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ABSTRACT

In these experiments the Electron Paramagnetic Resonance (EPR) spec-
trum of the vanadyl ion (VO*@) in single crystals of Zn(NHy)o(S04) 2-6Hz0
is studied and comparison of the X-ray irradiated vo* spectrum to V
in single crystals of Zn(NHy)2(SO04)2-6Ho0 is made.

Investigation, at 9.3 kmc, of the single crystals containing the
vanadyl ion, VO+2, showed that the vanadyl ion substitutes for the di-
valent zinc ion with its V-0 axis oriented in one of three directions.
The three directions have a population ratio of 20:5:1 with the larger
two population positions having their axes at an angle of 77°4L8' to each
other and the third position having its V-0 axis inclined an angle of
98° to the other two. The rhombic spin Hamiltonian fits the experimental
data well if the x, y principal axes of the g tensor are rotated 23°20'
from the x, y principal axes of the A tensor. The z axes of both tensors
are assumed to coincide. The rhombic spin Hamiltonian constants (ob-
tained at room temperature) vary slightly for each of the three positions
with the larger population position having

g, = 1.9331 A= 0.018281/cm

gy = 1.9813 By = 0.007137/cm

gy = 1.9801 B, = 0.007256/cm
|Q' | = 0.0002k4/cm Ay = -0.0000462/cm

The constant%%f (— Fky+Fyx) results from the noncoincident principal
axes of the g and A tensors and arises from the inclusion of off-diagonal
terms of the form-

> (T ST
S

The constants A, By, By, and‘%f;y are related to Azz, Axx, and Ayy, the
principal axes values of the hyperfine tensor, and were evaluated to be

AZZ = A
Ayx = 0.0071200/cm
Ayy = 0.0072439/cm

ix



The three positions of the V-0 axes suggested that the direction of
these axes were the (111) directions of the octahedron of water molecules
that surround it. Since the octahedron of water molecules is distorted
each of the four positions is ordered in energy and thus in population.
The lowest population position was not observed. An alternate descrip-
tion in which the vanadyl ion is surrounded by five water molecules (the
vanadium is at the center of the octahedron of the five water molecules
and the covalent bonded oxygen) is considered a possible description of
this complex,

Also observed was a five-line superhyperfine structure on the vana-
dyl resonances for a specified orientation of the magnetic field. This
structure was found to be due to the protons of the surrounding water
molecules.,

Upon X-ray irradiation of the crystals containing the vanadyl ion
it was found that the X-ray, or the subsequent high energy electron it
produces, breaks the V-0 bond resulting in a V'+2 EPR spectrum having the
same rhombic spin Hamiltonian constants and z axis orientation as crys-
tals grown with V™2, These constants, measured at 24 kmc, were calculated
to be

g8z = 1.9717 E = 0.02280/cm
gy = 1.9733 A = 0.008263/cm
D = 0.15613/cm B = 0.008246/cm

with A and D having the same sign. Measurements were also made on the v

(irradiated VO™2) spectra in Mg(NH,) 5(SO04) 2-6Ha0 and ZnKo(S04) 2-6Hs0.

Although X-ray irradiation, carried out in a white beam from a tung-
sten target tube operated at 50 KVP, 50 ma, reduced the intensity of the
VOot2 signal 80-90% in 10 min (~lO8 rad) further irradiation failed to
reduce the intensity of the remaining vanadyl signals. Also, of reduced
vanadyl signal, only 15—20% of it was converted to V2, An experiment
carried out at L4,2°K failed to show any V2.



CHAPTER I

INTRODUCTION

In recent years the spectroscopy of the solid state has been given
a great impetus by the initial successes of such devices as the trans-
istor, the solid state radiation detector, and the ruby maser and laser,
as well as by the need for fundamental knowledge of the basic properties
of solids in such new areas of application of reactor technology and
space exploration.

Magnetic resonance is one branch of solid state spectroscopy that
deals with nuclear, ferromagnetic, antiferromagnetic, and paramagnetic
resonance. The first, nuclear magnetic resonance, or NMR, is concerned
with the magnetic dipoles of nuclei; the other three are concerned with
the magnetic dipoles resulting from electrons. In ferromagnetic and
antiferromagnetic resonance the ele;tronic dipoles are strongly coupled
to each other, while in electron paramagnetic resonance, or EPR, the
~individual electronic dipoles are considered separate or very loosely
coupled.

Paramagnetic substances differ from diamagnetic ones in that the
former posses permanent magnetic dipoles arising from the orbital and
spin motion of the unpaired electrons. While unpaired electrons occur
in the incompleted shells of the four transition series of tﬁe periodic
table—iron, rare earth, platinum, palladium and uranium—unpaired elec-
trons also occur in somé donors, acceptors, and other impurities in

1



solids, metals, odd electron molecules, such as free radicals and those
molecules damaged by radiation, and triplet state molecules, such as Os.
All these may give rise to electron paramagnetic resonance. For texts
on EPR one may consult Iow,l Pake,2 Ingra‘m,B’h and Shlich.ter,5 as well
as the reviews by Bleaney and Stevens,6 Bowers and Owen,7 and Jarrett.B

The study of the resonance phenomena of paramagnetic ions began
with Zavoisky,9!lo in 1945. Previously the principal techniques for
studying paramagnetic materials had been magnetic susceptibility and
paramagnetic rotation. The classic paper by Bethell in 1929, on the
prediction of the splitting of the orbitally degenerate ground state of
the paramagnetic ion on the basis of the symmetry of the ligandé sur-
rounding the ion, and the resulting application by Van Vleck!? to the
explanation of paramagnetism gave rise to the "crystalline field era"
in the history of paramagnetism.

Soon after Zavoisky's discovery it became apparent that besides
revealing a great deal of information about the paramagnetic ion, EPR
could also contribute much to the then meager knowledge of the crys-
talline field arising from the ligands surrounding the paramagnetic
ion. Generally verifying the results of crystal field theory, EPR
techniques provided data precise enough that detailed examinations re-
vealed discrepancies between the theoretical energy. level scheme and
the experimental results. Reconsiderations of the crystalline field
theory showed that the more general approach is that of forming a

molecular orbital model of the paramagnetic ion and the surrounding



ligands so that covalent bonding is included. 1In this approach crystal-
line field theory becomes a limiting case of the molecular orbital treat-

ment.*

A. BACKGROUND TO THE PRESENT INVESTIGATION

One ion of particular interest in EPR investigations is that of
vanadium. Almost isotopically pure, vanadium consists of 99.76% V5l,
nuclear spin 7/2, and 0.24% V5O, nuclear spin;6}hv5l is also an odd pro-
ton nucleus—23 protons, 28 neutrons—so that its magnetic moment is ex-
pected to be quite large; the result is that the hyperfine structure
consisting of eight resonances (2I+1) should be well separated.

The various oxidation states of vanadium have been observed to be
+5, +4, +3, and +2. Since the electronic structure of vanadium is
[A]BdBMSQ, where [A] denotes the closed argon shell, the +k4, +3, and +2
valence states have 5dl, Bde,'and 3d5 electrons respectively. By Hund's
Rule** these valence states +L4, +3, and +2, will have electron spins of
1/2, 1, and 3/2, respectively, and orbital angular momentum of 2, 3,
and 3, respectively. These electrons are thus unpaired; as a result
the EPR signature of each valence state is readily recognized by the

number and angular dependence of the fine structure groups, as well as

by the separation of the hyperfine structure.

