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ABSTRACT

ELECTRON PARAMAGNETIC RESONANCE

3+

" -OF THE V ION IN CsAl(SO +12H 0.

4212,
by ‘
James G. Clarke

. +
The electron paramagnetic resonance spectrum of the V3 jon

4)2-12H20 single crystals has been studied in the [111]

direction, {100} and {111} planes at 4.2°K wi;h‘an X-band microwave

in CsAl(SO

spectrometer.
+ )

The spectrum indicates that the V3 ions have four equivalent

_sites in a unit cell with the axis of trigonal symmetry of each
3+

[V~6H20] complex oriented along a [111] direction.
~g__“A.__§:I.ngleVbx'-_qad_vli_ne__is._gbserved_fr,,QmMeach_,complex site;
the line consists bf eight equidistant components which correspond
' 51

to a nuclear spin I = 7/2 for V°~. The resonance specfrum for each

complex was interpreted with a spin Hamiltonian of the form
= +
Hg = gy HyS, * 4 5,1,

The. average value of the parameters which gave the best fit to

the experimental data were

A = (1.027%£.005) X 10_2cm~1 = 1,980%.002
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Abstract

3+
The electron paramagnetic resonance spectrum of the V- iom

in CsAl(SO4)2'12H20 single crystals has been studied in the [111]
direction, {100} and{111} planes at 4.2°% with an X-band microwave
spectrometer.

The spectrum indicates that the V3+ ions have four equivalent
sites in a unit cell with the axis of trigonal symmetry of each
[V'6H20]3+ conplex oriented along a [111] direction.

A single broad line is observed from each complex site;
the line consiéts of eight equidistant componenés which correspond

51

to a nuclear spin I = 7/2 for V°~. The resonance spectrum for each

complex was interpreted with a spin Hamiltonian of the form

hs =g, HZSZ + A DZLZ

The average wvalue of the parameters which gave the bast fit to

the experimental data were

A= (1.027£.005) X 10 Zcm * g, = 1.980%.002
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Introduction

The free V3+ ion which has a 3F2 ground state contains two
unpaired 3d electrons. In the experiment performed by the author,
the trivalent vanadium ion replaces an aluminum ion in a single
crystal of CsAl(SO4)2'12H20. Six Hzo molecules surround the V3+
‘ion forming a near-regular octahedron (Figure 8) which produces
a cubic electrostatic crystal field with a small admixture of fields
having a lower order of symmetry. In CsAl alum, the field of lower
order symmetry has been found by x-ray analysis to be a small trigonal
distortion. This trigonal field component appears to have its main
origin in the pésition of the (804)2- groups.

The ground level of V3+ ion possesses seven~fold orbital
degeneracy (L = 3). The cubically syiuictiic field reamoves the
orbital degeneracy and converts this level into a singlet and two

triplets (Figure 2). The orbital singlet level lies uppermost.

The comparatively smaller trigonal field component splits each

of the two triplets into a singlet and a doublet. The lower

lying singlet level is triple spin degenerate (S = 1). This spih
triplet level is further split into a singlet and a doublet through
spin-orbit interaction. ‘

' Since at low temperatures only the lowest energy levels are
occupied, one is interested in only the above three lowest spin
levels with which an effective spin1 8' = 1 can be associated. A
Paramagnetic Resonance Spectrometer was used to observe transitions

between these three spin levels. Because of the large initial

splitting of levels E, and Eysg (Figure 3), observation of



iv
absorption 1ines'representing the transitions Ela—pEZ and El4—>E3
(‘Aml = 1) would require'\-ﬂ—c:m_1 quanta. For l-o::m—1 quanta a magnetic
field of ~60 kilogauss is required. Within the frequency range of
~9300 megacycles and magnetic field values between 100 gauss and
5 kilogauss,mone therefore can expect to observe transitions

between the upper levels E2 and E3 (fAml = 2).



Chapter 1

Theorxy

1.1 . The General Hamiltonian of the.Free Vanadium Ton

When an ion is placed in a crystal lattice of given symmetry,
. the energy levéls of. the ion are modified by the crystal surroundings.
‘In ordér.to understand these modifications, it is important to
review the intéractions involved within a freé ion.
In the absence of an external magnetic field, the complete

Hamiltonian operator is
= + + 3 . | ‘
B=T+Vo+ Voo + Voo + Vo + Yy | .(1)

The first term T is the total kineti¢ energy of thé electrons

given by

S22 . . o
T.—%(PRIZMO) S o (2)

where ﬁk is the linear momentum of the kth electron.

