trigonal axis. Thus

2.5 7]
1.5
SZD = 0.5 0.5
~1.5
: -2.5
L -

and SXD and SYD have the usual matrix form. In the program
below, the transposed rotation matrix Ass(~1) is expressed
in terms of the Euler's angle from the cubic to the trigonal

system.
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Similarly to SX,S8Y,S%, the nuclear vectors
IX,IY, and IZ are expressed in terms of IXD,IYD,IZD,
where

17D =

Wi
(@]
=
P4
(w}
It
O

N
ws
]
(@]
(@]

1

-

(@]
1
ol
Wi
(@)
O
[N
(@)

Complex numbers are written as

(real part, imaginary part)

For the SBI term rotated to the trigonal axes,
only the real part of the matrix elements are given since

the imaginary parts are all zero.
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C APPENDTIX 2
C 20 TATION OF SPIY HAMTLTONIAYN TFRMS WITY TULIFYS ANGLES
2F2L D(12,12)
COMPLTX 1(12,12) ,S(12,12)
COMPLEX SXD(6,6) ,SYD{£,6),SZD(6,6) JX (£ 6).F&(A.é),?7(6,6)
COMPLEX IX(2,2),3IY(2,2),T2(2,2),TxD(2, 7),*yn( TIN(2,32)
C SPIN M.-ﬂlcrc
PEAD (5,1) SXD
READ(5,1) SYL
READ(5,1) SZD
1 FOFMAT(6F10.8)
RIAD (5,20) XD
READ(5,20) IYD
READ (5,20) IZD
20 "FORMAT (8F5.1) .
o TH,PH,ES THT¥TL,PHT, DPSI, FEULFF'S INGL3S
RFAD(5,2) THD,BHD,DSD
9 FORMLT (3F20.7)
=0.1745320F-1
TH=THD*DTR
PH=PHD*DTT
PS=PSD*NTR
WPITZ (6, 12) THL,THD,PSD
12  TORMAT('1','®ULTR S ANGLES',T25,'THET2 =!',710,5/725,"DPHI =1,
1F10.5/725,'PST =1,F10.5)
C PLILMENTS OF TBANSPOSTR ZQTATED MITTIYX, A¥=(-1),. FFTF, GOIDNSTIIW
c YCI2SSTCAL MFCHINICS!',
CTH=CCS (TH)
STH=SIN(TH)
CPH=COR3 (EH)
SPH=STY (PH)
CPS=COS (PS)
SPS=SIN(PS)
E A11= CPS*CPH -CTHXSPH*SPS
212=-SPS*CPH <-CTH*SPH=CPS
213= STH>SPH
A21= CPS*SPH +CTH*CPH*SPS
222=-SPS*SEH +CTH=CPH»CPS
223=-STH%CPH
A31= STH*SPS
A32=STH*CPS
A33= C7H
ARITE(6,5) 211,212,813,221,222,223,%31,232,133
S FORMAT (*—-',"TRANSDPOSED ROTATION MATRIX A%*x(-1)'/('0',3F20.5))
o TRANSFORMATION FOR SX,SY,S2 .
D04 I=1,6
D04 J=1,6
SX(I,J)= A11%SXD(I,J)  +L12*S5YD(I,J +113*%S2D(T,J)
SY(I,Jd)= RK21%=SXD(I +322%8Yn (I,J) +A23*SZD(I,J)
SZ(I,d)= 231%*SXD({I,J) +A32xSYD(I,J) +a33%*S2ZD(I,J)
4 CONTINUE
WRITE(6,6) ((SX(I,Jd),d=1,6),I=1,6)
WRITE(6,7) ((SY(I,d),3=1,6),1I=1,6)
WRITE(6,8) ((SZ(I,J) ,J=1,6) ,1=1,6)
6 FOPMAT ('—*,'E0TATED COMPLEX SPIN MATPICES'//
1 '-','SX'/(' 'rﬁ‘('('vFg-Sr'a rFB-S") ')))
7 FORMAT ('—=','SY'/ (" ',6('(',F8.5,',',FB.5,') ')))
8 FORMAT (*=','SZ'/ (' *,6("(',FB.5,',',F8.5,') "))