*For an excellent introduction to molecular orbital as well as crystal
field theory see Ballhausen. 3

**Hund's Rule applied to vanadium says that the ground state has (a) max-
imum spin multiplicity and (b) maximum orbital angular momentum con-
sistent with (a). See Heine,5 p. 97.



B. LITERATURE SURVEY OF VOl EPR INVESTIGATIONS

Yjéa In 1951 Bleaney, Ingram, and Scovill6 reported on the EPR
spectrum of V'2 in Zn(NH,) o(S04) o+ 6Ho0—1the same host crystal used in
this investigation. 1In this crystal six water molecules form a dis-
torted octahedron surrounding the yte ion, producing a rhombic crystal-
line field. As a result the 2S+1 degenerate ground state splits into
two spin doublets, MS=i3/2 and Ms=il/2, separated by 2D, A magnetic
field splits the remaining degeneracy, and application of microwave en-

ergy at a frequency v gives rise to three fine structure groups with
L
10Dg

Because of the 7/2 value of the nuclear spin of Y1 and its large mag-

g=2(1 - ) corresponding to the selection rule AM = *1 (Fig. 1).

netic moment, each of the fine structure groups are composed of eight

resonances (2I+l) with a separation of approximatd y 90 gauss. Their
spin Hemiltonien constants are g, = 1.951, D = 0.158/cm, E = 0.049/cm,
and A = 0.0088/cm.

Low!T investigated V'® substituted in the cubic site of Mg in Mg0
and found g = 1.980 and A = 0.0074/cm.

Xﬁi. In 1958 Zverev and Prokhorovl® and later Lambe, Ager, and
Kikuchil9 reported on V*J in g-Alo0s (corundum or sapphire); their EPR
results confirm the magnetic susceptibility measurements of Siegertgo
and van den Handel and Siegert.gl Pryce and Runciman22 have performed
optical investigations of v*3 in sapphire.

In sapphire six oxygens surround each aluminum site in a distorted

octahedron, giving rise to a trigonal crystalline electric field. If



P Tig /
A
(1) ‘29 Jl B"j_(l)
PR +BR
12 Dq
-Lipm
2
@ 4§ § Teo _ Eg (2)
. < * Bteg (1)
F
cp S
FREE_ION cusic F=FP TETRAGONAL LS COUPLING MAGNETIC FIELD
— —  INTERACTION {ETongafed) —
(A,B<0)
P Tg P e
d! Vﬂ-!
- —skArt+ 8P
Ateg (1)
4
Fa

(0§ Aeg }

Fig. 1. “F (V") and 3F (V*D) states in crystalline fields.



V'+5 is substituted for the Al+5 ion, the trigonal component splits the
To energy level into a doublet E and a singlet B. This splitting acting
through the L.S ‘coupling causes the ground state to split into a lower
spin singlet Mg = O and an upper spin doublet Mg = *1 separated by ap-
proximately 10/cm (Fig. 1). An applied magnetic field causes the Ms = %1
level to split and the application of microwave energy at a frequency v
causes a "forbidden" transition, AM = #2, to occur at H = hv/2gB. Since
the ground state is separated from the excited state by only a few wave
numbers, the relaxation time of this AM = *2 transition is so short that
the EPR experiment must be performed at very low temperatures, ~4.2°K,
in order to observe the spectrum. If the temperature becomes too low,
less than 2°K, the Mg = t1 state becomes so depopulated that no signal
is observed at all. For v*2 in 0-Alo03, g = 1.98, and A = OOOloé/cmo
Yii= In 1960 Lambe and Kikuchi®? found a small amount of V"')‘L in
sapphire having g = 1.97 and |A] ~ O,0152/cm° They were also able to
show that by X-ray or gamma irradistion that some Ve is produced from
vt3, Also in 1960 Gerritsen and Lewisgh and Zverev and Prokhoroved re-

i

ported on V'' in Ti0s (rutile).

+h

In rutile six oxygen atoms surround the Ti" " site, producing a
tetragonal field with a small rhombic component. Since V'HL has only one
3d electron and thus a spin of 1/2, only one fine structure group cor-
responding to the AM = %1 transition is observed (Fig. 2). Theoretically,

the V+h spectrum in rutile ‘has yet to be satisfactorily explained in

terms of ordering and separation of energy levels. One notes that vana-
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dium oxide, VOp, forms a "rutile-like" structure but with one short V-0
bond (Andersson26), Since V¥ tends to form VO™ ions it may well be,
as BallhausenlB‘suggests, that in TiOs V"'LL tends to form a strong co-
valent bond with one of the oxygens. The observed hyperfine spectrﬁm
of V+LL in rutile is very anisotropic, having a separation of A, = 0.0142/
cm, Ay = 0.0031/cm, and A, = 0.0043/cm. The g values, gy = 1.915,
8y = 1.913, and g, = 1.956 also reflect the rhombic symmetry of the
crystalline field.

Although the valence state of vanadium in the vanadyl radical VOt
is also +4, the strong cylindrical field formed by the vanadium and the
oxygen produces an energy level structure quite different from that of

vt

in a cubic field (Jorgensen®! and Fig. 2).

The first EPR spectrum of the vanadyl ion VO+2 was reported by
Garif'ianov and szyrev28 and szyrev29 in both liquid and frozen aqueous
and acetone solutions and later by Pake and Sands?© and Sends)l in
aqueous, acetone, and ether solutions and in glass; by O'Reilly52 in
vanadyl etioporphyrin I dissolved in benzene and high viscosity oil; by
Faber and Rogers>” on various adsorbers (charcoal, Dowex-50, IR-4B, and
IR-100) ; and by Roberts, Koski, and CaugheyBu in some vanadyl porphyrins.
As mentioned above, the vanadyl ion carries its own crystalline field so
that it matters little what other kind of field surrounds the ion as
evidenced by the similar spectra found by these investigators. The re-

sults of these investigations are that the g, and g velues are 1.88-

1.9% and 1.98-1.99, respectively, and a hyperfine splitting of 0.0147-



0.0184/cm parallel to the z axis and 0.0055-0.0078/cm perpendicular to
the z axis. The variation in these values is suggested to be due to
the variation of the covalent bonding between the vanadyl ion and the
surrounding ligands (Faber and Roger853), Because the samples used in
these investigations were either powders or solutions, the resulting
EPR spectrum is either an average of the randomly oriented VO+2 ions

in the frozen or powdered samples (Bleaney,55 Sands,31 Searl, Smith
and Wyard56 or Ibers and Swalen57) or a time averaged spectrum in solu-
tion as a result of the motion of the V02 ions (McConnell58 and Rogers
and Pakeld) .

Because of the need for EPR information on oriented* V0™ and be-
cause of the success of producing the various oxidation states of vana-
dium by Lambe and Kikuchi2®3 and Wertz, Auzins, Griffiths and Orten,O
this present work was undertaken. Underlying these immediate reasons
is perhaps a deeper one—that of a systematic study of the solid state

chemistry of vanadium.