Mo is the mass of the electron.

The summation is extended over the index k designating each

electron of the system. ’ o y
The coulomb term VC consists of
‘v,.= - Z‘Ze2 + e2 (3)
¢ KN T '- -
Tk %i Tkj

where Ty is the radius vector extending from the nucleus to the

electron, In this equation and the following the C.G.S, system of units was used.

fkj is the distance between the kth electron and the jth electron.



2.

The first term in the akove equation (3) is the coulomb
attraction between the nucleus and the electrons. The expression
is summed over all N electrons. The second term represents the
coulomb repulsion between electrons and is summed over pairs of
electrons.

The next most important interaction is the potential energy
due to the spin-orbit coupling between the electron spin gk with
orbital momentun I&.

- . .. .
Voo = Z[ajklj.sk + bjklj.lk + cjksj.skj (4)
dr - :
where ajk’ bjk’ cjk are constants.
In the above formula, k and J range over all electrons.

If we confine ourselves to Russel-Saunders coupling, then

Zi'j =1 (5)
and
235 =3 (6)

' ->
The wvectors L and § couple to give the total angular momentum
- -- -
J=L+S5§ (7)
The spin-orbit interaction can be written as

Vgo = ALS (8)

where X is the spin-orbit coupling constant for a given ion.
The fourth term of equation (1), VSS’ represents the magnetic

dipole interaction between electrons.



This term is

- - 3(-1’. '-S. )(?. "5)
Veg = Z_:J’:—EJ Sk jk j2 jk kJ . (9)

e Tk Tik

The summation im the above term (9) as in the case of the coulomb
repulsion term {(3) is extended over all pairs of electrons.

If the nucleus has a spin I and a quadrupole moment Q,
the various terzs are split again by two additional interactions,

V.., and V where
N q

. S - Fa - 2
1,-s )1 3(r, "8, ) (%, D)
N ma{i{ k "k + k k' k "Th, 8§6<rk)<s*k-*1) (10)
_ 13

V =
3 i
Ty k
and
- 2 - - .2 R :
v = e“q EEI(I+1) R . (11)
1 IE-D 3 i .
k k k - .

where 1 is the orbital angular momentum of an electron
s 1s its spin
f the Bohr magneton
Bn the nuclear magneton
Y the nuclear gyromagnetic ratio i; units of e/2Mc
Q the quadrupole moment and
:kis the distance between the electron and the nucleus.
The first term in the curly brackets in VN describes the
dipole~dipole interaction between the nuclear moment and the magnetic

moments of the electron. The second term, containing the delta-

function 6§, denotes the anomalous interaction of the s-electron with



the nuclear spin. The expression Vq describes the electrostatic
interaction with the quadrupole moment Q of the nucleus.

The order of magnitude of these interactions can be estimated

from the observed atomic spectra. The level separations of VC are

+ -
usually of the order 10 > cm 1, V., causes splittings of the order

SO
+ — - - - - -— -
1072 e, Ve ~~1cm 1 Vg~er10 Lo 1073 et v ~10 3 et
1.2 The General Hamiltonian of Trivalent Vanadium

in a crystal lattice and an external magnetic field

When an ion is placed in a crystal lattice, additional terms
representing the effects of the lattice on the motion of the
electrons must be introduced in the general Hamiltonian for the
free ion.

The term VX, which represents the interzction of the ion and
the crystal's electrostatic field is as follows

v, = - g_ekd)(rk) (12)

where the summation is extended over all electrons.
When the crystal centaining the ion under study is subjected

to an external magnetic field, two new terms must also be added

to the Hamiltenian for the free ion. The first term which describes

the electronic interaction with the external magnetic field H

is given by

H

where 8 1s the Bohr magn=ton.

The second term gives the direct interaction of the nucleus with

v, = Z s(f'fk + 28) B (13) -



the external field H as follows

HT (14)

V, = - Y8y

h
where vy is the nuclear gyromagnetic ratio
BN is the nuclear magneton.

The ofder of magnitude of the above interactions are estimated
to be VHf\-l cm"1 while for Vhf\¢10-3 cm_l. The term Vx causes
splitting of the order 103 cm--1 or greater.