%%

21

23
24
25

30

31

33

34
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TRANSFCRMATION
Do 21 I=1,2
pc 21 J=1,2
IX(I,Jd)= R11*IXD(T,J) +212%IYD(I ,J) +113%1720(2,J)
IY(I,Jd)= R21=IXD(I,T) +222*%TYD(I,J) +R23*IZ0(I,.0)
IZ(I,J)= RA31*IXD(I,J) +A32*Iyn(1,a) +133%T 2D (T,J)
CORTINUT
WPITF({6,23) ((IX(T,J),Jd=1,2),I=1,2)
WREITE (6,24) ((TY(I,N),d=1,2),7=1,2)
WETITE(6,25) ((ZZ2(I,J),0=1,2),3=1,2)
“?nNP"('-'.'IX'/(' YL2(N (Y ,TR.5,Y, Y, TRLS, 1Y )Y
FORMAT (=", PIY /(" ',2('(",T8.5,',',F8.5,')")))
FORMAT (Y=, ' 22 /(! 1'2(l (", 7E.5,',',F8.5,') "}))
SZ*SA*SZXIZ4+SY*SYRSY®TY+SYRSXXSX~IX=-101/20%5*7
no 3¢ I=1,5
no 30 J=1 6
SZD(T,J)=0.0F0
cYD(..J)- .00
SXD(I,d)=0.070
no QQ K= 1 6
DC 30 L=1,6
SZP(I,J)=SZN(I,J) + SZ(I,K)=*5%(K, T)*SZ(L,J)
SYD(Z,3)=SYD(T,J) + SY(I,K)*SY(K,L)=5Y(L,J)
SXD(I,J)=S¥D(T,Jd) + SX(I,K)=*SX(X, )*SX(L,J)
CONTINUT
DO 31 I=1,6
po 31 J=1,6
DO 31 K=1,2
Do 31 1L=1,2 :
V(2% (I-1) +K,2* (J=1)+1) = SZD(I,J)=IZ(%X,L) + TYD(T,J)=TY(X,%)
1 SAD(I,J)*=TX(K,T)
S{2% (I-1) +K,2% (J-1) +1L)
1 SX(I,J)*IX(K,L)
CONTINUE
DO 33 I=1,12
PO 33 J=1,12
D(1,Jd)=PEAL(U(I,J) - 101 /20.%35(Z, ) )
IF(ABS(D (I,J)).LT.1.2-3) D(I,J)=0.0%0
CONTINUE .
WRITF(6,34) ((D(I,d),d=1,12),I=1,12)
FORMAT (" 1'////" =" ,5X,"SZ*SL*SZ*TZ + SY*SY*SYXTY + SYX*SY*SY*TX
21/20%S%I ROTATFD TO THE TRIGONAL AXES'///('0',12F10.4))
STOP
IND

3]

Nt IX,IY,IZ

’

o

r
r

SZ(T,J)*TZ(K,1) + SY(I,Jd)*IY(K,L) +

+
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APPENDIX 3
First Order Contribution of 83I Terms

Under a rotation of angle 6 about the y axis, as
described in section 4.1, the diagonal terms of some SBI
terms are given below .

3 3 3 . 2
s;1,—[S,cos”8 + {545,5-} sin“8cos8]I cose

where {s.5 s.t represents the six permutations of 5,5 S_

S%Iz—e[szsinBS - 5,8,5. sin3e/4]IZcose

3

Zsin26c059 + %(82848_ + S_S+Sz)sinzesin2(e/2)

545, 84T4-0 S
1 . L2 2
- 5(5,8.54 + 845.S )sin"6cos (8/2)
- l'-(S S S_ + S_.S.S5 )sinzecose]I sing
L PPz 0= ~Pg=t z

2

25, + S_5,8_ + S48% = 35.8,5_ - 25_

SZ
a3 aind . L
S_548_I+—[ Sysin”6 + (S 5,5 + S_S45,)sindcos™(8/2)

+ (5,584 + s+s_sz)sinecos4(e/2)

- (S+SZS_ + S_SZS+)sin38/4]IZsin9

COMMUTATION RELATIONS

N W

SZS+S_ + S_b+SZ

ZS(S+1)SZ ~- 25

w
wn
(9]
+
+
92}
+
w2
W
1l

ZS(S+1)SZ - 25

N W

< _ 3
S+SZS_ + S_SZS+ = ZS(S+1)SZ - ZSZ - ZSZ

Thus {S45,5.) = 2(35%435-1)S_ - 657
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APPENDIX 4