*There are brief comments on oriented Vo2 in VOS04:-2H20 by Hutchinson
and Singer,”l as well as some unpublished investigations on V02 in
ZnKo(80,) 2-6He0 by Gager. 2



CHAPTER II

CONCLUSIONS

A. VoO*e

The results of the present EPR experiments on oriented VO+2 indicate
that the vanadyl ion is substituted for the divalent zinc ion in single
crystals of Zn(NHy)o(804)2°6Ho0 having its V-0 axis oriented in one of
three directions. The three directions a;e found to have a population
ratio of L40:10:2 with the larger two population positions having their
V-0 axeé at an angle of 77°48' to each other and the least populous posi-
tion having its V-0 axis inclined at 98°1' to the other two. The room
temperature spin Hamiltonian constants differ slightly for each posi-

tion, with the larger population position having:

g, = 1.9351%2 By = 0.0071374/cm
gy = 1.9813%2 By, = 0.007256th/cm
g, = 1.9801+2 @ xy = -0.0000L62+2/cm
A = 0.018281+5/cm |Q'| = 0.00024+2/cm

The quantity&ﬂqAﬁgy = ny+Fyx) results from the inclusion of terms when
the principal axes of the g tensor do not coincide with the principal
axes of the A or hyperfine tensor. The experiments indicate that the z
axes of the two tensors coincide, but in the xy plane the angle between
the x axes of the two tensors is 23°20'. Using the values forﬁ?xy, By»
and By, we find the principal axes values of the hyperfine interaction

10



11
constants to be Ay, = 0.00?lEOO/cm, Ayy = 0.00?2M59/cm, and A, = A,

B. IRRADIATED VO™

The results of the present EPR experiments on V2 and irradiated
V072 in single crystals of Zn(NH,)(S0,)2-6Ho0 indicate that the X-ray,
or the subsequent high energy electron it produces, breaks the V-0 bond,
resulting in a v*2 EPR spectrum having the same spin Hamiltonian con-
stants and z axis orientation as crystals of Zn(NH,)o(S04)2'6Ho0 grown
with V*2, The measurements on the irradiated VO™ crystals give the

following room temperature spin Hamiltonian constants:

8, = 1.9717+5 E = 0.02280%3/cm
gy = 1.9733%5 A = 0.008263%5/cm
D = 0.15613%3/cm B = 0.0082L6+5/cm

with A and D having the same sign. Figure 3 depicts these results quite
vividly.

In this crystal the VO+2 spectrum is reduced in intensity by X-ray
irradiation a factor of two for a dose of 5xlO6 rads. Although satura-
tion occurs after lxlO8 rad, resulting in a 80-90% reduction in the

2 signal, only 10-20% of the vanadium has been converted to 2 An

VO
EPR experiment carried out at L4.2°K failed to show any of the vanadium

in trivalent form.

C. TWO MODELS FOR VO™ 1IN Zn(NH,) 2(804) 2°6H20

Ballhausen and G;rr;x:yu5 have proposed a molecular orbital description
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of the vanadyl ion currounded by five water molecules found for VO+2 in
solution and VO™ in V0S0,4°2Ho0 (the vanadium is located at the center
and the oxygen and the five water molecules are at the vertices of an
octahedron). Their description agrees so well with optical absorption
data and the g values reported in the literature as well as the g values
found in these experiments, that it should be considered that the yo+e
has this pentahydrate environment in the Tutton salt. One other exper-
imental result éupporting this pentahydrate model is the three orienta-
tions of the V-0 axes found in this crystal. If one assumes the validity
of the pentahydrate model, the results of the present experiments show-
ing the irradiated vot2 EPR spectrum and the V+2 EPR spectrum to be
identical imply that the oxygen removed from the VO+2 ion takes the

place of the missing water molecule of the octahedron, producing a crys-
talline fieldvidentical, as far as EPR can determine, to that for e
surrounded by six water molecules.

An alternate "model" results if one considers the V-0 axis point-
ing in the (111) direction of the cube where the six water molecules
are placed at the centers of the faces. This arrangement predicts four
possible directions of the V-0 axis, but since the octahedron of water
molecules in the Tutton salts is quite distorted, the four directions
are ordered in energy and thus in population. The fourth direction,

not found experimentally, is then expected to be so energetically un-

favorable that it is not detectable by EPR techniques.
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D. FURTHER STUDIES

While the major questions of the EPR spectrum of VO+2 in
Zn(NHy) o(S04) 2-6Ho0 and the qonvefsion of VOt2 to V'@ in this same crys-
tal seem to be answered sufficiently, several unanswered questions sug-
gest further work, such as; (a) an investigation of the superhyperfine
structure on the vanadyl resonances that arise from the protons of the
surrounding water molecules. That this structure is due to the protons
is verified by its absence in crystals grown with Ds0. Replacement of
the Hx0 by D20 reduces the line width of the vanadyl resonances by one-
half, and the smaller magnetic moment of the deuteron (0.85738 n.m. as
contrasted to that of the proton, 2.79275 n.m.) reduces the strength of
interaction so that the superhyperfine spéctrum due to the deuteron is
unable to be resolved. This investigation might be best pursued with
ENDOR techniques and might provide information as to the correct model
of VO™ in the Tutton salt and a molecular orbital description of the
complex; (b) a more accurate measurement of the strength of the quadru-
pole interaction also best accomplished with ENDOR techniques; (c) an
investigation of a vanadyl radiation dosimeter. Vanadium in glass is
observed to be in the form of the vanadyl ion and showed a decrease in
signal intensity upon X-ray irradiation. Thus, the possibility of a

vanadyl glass dosimeter immediately suggests itself.



CHAPTER IIT

EXPERTMENTAL METHODS

A. CRYSTAL GROWTH

Single crystals of 0.05, 0.1, 0.5, and 1.0% concentrations (vanadyl
to zine) of the Tutton salt Zn(NH,)2(S04)2-6Hs0 were grown by evapora-
tion from a water solution into which ZnS0,4-T7H20, (NH,)=S04, and
VOS0,4*2H20 were dissolved in the prescribed amounts. Translucent light
blue crystals up to 3-4 mm long wer obtainable in 1-2 days. Zinc potas-
sium and magnesium ammonium Tutton salts containing 1.0% V02 were also
grown in this manner.* %% For the crystals containing heavy water, or
D20, the water of hydration in ZnSO,°TH20 and VOS04-2Ho0 was first re-
moved by heating, and then the above evaporation technique was employed.***

In contrast to the relative ease of the growing of the vanadyl crys-
tals, the growth of the 1.0% and 2.0% (V™ to Zn) Zn(NH,) 2(S0,)2-6H0
crystals required a greater degree of skill because of the rapidity at
which Ve becomeé oxidized in solution. Cathodic reduction of the 1.0
and 2.0% (VO™ to Zn) zinc ammonium sulfate solutions, in which the
platinum cathode and anode are separated by a porcelain cup, followed

by evaporation in a carbon dioxide atmosphere yielded opaque lavender-—

*7ZnS0,4+ THoO—Mallinckrodt, Analytical Reagent; (NHg)2S04,—Allied Chem-
ical, Reagent; V0204°2Ho0—Fisher, Purified; MgSO,—-Allied Chemical,
Reagent; and KoSO4—Mallinckrodt, Analytical Reagent.

**¥Activation analysis of the 005% VO+2 Tutton salt showed a concen-
tration of 0.00M% V/Zn° This analysis was performed by Mr. H. Nass
of the Radiation Chemistry Group under the supervision of Prof. W. W.
Meinke of the Chemistry Department of The University of Michigan.

*¥*The DoO was obtained from Norsk Hydro (Norway) and is 99.78% pure.

15
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colored crystals 2-3 mm long in 3-L4 days.

B. CRYSTAL STRUCTURE AND ORIENTATION

Figure L shows the unit cell of a typical Tutton salt. The location
of the atoms on the unit cell is taken from the X-ray data listed in
Wyckoff,uh who lists the space group of these double sulfates as CghPEla,
In this crystal there are two molecules per unit cell and the water mol-
ecules surrounding the (0, 1/2, 1/2) position are derived from the
(0,0,0) position by a tramslation to (0,1/2,1/2) followed by a reflec-
tion in the ac plane. Although the several views of the octahedron in
Fig. U4 show a large deviation from cubic and tetragonal symmetry, sug-
gesting that any EPR results from paramagnetic ions placed in the di-
valent site will need to be fitted with the rhombic spin Hamiltonian,
Wyckoffuh remarks that because of the closeness of several of the atoms
certain distances can only be taken as approximate. Yet EPR results do
- indicate considerable rhombic symmetry (see Bleaney, Ingram and Scovil16
as well as the results obtained in Chapter V of this investigation).