The general Hamiltonian for trivalent vanadium under the

influence of a crystal field and an external magnetic field is

then given by the sum of these interactions

= + +
H Hl VH + Vh VX (15)

o~
)
=)
o

H T+ Y +V, +VY  + U + Y
1 C SO SS N q

B
ey
]
13
®

]

In the above expression for the general Hamiltonian of
trivalent vanadium, the first two terms T and VC are spin
independent. If these terms are neglected, the total general
spin Hamiltonian of trivalent vanadium ion under the influence

of a crystal lattice may be written as

= + + + + + vV +
HS vSO vSS VN vq VH Jh vX an

where the potential energy terms are defined as previous. Tt
is justifiable to drop the spin independent terms from the spin
Hamiltonian, since they shift all levels equally and so do not

enter into the energy differences.



: : .
The spin Jamiltonian 7 applicable to V3 is given by

.Hs-= guBHzSz + H S +HYS ) + D(S - 2/3)

+E(S ) ; AI_S_ + B(I S, + I S. ) (18)

Z2 XX

The effective spin Hamiltonian to inteéprete the spectrum
.of V3+ fons in CsAl alum may be obtained from equation (18), by
deleting those terms that give oniy off diagonal elements and also
By omitting the axial field DS§, which ig.tﬂe same for both
'ﬁ = t1, This Eamiltonian is of the form

Ho = g 8,S, + AS, I, | | - (19),'

. where g is the g-factor parallel to the trigonal axis

8 1is the-Bohr-magneton—--- |

A is the hyperfine-splitting counstant.

The value of the magnetic field for the positlon of the mth
byper‘lne component is °iven by
(*hv—Am)/gnBcos G) o R (20)

where h is plamck's constaat

v is the frequency of the microwave source

" 0 is the angle between the magnetic field Hﬁ and the

: L. . .
trigonal axis of the [V-5H20]3 complex.



1.3 The expressions for the magnetic field

for resonance in the {100} and {111} planes.

The magnetic field value at this point of resonance for the

mth hyperfine component, may be obtaine& from
H = (3hy-Am)/g, gcos @) (21)

where @ is the angle between the magnetic field Hm and the
trigonal axis. This expression must be modified to-allow for
movement of the magnetic field H in the {100} and {l111l}planes.
As a preliminary to this calculation, a few solid geometry
relationships must be considered.

Suppose that the paramagnetic resonance experiment was performed
first in the {111} plane. ThéirelaElBﬁEHiﬁ“Befﬁééﬁ"fHé‘éﬁgIé'6*"‘”f”‘ T
(the angle between the complex symmetry axis and Hdc) and Gr
(the angle between H,. and some reference line r in the {111}
plane) is required (Figure 4a). To obtain this relationship one

must consider figure 4b where
cos (c) = cos (a)-cos (b) + sin (a)-sin (b)-cos (c) (22)

Using the above spherical geometry'formula and the following equivalents

c=0; a-= 8ys b = 19°18' and ¢ = 90°%; the relationship between

@ and GH is found to be_
cos (8) = 0.94284 cos (Qr) (23)

If one considers figures 5a and 5b a similar relationship can be

found for experiments in which Hdc is in the {100} plane.
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This expression is
cos(8) = 0.81647 cos(er) (24)

The expressions for the magnetic field for resonance in the

{100} and {111} planes then become

cos(8) = 0.81647 cos(er) (25)

and

cos (9) 0.94284 cos(er) (26)
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Chapter 2

Crystallography

The crystal structure of the alums can be summarized as a

series of douhle salts8 with the formula

i _iii .
R R 4)2 12H20
i iii
in which R™ is a monovalent metal, R is a trivalent metal, and

Ryi is either a sulfur, selenium or tellurium. The crystals belong

(RViO

to the pyrotehedral class of the cubic system, with four molecules of
the above form per unit cell. More specifically, the space group
is Tg (Pa3) while the point group is Th(%f§>° In the author's
case, the alum used in the Electron Paramagnetic Resonance experiment
was CsAl (SOA)Z'IZHZO‘

The relative positions of the various atoms are shown in
Figure 1. The metal cations occupy alternate sites on the cube
corners. In 21l known cases, six HZO molecules are octahedrally
coordinated with the small trivalent cations (Figure 8). If
the vanadium icn is assumed to be at the point (0,0,0), the ligand
ions may be taken to be approximately at the points

(+a, o, o), (o, *a, o), (o, o, *a)

thus forming @ regular octahedron.