Program for the Exact Diagonalization of the
Spin Hamiltonaian: Matrix

In the program below the parameters
G , Gp, AC, D, F, AT, BI, GIZ, GIP, Ul, U2, U3, U4,
represent the spin Hamiltonian parameters

a, D, F, A, B, gi LU, 0, G, U

Ens Euo> ’ ) ’ ’ ’ gI’ gI’ o Yo ML ko
respectively. The units of the parameters are in MHgz,
while those of the spin Hamiltonian matrix elements
are in GHz. The conversion factors X and Y are

X = 8/h (CGHz/10"%1 T)

'Y = g /h (GHz/107 T).
Instead of working with A and B, the program was written
in terms of

2
At A+ IE(BSQ + 35 - 1)Uy

1

B' = B + 2-(35% 4 35 - 1)UL,
15
since the first order perturbation theory gives directly
the value of A' and B'.
The subroutine EIGCH employed to diagonaligze
the spin Hamiltonian matrix was taken from the IMSL

library (157, which is incorporated in the computer.

Its function is to calculate the eigenvalues of a




- 91 -

complex Hermitian matrix. Only the elements on and

below the main diagonal elements are stored. If [A]

is a Hermitian matrix whose elements are

[A] = _all a1, a3 ced ]
821 %22 2323
a31 8.32 8.33 PR
ahl

then [A] is reduced to the vector

a a a a a . )

(e
and stored as

( A(1), A(2), A(3), A(4), A(5), A(6), A(7),...)

210 8020 8375 8355 8335 )y -

This subroutine also incorporates a check on how
accurate the eigenvalues are. This check was executed
and the performance of the subroutine was found to be

excellent. Thus the floating point error on the eigen-

values was at a minimum.
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ENDO® FIT WITH TU4SL MATRIX DIAGONILTRATION SUBIANTINEG =7hcoH

s 2

Tprrc*' REFAL*6 (2-H,0=2)
CMPLTX=16 1 (78),7P2

ImrLG.R N/12/,7308/0/,32/0/,8C(2) /2,4 /,CD(4) /94, 1RV, 0 C
DIMENSION TH(4) ,PH(4),ALPHA (&) ,H (14) ,U(4),5(12),DTL(s),¥K

VI(40,6),TTXT (2),T(40),T(30)
N IS THE OFLFE OF THT MATRIY
IJOB=0 IZ=0 AND WX (36) AST 70 COMDITT TIGIMVALUTS ONLY
NC IS THT NUNMBIZ OF NON-TQUIVALINT =T0Tg

- VI CONTRINS THE 0OBSEZEVFD TNDOF FTEZ OP“'""?

S CONTAINS THE EIGENVALU'Q 02 THI ZVIEGY LTIVELS
DEL CONTAINS THT CALCULATED ZUDNT FREQUIENCITS
UNIZS OF QUINTITTS 17T IXPUT

MAGNMETIC FITLD H 1 nu—1 TreL2

tC,D,F,2I,EI, N MIZGLITZ™Y

RTAD(%,2) G,GP,GIZ,6TIP,2C,D,%,AT,RT,,21LDH2
FO?NA7(4F1014,3°3F10 4/6F10. 4/OD4F10 4)
PIAD(5.,6) B,T

FORMAT (1018)

WEITE(6,%) G,GIZ,AC,D,F,2I,B87T,U

D¥ CCXVIETS DEFE?S 70 BEADTANS
ER=0.1745329250- .

X BAND Y KTFEP ”:IT: IN GIGRHFRTZ TY THY HAXNILTONWIAN M2TRTY
X=1.33%111:0

¥Y=7.622700D-4

ONITS CF X 2Y¥YD Y GHZ/(1.07=1 TESL!)

no 53 IIk=1,2

SEZC(5,101) -TXZ,TH,PH
FORMART(GaA8/4F10.4/471C . 4)

PEAD(5,1) N, (¥(I),I=1,YH)
FORMAT (I5/ (6F10.4}))

READ (5, 1) KV, ((VI(T,J),J=1,6),T=1,UV)

WEITE (6,T) TEXT,CP,TH,EH,RLPHR

NEZ=NC (I IK)

DO 52 K=1,NH

WFITT(6,7) E(X) .