As shown in Fig. 5, these double sulfates or Tutton salts grow with
well-recognized faces (Tuttonh5), so that orientation of the crystal be-
comes a task accomplished with relative ease. Figure 5 also shows the
two devices for orienting the crystal with respect to tﬁé magnefic field.
The one device positions a 22-in., 0.25-in,-diam, 0.025-in.-wall qﬁartz
rod to the crystal so that when the rod is vertical tﬁe»degired orienta-

tion is in the horizontal plane—the plane of rotation of the magnet.
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Fig. 4. Unit cell of Zn(NH,)2(S04) 2+6Hz0.
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The position of the crystal is fixed in this device by the grooves that
are machined at the same angle as the crystal growth faces. The crystal
is attached to the quartz rod with Goodyear Pliobond cement.

After placing the crystal, now fastened at the end of the quartz
rod, in the cavity and the other end of the quartz rod in the second
orienting device, one‘makes the final adjustments of the crystal's ori-
entation with respect to the magnetic field by moving the quartz rod in
either of the directions indicated in Fig. 5 until the desired EPR spec-

trum is displayed on the recorder.

C. EPR EXPERIMENTAL ARRANGEMENT

EPR spectra were obtained with a Varian V-4500 EPR Spectrometer,
Varian V-4560 100-kc Field Modulation Unit and a Varian 4012-35 12-in.
rotating eiectromagnet. The schematic diagram of the spectrometer sys-
tem is shown in Fig. 6.

X-Band System. For the vo+e crystal measurements a Varian V-l53/

6315 Klystron oferating at approximately 9.3 kmc was coupled to a dual
moae (TEOll) rectangular ceramic cavity internally coated with a themo-
setting silver paint (Hanovia 32A). The thin silvered walls of the
cavity allows 100-ke modﬁlation of the magnetic field at the sample
crystal. Measurement of the klystron frequency was accomplished by
means of tepping a small amount of pbwer from the microwave circuit via
a coaxial cable adapter to a Berkeley 7580 Transfer Oscillator and a

Berkeley 7370 Universal EPUT and Timer. Such a measurement system is
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Schematic diagram of EPR spectrometer system.
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accurate to one part in 106. The system was operated at room temperature
with a magnet gap of 3.25 in.

K-Band System. The V'+2 and the irradiated VO+2 crystals require the

use of a higher frequency klystron since the zero field splitting of V'+2
in the Tutton salts is of the approximate value as the X-band frequency
(see lambe and Kikuchi®3). A Varian VA-98 Klystron operating at approx-
imately 24k-kmc was employed with a 2.0-in. magnet gap. The cavity for
these measurements was a dual mode (TEOll) cylindrical ceramic cavity.
The klystron frequency was measured with a Hewlett-Packard K-532A absorp-
tion type wavemeter having a least count of 0.010 kmc and a resettability
of 0.002 kme.

Magnetic Field Measurements., Magnetic field measurements of the in-

dividual resonances were made with a Varian Model F-8 Fluxmeter connected
to the Berkeley 7580 Transfer Oscillator and the 7380 Universal EPUT and
Timer. For magnetic field intensities below 8000 gauss measurement of
the proton magnetic resonance frequency is used (L42.5776 me at 10 kilo-
gauss) . For higher fields corresponding to the v*2 measurements at K-
band frequencies the resonant frequency of the deuteron is used, result-
ing in a slight lowering of the accuracy of the magnetic field (6.536 mc
at 10 kilogauss). Measurement of the magnetic field was made directly
beneath the cavity, resulting in only a -0.1 and +0.4 gauss difference
between the magnetic field intensity at the position of measurement and
the position of the sample for 3300 gauss (3.25-in. gap) and 8600 gauss

(2.0-in. gap), respectively. For the measurements on the crystals con-
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taining D20 this value was-0.77 gauss.

C Axis Position. For the Tutton salts the relation between the mag-

netic axes and the crystalline axes was obtained by measuring the angle

of the c axis to the zy-plane of the V+2 spectrum or the c axis and the
K;Ks plane of the vo+e spectrum. The measurement was made with a short
focal length transit. With the crystal mounted so that the zy-plane was
horizontal, as recognized by the EPR spectrum on the recorder, the optical
axis of the transit could be aligned along the c axis of the crystal since
an intersection of two of the growth planes of the crystal lsy parallel

to the ¢ axis (Fig. 5). Of course, the length of the intersection of the
two planes determines the accuracy with which the angle can be measured,
but for a L-mm length of intersection of the crystal growth planes such

a measurement could be made to within +0.3°.

X-Ray Irradiations. X-ray irradiations of the VO"'2 crystals were

made in the shite beam from a tungsten-target, Machlett AEG-50S tube ope-
L6

rated at 50 KVP—L0 ma. Using cerrous-cerric dosimetry after Weiss™ we

6 rad/min ( Appendix

estimated the dose rate to the crystals to be 7x10
A). Although Weissu6 found the cerrous-cerric yield to be independent

of energy from 100 KV X-rays to 2 Mev gamma rays and independent of

dose rate from 1/2 Roentgen/sec to 500 Roentgen/sec, and although the
above measurement falls out of both ranges, the Machlett tube sheet claims

that emission may be more than 2xlO6 Roentgen/min under certain condi-

tions so that the experimental value seems approximately correct.¥

*The energy absorbed by the crystal appears to be greater than the tube
emission as a result of the higher absorption coefficient of the crys-
tal compared to that of air.



CHAPTER IV

THE HAMILTONIAN

For electron ﬁaramagnetic»resonance phenomena almost all of the ex-
perimental results can be described by a phenomenological Hamiltonian
called the "spin Hamiltonian.'*

While the spin Hamiltonian is truly phenomenological in that one can
postulate it on the basis of symmetry, we shall give an account of the
"derivation" as usually seen in the literature. We consider the ion im-
bedded in & crystalline field produced by the charges or dipoles from the
surrounding ligands** and enumerate the interaction terms of the n elec-
tron ion in a crystalline electric field subject to an external magnetic
field;

Interaction Energy

We = ﬁ(%‘ ) KZh‘E‘ e/

= ™

S (oS tplybocusys) (0GR
)K rar
= )\_5_ <EUSS€H'SENY\CQgr5 QOUPI,Y\ED "J\O L uz\i—_ﬁb
53 | 3logeSpGesd | i
\/\/ss = Q,ZK g\ e r\g\sk J | Jem

*See Pryce™! and Abragem and Pryce,“8
*¥Recently Lacroix and Emchu9 have generalized the spin Hamiltonian to in-
clude the effects of covalent bonding.
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Interaction Energy

W, - alﬂﬁ/@[ {(ﬁ \:jn ;3 (Le )::«) L )}i—%"rg(r&)@,glﬂ Nlo’z/Cm
\/\/Q —11(:+.)[Z :x:(r_*.) (\—K.:r.j ] N \O_s/cm
Wit= BH-[L*aS]+ H-gvL

Wef = :Z \/K (crys'\‘el -puelao

The energy of the crystalline field can be noted experimentally to fall

into three classifications.
(1) strong fields (~lou/cm) where there is considerable covalent

bonding. Then

4] 4)

o

éi Tﬁ;} < \/\43? < E
4, 3

(2) Medium fields (~103/cm) as in most ions in the iron series and
in this work.  Then
n 2
e
‘\/\/SO< \/\/Q-F < Z Y4
(3) Weak fields (~102/cm) as in most complexes with the rare earth
elements. Then
VAJE{: < \/\/SCD
The reason for making the distinction is that our perturbation treat-
ment of the crystalline field on the ion depends on where, in terms of
interaction energy, W, falls in the series of ¢% = WotWgotWggtWntig.