The distribution of the other six H20 molecules depends on the
size of the monovalent ioms, and to some extent characterizes the
o, B and y alum types. The CsAl alum used in this experirent is
classified as a B alum. The eight (SOA)Z— groups are dispersed

equally through the different octants of the unit cell znd consists



of a single sulfur atom surrounded by four tetrahedrally coordinated
oxygens. The bonding arrangement in a single octant, shown in
Figure 1, is typical for B or a alum.

+
3 site is determined by

Since the crystal field at the R
the arrangement and position of the various ligands, 1t is

appropriate to list the different neighbors in order of proximity

six octahedrally coordinated H20 at 2.0A°
six (504)2- | at 5.0A°
six R1+ at 6.0A?
two (804)2- at 6.5A°

The location of the sulfate ions which represents the second
and fourth neighbors are shown schematically in Figure 7. The
six second neighbors lie in {110} planes approximately at the
intercections of the line through R3+; whiéh forms a 90° angle
with the two parallel octant body diagonals. In each case, that is
in Figure 7(a), 7(b), and 7(c) the distance dO from R3+ to S is
equal. For the B type alum, d0 is equal to 0.409 a where a is the
lattice constaat.

As indicated in Figure 6, the six (804)2- groups form a
trigonally distorﬁed octahedron around R3+, with the threefold axis
of symmetry along a unit cell [111] direction. On this same axis
but outside of the distorted octahedron, the remaining two sulfates
lie at a distance d; equal to 0.572ao for a B alum.

In the following table, the values of a_s do, and dé are

listed for the particular alum crystal used by the author.

1o.
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Table 1

Crystal-Structure data

L
Alum Type ao 32- do

CsA1(S0,) ,*12K,0 8 12.3334°  5.044a°  7.054A°
Crystal Preparation

The crystals used in the experiment were prepared by allowing
a hot saturated solution of V3+ ions in CsAl alum surrounded by
a nitrogen atmosphere to cool slowly to room temperature. One
sample was later analyzed and found to contain 1.86% vanadium,

4.5Z aluminium, while there was 23.67 cesium by weight.
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Chapter 3

Experimental Apparatus

The purpose of this section is to briefly describe the Electron
Spin Resonance Apparatus used by the author. Figure 9 is a functional
block diagram of the principle components of the electron spin
resonance spectrometer.

The basic components are: 1) an electromagnet whose homogeneous
gap field H can be swept continu&ﬁsly with respect to time from 1
kilogauss to 10 kilogauss; 2) a generator for producing a slow low
frequency modulation of 400 Hz of the main field H at the center
of the air gap; 3) a stable klystron siénal oséillator supplying
microwave energy with a frequency of about 9,500 MHz to 4) a
sample rectangular cavity resonating at the klystron frequency; 5) é
local klystron oscillator to heterodyne the reflected signal from
the resonate cavity after resonance; 6) a crystal detector; 7) a
graphic recorder.

The X~band microwave bridge contains a klystron, isolator,
attenuator aﬁd a hybrid tee. The signal klystron oscillator
generates microwave energy over the operating frequency range of
8.8 to 9.6 GHz to irradiate the sample. The klystron is coupled to
the wave guide system by an attenuator and ferrite isolator. As
a unidirectional attenuaior, the isolator prevents reflected energy
due to a mismatch in the microwave system from affecting the output
frequency of the klystron. The isolator provides forward attenuation
of less than 1 decibel, with a reverse attenuation of over 30 decibels.

In this way, the klystron is affectively isolated from any reflected
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power. The-microwave energy then passes through a variable cttenuator
which controls the level of energy applied to the hybrid junétion.

In zddition to controlling the power output, the attenuator also
serves to 1solate the klystron from unwanted reflected energy.

The microwave bridge's—hybrid tee consists of both a low and
a high power arm, a 20 dB directional coupler, and a detector arm.

'The 20 decibel coupler provides a monitoring point for power at the
hybrid tee. By observing the power at this point, the variable
attenuator may be calibrated. The power entering the hybrid tee
from the signal klystron oscillator divides equally between the low
and high power arms. The low power configuration is used in the
electron spin resonance experiment performed.

The components of this arm are a cryostat isolator, a phasé
shifter, and a saumple resonancélcavity. The crystai isolator
allows the incident power on the cavity to be adjusted from
~-6dB to -40dB attenuation in reference to the power from the
hybrid junction. The signal reflected from the sample cavity
containing the resonance information passes unatternuated back through
the cryostat isolator. The phase shifter immediately following the
crystal isolator’édju;ts the phase of the microwave power incident
on the sample cavity. The cavity assembly is connected to the
phase shifter by a standard (1.27 x 2.54 cm) gold-plated brass
wave guide.