FOEMRAT ('0' ,—-1PF14.4)

DO 53 NNk=1,1lR

DO 14 I=1,78

A(I)=0.0DO

d 14

NON ZI2C MATRIX SLEMENTS O AND BELCH THE DIAGONZL

THE SPIN HAMILTONTAN MATRIX EZLEMINTS 2RF IN GIGIHIRTZ

PC =G -*X*H (K)*DCOS (TH (NN) *DP)

PS =GP *X¥H(K)*DSIY (TH (EN) *DR)
PIC=GIZ*Y*H (K) *DCOS (TH (¥N) *DR) /2.0D0
PIS=GIP*Y*H (K)*DST¥ (TH (NN) *D3) /2.0D0

AF= (AC-F) /3.0T0

DF=D/3.D0

S2=DSQKT (2. D0)

S5=DSQET (5.D0)

EPA =CDEXP((0.0D0,-3.0D0) * (PH (NN) —~ALPHA (¥¥) ) *DR)

DIAGONAL

A( 1)= 2.5%pC - PIC - BF + 10.%DF + 1.25*3T - 125./24.
R( 3)= 2.5%PC + PIC =- AF + 10.*DF - 1.25%AI + 125./24.
A( 6)= 1.5%PC - PIC + 3.%2F - 2.%DF + 0,75%AT - 9,/8.

»,

LR 8 %
(?b) ’

*T (1)
*17 (1)
%1 (1)
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2(10)= 1.5=PC + PIC + 3,%2F = 2.%DF = 0
A(15)= 0.5*FC = PIC - 2.¥2F = R,.»P™ + 0
L(21)= Q.5%PC + PIC = 2.%*kF = 8B.*DF - 0
A(28)=-0.5%PC = PIC = 2.%AF - 8,=DF = O
A(36)==0.5%FC + FIC = 2.*AF = 8,*DF + 0
E(45)==1.5*[C - PIC 4 3.,%2F = 2,%DF - D
A(55)==1.5%FC + PIC + 3.%LF ~ 2.,=DF + 0
A(H6)==-2.5*FC - PIC - AF + 10,*DF - 1
A(78)=-2.5%EC + PIC - AF + 10.=DF + 1

PTEST SOB-DIAGCNAL

2 ( 2)=-PIS -
3( 5)=5S6% (BI/2. - 13./12.%U(2))
A( 9)=2(2)

2 (14)=52% (BT - 11./3. *U(3))
A (20) =3 (2) :
R(27)=(3.%BI/2. = 25./4. *U(3))
2 (35)=2(2)

L (44)=2 (14)

A (54)=2 (2)

A(65) =L (5)

A(77)=2(2) .
SECCND  SUB-DIZGON2
A( 4)=S5%P3/2,

A( 8)=2(4)

2 (13)=82%PS

2 (19)=1(13)
R(2¢)=1.5%PS

R (34) =2 (26)

E(43)=2% (13)
A(53)=2(13)

E (64)=2 (4)

A (7¢)=2(4)

FIFTH SUB-DIAGONAL
2{16)= 1.5%U(4) xS5*70)
A(231)= 1.5%U (4) =¥ D3
2(50)=-2(31)
2(73)=-2(1s)

SIXTH SUB-DIAGONAL
A(22)=( 2./3.%AC + U(2)/2.)*S5*FP2

CA(30)=( 2./3.%*AC - U(2)/2.) *S5%TP2

A(39)= U(2)*S2%TPA

A (49)=-2 (39) . .
A (60)=-A(30)

A(72)=-2(22) _

CALL EIGCH(2,,TJ0B,S,Z,TZ,WK,I7F

Lo 11 J=1,6

DEL (J)= (S {14=-2%J) =~ S(13-2%J))*1.0D3
KVI=NE* (K-1) + NN _
WRITE (6,10) CP(NN),DEL, (VI
FORMAT (*'0',T12,A4,727, 'FIT
STOP :
END

(KvI,Jd) ,J=1,6)
'yT31,6F10.3/70

75*17 + q./q. xr,(‘])
25=27T - 1./24.=17 (1)
25731 + 1. /24.=TT (1)
25=1T + 1e/264.>1 (1)
25%LT - Te/24.%T (1)
7= + Q./R. =T ()
75=2T - Q9,/3, =[1(1)
2SFAT 4 125./24.°0 (1)
25*2T = 125,/24,=11 (1)

',T27,'%XP',T31,6F10.3)
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