Since the crystalline field in these experiments falls into classifi-
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cation (2), we assume the single electron approximation. That is, the
R . . 2(5:)2( 5 6
ion is constructed of single electron orbitals such as (1s)<(2s)<(2p)
(5s)2(3p)6(3d), which are solutions of the hydrogen-like Hamilton,
P2/om-Ze2/r. For the closed argon shell, [A] = (ls)2(2s)2(2p)6(5s)2(3p)6,

A__—e'&
we note that the mutual repulsion term ;Z_ ?§” merely adds to the

K>4
total energy of the shell. However, in our paramagnetic ion with the un-
paired 3d electrons this term gives rise to certain configurations of the
3d electrons that are lower in energy than others. Since we need to
know the ground state of the "free ion" in our crystalline field one as-
sumes Russell-Saunders coupling of the 3d electrons and constructs anti-

. QJ .

symmetrized wave functions ~ to calculate matrix elements of the type
<:?]W¢f|&’>> so that the configurational energy can be computed. The
result is a confirmation of Hund's Rule that the ground state has (1)
maximum spin multiplicity and (2) maximum orbital degeneracy consistent

with maximum spin multiplicity. Thus for Bdl, Bdg, and 5d3 electrons

the ground states are 2D, 3F, and MF,

A. THE CRYSTALLINE FIELD
In order to calculate the splitting of the ground state due to the
R . R R . . 2\/_ e
crystalline field, which is assumed to satisfy Laplace's equation \Y2 —u),

we expand VK in a series of normalized spherical harmonics

w© £ m m
\/K =2 y Yg_ (QK,LP&) AQ rt

42?0 M=~

and procede to calculate the one electron matrix element for the 3d elec-
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trons (Appendix B). We note that (a) if inversion symmetry exists about
the paramagnetic ion, all odd terms disappear since VK must have even
parity and Y? has parity (-)l, and (b) no terms exist for £ > 4 for 3d
electrons since the direct product of two d orbitals span no representa-
tion higher than £ = k.

Also, since VK must conform to the symmetry of the ligands producing

Vg, other terms may be zero. Thus we obtain for cubic fields,
: ! -4
o _4 [\ /© 5/z< .V ” ©
= +H= +
\/\4’ A4r [Yar (\4> \(4 \‘+ Ao

or,
© -5 4_3 ¢t +—/Z\U
\/ = A '_‘.5_TT?—L><"'+>/‘*+2 'BFJ o
k 4 4
Calculation of the matrix elements for this cubic field for the ground
states 2D, 5F, and uF results in the splittings shown below where the

numbers in parenthesis indicate the orbital dengeneracy and the letters

Eg, Tg, and Ag refer to the symmetry of the state wave function. The
energy level separation parameter Dg is defined as Dq = L _Qg T4 where
ay

Q is the charge on the ligand and ;Z is averaged over the 3d radial func-

tion.
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bic tetrag. bic +eﬁra% bic et
e lc(co::frgs d) S (elongated) SR @flgh;;ge_e{)

If there is an elongation (contraction) of the charges along the z
direction then there is a lowering of the symmetry from Oh(cubic) to
Duh(tetragonal)° The crystalline field then contains the additional
terms Bor2Y3+B,r4Y3 and the degenerate levels split as shown above or in
Figs. 1 and 2.

In calculating fields of lower symmetry (rhombic) Ballhausen (Ref.
13, p. 108) points out that it may be necessary to include other terms in
the Hamiltonian such as spin orbit coupling or dynamical effects (Jahn-
Teller) rather than augmenting the crystalline field potential with a
rhombic field component. The important feature one should notice is
that the lower symmetry reduces the degeneracy of the ground state to an
orbital singlet. In fact, a theorem by Jahn and Teller?0O states that a

molecule having orbital degeneracy always distorts to remove the de-

generacy. The exceptions are linear molecules and Kramers degeneracy.*

*Kramers theorem states that a system containing an odd number of elec-
trons will have even degeneracy if placed in an external electric field,51
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B. THE SPIN HAMILTONTAN
A

The terms in Qéé = Wso+wn+wq+wmf which are left from the original
Hamiltonian are now treated as a perturbation to the system., But instead
of calculating the change in energy directly with this perturbation Hamil-

Y

tonian C}{ , we use the operator equivalent method of Stevens’? to ob-
tain a transformed Hamiltonian valid for constant L and constant S. This
method consists of replacing the individual electron spin variables, which
transform like the components of a vector, by the components of the total
spin operator S and replacing the position coordinates, which transform
like second order spherical harmonics, by the components of L. This is
valid providing that we remain within a manifold of constant L and con-
stant S. With this transformed Hamiltonian the change in energy of the
orbital singlet ground state is calculated to second order using only the
orbital part of the wave function—now in the L,S representation. The

result is the elimination of the orbital operator leaving a Hamiltonian

with only spin operators-—the spin Hamiltonian.

SF\n—ﬁ %S E—-S +IAS Ig ﬁ i;

The first term contains the spectroscopic splitting factor g and differs
from 2.0023 as a result of admixing from higher states. D is a measure
of the splitting of the ground state in a noncubic field and gives rise
to the fine structure, while the third term containing A expresses the
hyperfine interaction.- The fourth and fifth terms express to first

order the quadrupole interaction and the interaction of the magnetic
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field with the nuclear moment, respectively. A constant factor has been
dropped since it shifts all levels equally.

Since the spin Hamiltonian must conform to the symmetry of the ion
in the crystal we note that for axial, cubic, and rhombic symmetry sur-
rounding the paramagnetic ion and providing the principal axes of each of
the tensors coincide, we obtain the following spin Hamiltonians for cubic,

axial and rhombic environments.,

gL)/c =93 HY +AIS ‘éwﬁw H-I

vhic

A ol =Bl HeSs LS HiS) v D[St- 4 i) + ATLS,

¥ B[SXIX+55 Ia] Q-5 ] -4y [%Nz—l“il-yﬁm(\'ﬂlﬁ H@ Igﬂ

Hohordoe=/3 [32He e+ GxHhTyrgyHyT] + DISI-45ts+)] +E(5:-55)
+/ I252+BXIXSX+ Bgfas% + Q’ [_TZ,L-%I(I"’M -\—Q’l [_IKL“I;'J
B [t T o Ha T+ Gy Hy T ]

In general the principal axes of the tensors may not coincide in
which case cross terms may appear. For the example of the g and A tensors

not having the same principal axes, additional hyperfine terms of the
/
type ;Ej Fﬁj(Sin+IiSj) may appear.
o4
The spin Hamiltonian is truly phenomenological in the sense that we
could have postulated it from 'a posteriori arguments on the type of

interactions and the symmetry of the enviromment. In fact for electronic

spins higher than 3/2 such as Mn™ (S = 5/2) in cubic environments, one
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must include a term quartic in spins (i.e., a(S§+S§,+S%)° Although higher
order terms may also be allowed it can be shown that any monomial in

Jxs Jy, and Jyz of ‘order more than 2J can be reduced to a linear combina-
tion of monomials of order less than or equal to 2J.