The high power arm of the microwave bridge is connected to the
i—band superheterodyne adapter unit. The adapter unit's principle
components are a local klystron oscillator, a ferrite isolator, and

a variable attenuator. The local oszcillator is tuned to a-
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frequency £ 30Miiz from the klystron signal oscillator frequency in
the microwave bridge. The ferrite isolator, and variable attenuator
perform the same function in the adapter unit as in the bridge unit.
The local oscillator energy is coupled to the hybrid ﬁee's high
power arm by means of a sli&e screw tuner. This tuner ensures.- :
the correct matching between the two systems.

When resonance is obtained at the sample, tﬁe cavity impedance
is changed and a signal is reflected from the cavity to the detector
arm in the hybrid tee. At the crystal detector, the reflecﬁed
signal is heterodyned with the local oscillator frequency. The
30 MHz difference frequency containing the modulation electron
spin resonance information is applied to the pre-amplifier which
is atéached to the crystal detector. The-information signal is
then passed tnrough several amplifier unlts that provide high
selectivity, sensitivity and sharp response. From the amplifier stage,
the absorption line derivative is displayed on a graphic recorder.

Before outlining the experimental procedure used to obtain
the .electron paramagnetic resonance spectra of V3+ in CsAl alum,
.something should be said about the dewar vessels used to contain :
the liquefied gases. As shown in Figure 9, the main dewar is
placed between the pole faces of the magnet and contain the
microwave cavity with the paramagnetic sample immersed in liquid
helium at its boiling temperature of 4.2°K. Inm addition, a second
dewar containing liquid nitrogen at 77°K surrounds the helium dewar,

thus providing a radiation shield to conserve the liquid helium .

more effectively.
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Chapter 4

Experimental Procedure

4.1 Initial Preparations

To prepare the system for Electron Spin Resonance experiment
at low temperatures, the crystal sample was introduced and oriented
on the bottom internal face of the sample cavity. The crystal was
held in position by vacuum grease. Also placed in the sample cavity
was a small amount of dipheryl picryl hydrazyl (D.P.P.H.) which
provided a method to measure the frequency of the klystron. The
sample cavity and its waveguide extension were then suspended
within the dewar system.

The dewar system (Figure 9) was then placed in such a manner
that its lower neck section was centrally positioned between the
pole caps of the direct current magnet. By centering the lower
section, it was also possible to position the crystal sample at
the mid~point between the pole caps. To obtain the experimental
temperature of 4.2°K, it was necess#ry to use liquid nitrogen and .
liquid helium. Both liquids were contained and stored by the dewar
system which consisted of an inner and outer vessels. The outer
vessel has a permanent vacuum jacket while the inner vessel is
surrounded by a variable vacuum jacket.

Before introducing liquid nitrogen into the larger outer
devar, the variable vacuum jacket of the inner vessel was flushed
several times with dry nitrogen gas. Upon completion of this procedure,
the variabie vacuum jacket was filled with a small amount of dry
nitrogen gas. The sample chamber of the inner dewar was also

flushed and filled with dry nitrogen gas. After the introduction of
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liquid nitrogen into the outer dewar, the system was allowed to
cool for approximately one-half hour stabilizing at liquid nitrogen
temperature of 77°K.

When temperature equilibrium of the system had been reached,
the sample chamber of the inner dewar was flushed with dry helium
gas. Before liquid helium was transferred into this chamber, the
variable jacket which previously had been filled with a small amount
of dry nitrogen gas was evacuated. The Electron Spin Resonance
experiment was able to be performed after the system stabilized

at liquid helium temperature of 4.2°K.

4.2 Determination of Absorption Points

After initial preparations of the dewar system were completed,
the Paramagnetic Rescnance Spoctrometer was tunmed te detect the single
resonance line of D.P.P.H. at a particular magnet angle. By
carefully adjusting the spectrometer to determine this resonance
condition for D.P.P.H., the set of eight resonance lines for V3+
was also detected by varying the value of the magnetic field. As
the magnet was rotated about the vertical axis of the sample cavity.
in intervals of five degrees, a similar set of resonance lines was
detected at each angular position.