Koster and StaatzSB:Su have obtained a more general Hamiltonian that
is less restrictive than the spin Hamiltonian. However, the number of
constants in their Hamiltonian requires data to be obtained at high and
low magnetic fields for a proper evaluation of the constants. Also the
difficulty of application of this Hamiltonian increases as the symmetry
surrounding the paramagnetic ion decreases.,

Because of this difficulty in using the Koster-Staatz Hamiltonion
and that of relating the results of this work to that of other investiga-
tions, we chose the spin Hamiltonian as the method of evaluating the ex-
perimental data. The derivation of the angular variation of the energy
levels from the rhombic spin Hamiltonian is done in Appendix C and an
"exact" calculation of the fine structure energy level separation for the
magnetic field parallel to the x, y, and z axes is carried out in Ap-
pendix D. Also, the angular variation of the energy levels for the g
and A tensor not coinciding is calculated in Appendices E and F. Fin-
ally, Appendices G and H list the equations that were used to reduce

the data.



CHAPTER V

EXPERIMENTAL RESULTS

A. vo*te

From the EPR measurements at X-band frequencies of the VO+2 ion in

Zn(NHy) o(S04) 2+6Ho0 crystals, the room temperature rhombic spin Hamilton-

ian constants with noncoinciding principal axes of the g and A tensor

listed in Table 1 were calculated for the three observable locations of

the two sites in the unit cell,*

TABLE 1

EXPERIMENTAL RESULTS FOR VOt2

Location 1%* Location 2 Location 3
8z = 1.9331%2 1.9316%3 1.9299+k
gx = 1.9813%2 1.9808k
gy = 1.9801+2 1.9797+L 1.9811+10

A = 0.01828145/cm

= 0.007137%k/cm

By, = 0.007256%k/cm

xy = -0.0000L62+2/cm

Q'] = 0.00024+2/cm

Line width (Hz0) 5.0%0.k4 gauss
Line width (D20) 2.4*0.2 gauss

Relative intensity 40x10

0.018275%5/cm
0.00710k4+4/cm
0.007255+L /cm

0.0002lt5/cm

5.0%0.L4 gauss

1042

0.018441+10/cm

0.007250+10/cm

5.0%0.4 gauss

21

*The errors associated with each of the numbers in the table is the ex-

perimental error.

**For this location the constants are listed for the crystals containing
Do0. With the exceptions of reduction of line width and the altering of
superhyperfine structure, the presence of D0 or Ho0 produces no de-

tectable difference on the spin Hamiltonian constants.

31
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Figure 7 shows the positions in the crystal of the z axes of the
rhombic spin Hamiltonian for the abovg locations. The positions are re-
ferred to the thfee mutually perpendicular magnetic susceptibiliﬁy axes,
Ki, Ko, and Ks. The Kg axis coincides with the b axis of the crystal
and the other two axes lie in the éc plane., Experimentally, these three
axes show the positions of the magnetic field where the spectra from
the four most populous sites coincide. These positions can be located

with respect to each other within *0.3°.

B. DISCUSSION OF VO*2 RESULTS

Comparison of Spin Hamiltonian Constants. As mentioned in Chapter

I, the published spin Hamiltonian constants of the vanadyl ion have been
obtained from randomly orieﬁted samples and that this was one reason for
attempting single crystal measurements on this ion. The following will
show how one can obtain the axial spin Hamiltonian parameters from a
powdered spectrum before comparing the constants found in this investiga-
tion to that published in the literature.

Since the spin Hamiltonian for vote in Zn(NH,) 2(804) 2°6H20 shows
almost axial symmetry, the EPR spectrum of a random orientation of yote
ions should be able to be explained quite easily from the single crystal
spin Hamiltonian constants. With the assumption of axial symmetry we
see that for a given magnetic field only those crystals or crystallites
whose V-0 axes are at an angle © to the magnetic field are contributing

to the resonance—where © is related to the magnetic field by
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and where

K’gr = 92 Acas’©4 g1 Bunt® sud g7=gscos©rgysiE

The number of VO+2 axes at this angle is proportional to % sine 4o,
which is just the probability that a V072 axis lies at an angle © to the

magnetic field. Thus, the number of VO+2 ions contributing to paramag-

netic resonance between magnetic field H and H+dH is proportional to

ZS\Y\@ AH,©)

me-7

Figure 8 shows the plot of such an equation evaluated for the single crys-
tal spin Hamiltionian parameters listed in Table 1. Note that the ex-
perimental curve in this figure is the first derivative of absorption

showing the effect of the finite width of the resonances. The sharp peak-
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ing at the 90° end of the curves is a result of a [cos e]‘l dependence of
the equation. This can be interpreted as saying that, since there is
axial symmetry, more V-0 axes are oriented at 90° to the magnetic field
than at 0°.

In the powder spectrum the separation of the two extreme peaks cor-
responds to 7A/gZB, and if one neglects the quadrupole contribution the
separation of the two extreme lines in the central part of the spectrum
(if they are distinguishable) is 7B/g¢ﬁ. Thus, if in addition to meas-
uring the frequency of the microwave source, one measures the magnetic
field at these four locations, the spin Hamiltonian constants 8,0 81» A,
and B can be calculated to the accuracy limited by the width of the peaks
and the ability to pick out the significant lines in the central part
of the spectrum.

Figure 9 compares the spectrum of the crushed V0™ Tutton crystal
to that of vanadyl ions adsorbed on IR-U4B and Vz0s dissolved in glass.*
The latter spectrum shows that vanadium in Nag0° 3510, glass, melted under
either oxidizing or reducing conditions, is present as V'O+2° The larger
width of the peaks in the glass and resin spectra, as contrasted to the
sharpness of the peaks in the crushed crystal spectrum, reflects the
nonuniformities in the crystalline field from ion to ion.

Table 2 compares the literature values of the axial spin Hamiltonian

constants to those found in this investigation.

*The glass samples were supplied by Dr. W. Nelson, Owens-Illinois,
Toledo, Ohio.
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TABLE 2

LITERATURE VALUES OF VO*2 SPIN HAMILTONIAN CONSTANTS

gz g |A|x10°/em  |B|x10%/em  Material
Present
work 1.9331 1.9805 1.828 0.7137 Tutton salt
Faber
et al.”>  1.93 1.983 1.80 0.750 IR-100
1.88 1.979 1.8L 0.74%0 Dowex-50
1.983% 0.70L Charcoal
1.93 1.989 1.58 0.612 IR-4B
Roberts
et al.>%  1.9b7  1.988 1.58 0.5k Vanadyl
porphyrins
0'Reilly’®  1.9L8 1.987 1.59 0.52 VEP I
szyrev29 1.92 1.96 1.78 0.7 Frozen
solution
Gagerh2 1.995 1.80 0.75 Tutton salt

1.950
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Fit To Spin Hamiltonian. That the rhombic spin Hamiltonian with non-

coinciding principal axes of the g and A tensors is a good description of
the EPR spectra gf the vanadyl ion in Zn(NHy)o(S04) 2-6Hs0 is illustrated
in Fig. 10. The curves in this figure are predicted from the spin Hamil-
tonian with the values listed in Column 1, Table 1, and the circles repre-
sent the experimental values of the magnetic field. The crystal for these
measurements was grown from heavy water, reducing the line width of the
resonances and enabling one to make more accurate measurements of the
magnetic field.*

Noncoinciding Principal Axes of the g and A Tensors. One of the un-

usual results of this set of experiments is that the x and y principal
axes of the g and A tensors do not coincide but in fact are separated
by 23°20'.

If one uses the first order expression for the magnetic field in the

Xy plane

of spin systems a reduction of 2 in the line width increases the slope
of the derivative curve at x = O by a factor of U2 , increasing the
accuracy with which one can measure the magnetic field at resonance.
Since the magnetic moments of the surrounding nucleil produce inhomoge-
neities in the magnetic field at the paramagnetic ion and the deuteron
has a magnetic moment less than one-third that of the proton, the line
width of the resonances can be reduced by growing the crystals with
heavy water. Experimentally the width 1s found to be reduced by a fac-
tor of 2.
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’v@éﬂ = Fey+ Py and  9E=gfcosi +8§sm‘5

and & is the angle between the magnetic field and the x axis, as the major
contribution to the angular variation of the magnetic field, then it can
be easily shown that the maxima and minima of the resonance magnetic field

occurs when

+an2s ol %% AL

BBy @) * 7 3% (85 %)
\

3
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~

for this experiment.*

From this result one notices that if the principal axes of the two
tensors coincide.thanég xy = 0 and the maxima and minima occur at & =
and 90° for all values of m. This is the usual result encountered in
"EPR experiments.

If one assumes that the z axes of the g and A tensors coincide but
the x axes do not, then it can be shown (Appendix E) that the principal

B

)
values of the hyperfine tensor, Axx and Ayy are related to é?? 5

Xy’

and By by the following expressions

*Second order terms such as (BX-By)(gi-gi) are ignored.
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By = xxcos‘@ + Ag&SIY\ZQ
B% = Ay SINFE + Ayy cos'@
égxé = (Aag“AxQSm@cosQ

where © is the angle between the x axes of the g and A tensor. Using the

experimental values for %xy; By, and B listed in Table 1, the prin-

y

cipal axes values of the A tensor are found to be

Axx= 00071200 few (B,=0.0071367 fem)

Aaa = 00072439/em (By=0.00725(Hecm)

and the angle between the x axes of the two tensors to be; 6 = -23.3 °
The assumption that the z axes of the two tensors coincide may not
be a valid assumption since the first order terms involving '%4 xg and

é"ipyz appearing in the expression

{Hm(@ SJ_FM‘ {A 8 e cos*0 + B, En sz@[:

B_Z_-X = (spcoss- 8%15”*5] (A+By) & 51t@cos'd x
['_%fé %2 co:&é’e e smS:\ + R %L—‘-z %gsm?@ sin& cos§
disappear when ® = 0. In fact,

aa kg@,SB = sin® 3@ [non-zero]
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showing that the maxima and minima occur at ® = O and 90° for all values
of m—exactly what is observed.* However, one may argue why the z axes
of these tensors, should be expected to coincide. If one first considers
an isolated vanadyl ion, the V-0 axis will be the z axis of axial spin
Hamiltonian and the z axes of both the g and the A tensor since the
charges on the vanadium and oxygen are the only physical reasons for pro-
ducing a preferential direction. Then, for example, if one places the
vanadyl ion in a weak crystalline field produced by an octahedral arrange-
ment of water molecules, the surrounding ligands may destroy the pure
axial field of the vanadyl ion, setting up an x direction for the g ten-
sor and the A tensor. The z axes of these two tensors will remain co-
incident or almost coincident is to be expected since the z axis of the
ligand field is weak in comparison with the cylindrical field of the
vanadyl ion. That the vanadyl crystalline field is very strong is evi-
denced by the similar spectra found in the investigations (28) to (33),
indicating that the vanadyl ion carries along its own crystalline field.
Also the fact that g > g, can be explained if one assumes the vanadyl
ion to have a very strong cylindrical field (Ref. Ll and Appendix B).
*0ther than including second order terms, which does not appear prac-
tical, the only way to detect the possible noncoinciding z axes of the
g and A tensors would be to look for an asymmetry in the resonance
magnetic field for positive and negative values of ©. In this manner
the term involving %ﬁ X7 vz changes sign as ©® goes through 0°. How-
ever, since ® can be measured to only #0.1°, this error can produce a
0.7 gauss error in the measurement of magnetic field which might mask
the observed asymmetry. Table 3 lists the experimental and calculated

values of the magnetic field for © between O and 90°. The calculated
values are obtained from the axial spin Hamiltonian.
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C. TWO MODELS OF Vo*2 IN Zn(NHy) 2(S04) 2*6Hz0

Model 1. If one considers a regular octahedron of water molecules
located at the\center of the faces of a cube whose dimension is approx-
imately LA (the Tutton salts) the length of the V-O bond, 1,67ﬁ,55 and
the ionic radii for V"'LL and O+2, 0.608 and l.Bﬁ, respectively,56 require
the direction of the V-0 axis to be along the body diagonal of the cube.
If this is true, there ére four equivalent positions of the V-0 axis in
a regular or elongated octahedron of water molecules. 1In the Tutton
salts the six water molecules do not form a regular octahedron but rather
one with considerable rhombic symmetry. This is borne out by the X-ray
data, Y/chkoff,l‘)'L and the VY2 EPR data presented in the following sec-
tion. This rhombic distortion of the water molecules makes the four
positions of the V-0 axes nonequivalent and ordered in energy and thus
in population. Experimentally, there are only three positions with a
population ratio 40:10:2. The fourth position might be expected to Dbe
so energetically unfavorable that its low population makes it unob-
servable.

One check on this model would be a comparison of the angle between
(111) and (111) directions in a cube, 70°33', with that of the angles
that the three V-0 axes make with each other. Figure 7 shows the angle
between the z axes of the two most populous positions to be 77°L8' and
that between these two axes and that of the least populous position

to be 98 °
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Model 2. Ballhausen and G-rayLLB have constructed a molecular orbital
description of the vanadyl ion in which the vanadyl ion is surrounded by
five water molecules in the form of a pyramid—the vanadium at the center
of the base and the covalent bonded oxygen sticking out perpendicular

to the base a distance of 1.67A.

Such a description is found in V0g204:2H20 and is also supposed to be the
description of the vanadyl ion in solution—see Ballhausen and Gray.hB
With this molecular orbital description of this model they found

g, = 1.940 g = 1.983 and < g >=1,969. They also obtained good agree-
ment with optical absorption spectra and magnetic susceptibility meas-
urements.

Although the g values found in this work differ slightly (this
work: g, = 1.9330, g = 1.9805 and < g > = 1.9647) from that of Ball-
hausen and GraylLB it should be considered possible that their penta-
hydrate model of vot2 may be that found in the Tutton crystal, partic-
ularly since this pentahydrate model will show only three orientations

of the V-0 axis when the model is viewed as an octahedron. However, if
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this model is to be correct, the result of producing a yte spectrum
from VOt2 by X-rays identical to that of V2 surrounded by six water
molecules impliés that the oxygen released from the vanadyl ion by X-
ray irradiation must take the place of the missing water molecule pro-
ducing a crystalline field identical to that of v*e surrounded by six
water molecules.

Vanadyl Superhyperfine Structure. An interesting experimental re-

sult is the additional structure found on the resonances of the vanadyl
ion for a particular orientation of the magnetic field (Fig. 11). The
five resonances are each separated by approximately four gauss and re-
sult from overlap of the wave function onto the protons of the surround-
ing water molecules (i.e., superhyperfine structure). That these ad-
ditional resonances arise from the protons is verified by the fact that
they are unobservable in the crystals grown with heavy water.