The data cutput from the spectrometer at each particular
magnet setting was in the form of a first derivative absorption
curve. The experimental magnetic field value at each point of
energy absorption was determined from this spectrum by two methods to

be discussed later. These points of absorption corresponded to the

spectrum crossover points on the chart recorder curve (Figure 10).
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The justification for taking these crossover points as the actual
absorption poiats was verified upon integrating (appendix I) the first
derivative spectrum when the crystal was oriented in the [111] direction.
As illustrated in table 2, a small error of 6 gauss was found to
exist between the integratéd and non-integrated resonance magnetic

field values at the points of energy absorption.

4.3 ¥easurement of Magnetic Field Values

The experimental magnetic field value at a point of energy
absorptién for each of the eight hyperfine lines was determined by
two methods: 1) by a Nuclear Magnetic Resonaunce (N.M.R.) fluxmeter,
2) by measuring the position of the resonance signals on the chart

recording with a travelling microscope.

4.3.1 Nuclear Fluxmeter Method

The time dependent magnetic field was adjusted slowly until
a resonance signal was detected on the chart recorder. At the exact
point of absorption which was represented on the/dhart paper by a
crossover point of the first derivative signal, the magnetic field -
was held constant. The fluxmeter probe was then placed between the
magnet pole caps near the sample cavity. After the N.M.R. absorption
signal for this steady value of the magnetic field was located on
the N.M.R. flummeter's oscilloscope, the fluxmeter's transmitter
frequency was monitored with an electronic counter. To obtain the

value of the magnetic field, the frequency displayed by the counter

was multiplied by the constant of the probe used. The Nuclear



Fluxmeter Method was repeated until the magnetic field value for

each energy absorption point was determined.

4.3.2 Travelling Microscope Method

The experimental magnetic field values at the points of energy
absorption were also determined by the use of a travelling
microscope. As mentioned above, at each angular position of the
magnet the spectrometer's output on the chart recorder was a-first
derivative spectrum consisting of eight absorption crossover points.
By means of the travelling microscope, the distance from a common
line which was chosen as the initiél magnetic field sweep point
on the chart paper, to an absorption crossover point was measured.
Similarly, the total distance between the initial magnetic field
sweep point or eommon line and the final magnetic field swegj

point on the chart recorder paper was determined. The ratio of

180

the first measurement to the second was then formed. The experimental

magnetic field value at the point of resonance was calculated by

multiplying this ratio by the total wvalue of the magnetic field

sweep in gauss. This procedure was then repeated for each absorption

peint.

4.4 Measurement of Klystron Frequency

The klystron frequency was determined by means of a small amount

of D.P.P.H. which was included in the sample cavity. The microwave

frequency is given by

y = gBi/h
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where g is the landé splitting factor for D.P.P.H.
B is the Bohr Magneton
h is Planck's constant
H is the magnetic field value at the point of resonance for D.P.P.H
The value of the magnetic field H in the above formula was
obtained by means of a Nuclear Magnetic Resonance Fluxmeter.
When the following sample numerical values g = 2.0037 (D.P.P.H.),

7

9.2732 x 10-21 ergs/sec, h = 6.625 x ].0-2 ergs/sec. and

B

H = 3.322 Kilogauss were substituted into the above formula, the

klystron frequency was found to be 9318 megacycles/sec.



Chapter 5

Data Analysis

In order to analyse the experimental data consisting of the
magnetic field values which were obtained from the first derivative
absorption curve, two methods were used: 1) a ratio method which
employed a migimum set of resonance field values; 2) a least square
fitting method that compared the theoretical and experimental

resonance field values for each angular position of the magnet.

5.1 The Ratio Method

(1) To determine the constants A and gy in equation (20),

a ratio of the set of minimum field values was formed as follows

Hy _ @/2ny-Am) (27)
where m and m' refer to the nuclear spin quantum numbers
and Hm and Hm, are the minimum magnetic field values corre-
sponding to nuclear spin quantum numbers m and m'. -

The hyperfine constant A is then determined by

A = hy(1-b) (28)

A' - B'b
where b is the ratio of H_ to H ,.
m m
The g-factor parallel to the trigonial axis is determined by

= 1/2hy-A-m : (29)

g
i H Bcos®
ful

20.
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where A was previously determined from equation (27), and
0@ 1s the angle between the magnetic field Hm and the
trigonal axis of the [V’6H20]3r
(2) Average values for A and gl,were determined by considering
several different combinations of the eight minimum field values

in the ratio for b.

5.2 The Least Square Fitting Method

(1) The magnetic field values which were determined either
by a travelling microscope or by the nuclear fluxmeter were
plotted versus magnet angle (Figure 11). The magnet angle
for which the line spectrum of each of the eight components was
a minimum, was determined. To obtain this angle, two procedures
were used and compared, The first procedure was by observing
the above graph while the second method employved a polynomial
curve fit of degree ten. An average minimum angle was then
calculated from the above procedures.

(2) A corrected set of experimental angles were then obtained
when this average minimum field angle was subtracted from the orig{nal
magnet angles (Table 3).

(3) By a least square fitting technique, that compared the
corrected set of experimental data consisting of the original
field values and the ccrresponding corrected experimental angles
and the theoretical data calculated from equation 20, the values of
the constant g\‘and A were determined.

(4) A three dimensional graph was plotted to illustrate

that the parameter values were minimum.
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Chapter 6 - )

Results and Discussion

'The experimental magnetic field results obtained fromwthe Nuclear
Fluxmetér and Travelling Microscope Methods for different cr&stal
planes and directions are listed in tables 3, 5, 7, 8, 9 and 10. Th;
 corresponding theoretical magnetic fields calculated by Equation (20)
which was modified by the crystal plane correction factors are listed
in Tables 4 and 6. The values of the parameters A and 8y obtained
from the Ratioc Method and the Least Square Fitting Method are given in
Table 1i along with the average values for these parameters.

As shown in Table 11, it was impossible to reproduce in different
experimental runs identical parameter values for a given signal. This
siilgut variation was due to difficulties encognttrcd ih“bfiéi:iﬁg o
the crystals in the microwave cavity. The limited range of the
parameter values for different crystal planes and directions illustrated
that the Ratio and Least Square Fitting Methods were comparative.

At liquid nitrogen and room temperaturgs, the V3+ spectrun Qas not
detected. At liquid helium température a single broad line was )
observed for each complex site; the line consisted of eight equidistant
components which correspond to a nuclear spin I = 7/2 for V51. The
spectrum indicates that the V3+ ions have four equivalent sites in a
unit cell with the axis of trigonal symmetry of each [V-6H20]3+ complex
oriented along the [111] direction. Tﬁé maximum energy absorption occured
when the sample was placed in the cavity so that the.rf magnetic field was

parallel to the static magnetic field. This indicates that the

transition under study is the one for‘Axnl =2
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The angular dependence of the eight hyperfine lines for both
the {111} plane and the {100} plane is illustrated in Figure 11 and
12. As the magnet angle increased, the separation between the
hyperfine components remained approximately constant. With the
magnetic field along the [1121] direction (Figure 10), the line
- width of the single broad line, the line width of each of the eighﬁ
components, and the separation of each of the eight compoﬁents was
870; 50, 109 gauss respectively.

The experimental results reported here are iﬁ gooed agréement
with those obtained by Zverev and Prokhorov (1960) in their investigation
of V3+ in single crystals 6f corundum. Similar results to those

reported in Table 10,also were determined by Lambe and Kikuchi (1960).
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Appendix I

Integration of Absorption Spectra

The first derivative absorption spectra obtained from the
Electron Spin Resonance Spectrometer was integrated by two methods
1) by Simpsom's rule and 2) by the Trapazoid rule. The spectrum
was integrated to determine the extent of the error im taking
the crossover points of the first derivative curve as the point
of absorption. The integration methods were applied to the
first derivative spectrum of V3+ ion in CsAl alum in the [111]
direction as shown in Figuve 10.

Simpson's rule to approximate the area of the region bounded

by the curve y = £(x), the x-axis, x = a and x = Db
rb
R 1|
f(A);dx~3(Y0 + 4yl + 2y2 + 4y3 + 2y4 +......4»yn__:L + yn)

a,
where h = (b-a)/n.

4
When the estimated absorption points of the first derivative

curve were compared to the calculated absorption points of the
integrated curve an average error of 7 gauss was found (Table 2).

The secomd method to integrate the first derivative absorption
curve was the Trapezoidal rule defined by

b A
£(xddx = —5 | £(xg) + 2£(x;) + 2£(x)+ ...... +2f(xn_1)+f(xn)]

a

where %x = (b-a)/n

and xi = a + iAx

The average error for this method was found to be 5 gauss (Table 2)
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Table 2

Absorption Magnetic Field Values

Magnetic Field Values Magnetic Field Values Magnetic Field Values

by Simpson's Rule by.Trapazoid Rule by Nuclear Fluxmeter
in gauss in gauss in gauss
1278 1287 1287
1380 1385 1390
1494 1499 1503
1608 1612 16lé
1721 1721 1725
1830 1830 1834
1940 1940 1944

2044 2048 2053
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Table 7
Results of October 26, 1970 [111] direction
Spin Values Corresponding Resonance Field

Values in Gauss

+7/2 1287
+5/2 1390
+3/2 1503 A=1.019 X 10 2cn”
+1/2 1612 gy = 1.984
-1/2 1725
-3/2 1834
_5/2 -
-7/2 -

Table 8
Results of September 17, 1970 [111] direction
Spin Values Corresponding Resonance Field

+7/2
+5/2
+3/2
+1/2
~1/2
-3/2
-5/2

-7/2

Values in Gauss

1290
1397
1512
1619
1732

1840

A=1.019 X 10 %cm”

g =1-975

1

1
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Table 9
Results of October 22, 1970 {111} plane
Spin Values Corresponding Resonance Field

Values in Gauss

+7/2 1368
+5/2 1487
+3/2 1605 A=1.049 X 10 2cm”
+1/2 1722 gy = 1.984
-1/2 1851
~3/2 -
-5/2 -
-7/2 -

Table 10
Results of November 4, 1970 {100} plane
Spin Values Corresponding Resonance Field

Values in Gauss

+7/2 1560
+5/2 1696
+3/2 1830 A =1.032 X 10 %cn”
+1/2 ’ - gy = 1.971
-1/2 2112
-3/2 2227
=5/2 2387

~7/2 2522

1

1
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1
3
(A) CUBIC FIELD
(B) TRIGONAL DISTORTION
(C) SPIN-ORBIT INTERACTION
(H) MAGNETIC FIELD
3F9 /
[ —
3
./"
e A 7cm _
(B)
(©) (1)

Figure 2. Energy level diagram of vanadium ion ia CsAl alum.
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3
V=
SZ +1
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Figure 3. The three lowest spin levels, with which we can associate

the effective spin S' = 1,
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Figure 4h

; 3+
Figure 4a, b Solid geometry relationships for V3 ions in

CsA1(SO *12H,0. In Figure 4a H

42 9 . moves in a {111} plane.
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Figure 5a
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Figure 5b

+
Figure 5a,b Solid geometry relationships for V3 ions in

CsAl(SO4)2'12H?O. In Figure Sa Hdc moves in a {100} plane.
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UNIT CELL \

TRIGONAL AXIS

Figure 6. The second-neighbor sulfur atoms are presented as forming
+
a trigomnally distorted octahedron which surrocunds R3 .
Outside of this octahedron and on the axis of trigomal

symmetry lie the fourth-neighbor sulfurs.
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(a) . (b)

(c) (d)

/f”’

A A

S
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-

Figure 7.

.

The locations of the eight sulfur atoms which surround R3

im a2 unit cell are shown schematically., 1In (a) through (c),
the three pairs of second-neighbor sulfurs are presented as
lying in {110} planes at the intersections of [111] axes

im their respective octants and the line approximately
perpendicular to these axes passing through R3+ at the center
of the unit cell. The distance from R3+ to each of these six
S atoms is denoted by do. In (d), the two fourth-neighbor
sulfurs are shown as lying on the main body diagonal at a

+
distance from R3 denoted by do'.



Figure 8.

Octahedron of water molecules round a paramagnetic 3d ion.

42,
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Blaeck diagram of Electrou Spin Resonance Apparatus.
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Reference for Figure 9

Components of the functional block diagram

Varian X-band Microwave Bridge V-4500-42

Bridge Case

Varian X-band Superheterodyne Adapter V-4554-1

Adaptor case

Klystron local Oscillator
Ferrite isolator
Variable attenuator

30 MHz IF amplifier and second detector
Phase Shifter

Croystat isolator
Variable attenuator =
Ferrite isolator
Klystron

Pre~amplifier

Dewar system

Direct Current magnet
Modulation coils

Sample cavity

Crystal detector tuner
Hybrid junction
Slidescrew tuner

High power arm

Detector arm
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Figure 11. Resonance magnetic field variation with napgpnet angle.
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{100} plane
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Figure 12. Resonance magnetic field variation with magnet angle.