Since these additional resonances are superhyperfine structure a
measurement of the strength of this interaction may provide some in-
formation on the molecular orbital description of thé vanadyl ion and
the surrounding water molecules and the validity of one model or the

other.

D. V2 AND IRRADIATED VO*2 CRYSTALS
From the EPR measurements at K-band frequencies (~2L4 kmec) of the
vanadous ion in Zn(NH,) o(SO0.)2+6Ho0 crystals, the room temperature

rhombic spin Hamiltonian constants shown in Table 3 were calculated |
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by means of the method in Appendix H.

TABLE 4

EXPERIMENTAL RESULTS FOR V+2

V2 (Grown) V2 (Irradiated VO'°) V*2 (Bleaneylf)
g, 1.9717+* 1.9718%5 1.951
8y 1.9733%5 1.973345
|D| 0.15613+3/cm 0.15609%3/cm 0.158/cm
|E| 0.02290£3/cm 0.02297+3/cm 0.049/cm
[A| 0.008263+5/cm 0.008267+5/cm 0.0088/cm
|B| 0.008246%5/cm 0.008249+5/cm
Q¥ 20.5°£0.5° 20.5°%0.5° 20°
V’ 2°%5° 3°+]° 2°
Line width 6.0+0.6 gauss 6.0+0.6 gauss 6.010.6 gauss

*The errors associated with the values in Tables 4 and 5 are the ex-
perimental errors and do not include the 0.08% error on the wave
meter calibration. v

*#xq and ¥ locate the z axis of the spin Hamiltonian with respect to the
ac plane and the c axis.

For the V'@ produced by X-ray irradiation in the three different
vanadyl Tutton salts, the following room temperature rhombic spin

Hamiltonian constants in Table 5 were calculated.
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TABLE 5

EXPERIMENTAL RESULTS FOR V™2 ( IRRADIATED VO™2)

Zn(NH) 2(S04) 2°6Hz0 Mg(NHy) 2(S04) 2+ 6H0

ZnKo( S04) 2+ 6H0

gz 1.9718 1.9720

gy 1.9733 1.9723

D] 0.15609 0.15793 (1.29)
|E| 0.02297 0.02452 (+6.6%)
[A] 0.008267 0.008262

|B| 0.008249 0.008253

%) 3°41° 1°41°

o) 20.5°+0.5° 20.0°%0.5°

1.9722
1.9741

0.152LL (-2.39)
0.02742 (19.2%)
0.008253
0.008212
11°+2°

14, 7°£0.5°

E. DISCUSSION OF V'2 RESULTS

As seen by the close agreement of the V+2 (grown) and yre (irra-

diated VO+2), spin Hamiltonian constants and the identical (within

experimental error) location of the z axes for both cases leads to the

following conclusions. Either, (1) the v0*2 ion existing in the Tutton

salt before irradiation is surrounded by six water molecules, and after

irradiation the released oxygen moves far enough away from the divalent

site so that its influence on the crystalline field is no longer felt;

or, (2) the vanadyl ion in the Tutton salts is the pentahydrate model

of Ballhausen and G-ray,16 and after irradiation the released oxygen

takes the place of the missing water molecule, completing the octahe-
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drén and producing a crystalline field identical to the one with the v+
surrounded by six water molecules. That the crystalline field must be
identical for Vfg and irradiated VO*2 is also supported by comparing
the spin Hamiltonian constants and z axis positions for V+2 (irradiated
VO+2) in the three Tutton salts listed in Table 5. These results indi-
cate that the substitution of different host ions in the monovalent and
divalent positions distort the octahedron an amount that is measured by
the changes of D, E, &, and *J ¥

the that the value of E reported by Bleaney, Ingram and Scovil,l6
and listed in Table 4, is almost twice the value found in these exper-
iments. Since they used the EPR data along the z direction to evaluate
both D and E, and since E enters the equation in this direction as a
second order correction (Appendix H), we expect that their value is not

as correct.

Fit to Spin Hamiltonian. Table 6 compares the experimental and

calculated values of the resonance magnetic field for the z and y axes
for each of the eight resonances in the three fine structure groups.
Note that although the spin Hamiltonian is fitted to an average of the
magnetic field values in a fine structure group (Appendix H) the in-

dividual values of the calculated resonances deviate in a consistent

*The result that changes in the monovalent ion influence the position
of the z axis in the crystal to a great extent was noticed by Bleaney,
Penrose, and Plumpton?’ in their EPR investigations of Cut2, They also
noticed large changes in the g values, ~1%, which were not observed
in this work.
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TABLE 6

v MAGNETIC FIELD RESONANCE VALUES (GAUSS)

Z Axis (v = 24,118 kme) Y Axis (v = 24,112 kmc)

Calc. Diff, Exper. Calc, Diff. Exper.
12439.6 (-.7) 12440.3 11468.1 (-4.3) 11h72.4
12348.5 ( .9 12347.6 11376.8 (- .6) 11377.4
12258.1 ( 1.8) 12256.3 11285.0 (.9 11284, 1
12168.3 ( 1.9) 12166.4 11194.1 ( 2.1) 11192.0
12079.2 ( 1.3) 12077.9 11103.9 ( 2.7) 11101.2
11990.8 (- .1) 11990.9 1101k. 4 ( 2.4) 11012.0
11903.0 - (-2.2) 11905.2 10925.0 (1.4 10924, 2
11815.9 (-5.1) 11821.0 10837.5 (- .1) 10827.6

9029.6 (1.7) 9027.9 885L4.9 ( 1.3) 8853.6

8937.0 (- .3 89%6.7 8762.6 ( .3 8762.3

8845, 4 (- .6) 88L46.0 8671.2 (- .6) 8671.8

8754.7 (-1.0) 8755.7 8580.0 (-1.0) 8581.8

8665.0 (-1.4) 8666. 4 8L491.3 (-1.0) 8Lh92.3

8576.2 (- .7 8576.9 8ho2.7 (-.7) 8403. 4

8488.2 ( .2 8488.0 8315.1 ( .1) 8315.0

8401.3 ( 1.7) 8399.6 8228. 4 ( 1.5) 8226.9

5676.0 ( 7.3) 5668.7 6644, 2 ( 2.0) 6642,2

5580.2 ( 1.5) 5578.7 6552.2 (- .6) 6552.8

5486.0 (-2.3) 5488.3 64614 (-1.k%) 6462,8

5393.2 (-5.2) 5398. 4 6371.9 (-2.0) 6373.9

5301.9 (-5.7) 5307.6 6283.7 (-1.14) 6285.,1

5212.2 (-4.6) 5216.8 6196.7 ( .3) 6196. 4

5123.9 (-2.0) 5125.9 6111.0 ( 2.9) 6108.1

5037.2 ( 2.5) 503L.7 6026.5 ( 6.2) 6020.3

manner that corresponds to second-order hyperfine correction that is

too large by a factor of two or three., No explanation suggests itself
unless it is that the experiment is performed at a microwave frequency
insufficiently removed frpm the energy level crossover which mixes the

levels M, m-1 and M-1, m (Lambe and KikuchigB)o It should also be noted
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that, if the experiment is performed at a frequency too close to the zero
field splitting value 2D, the measured value for 2D will be smaller than
the correct value.

X Axis Data. If one performs a general coordinate rotation on the

rhombic spin Hamiltonian in order to diagonalize the Zeeman term (Appen-
dix C), only when the magnetic field is along the x, y, or z axes do
the cross terms become zero, simplifying the spectrum and thus enabling
one to make precise measurements for the spin Hamiltonian constants. The
effect of this mixing is illustrated in Fig. 12, which shows the EPR
spectrum with the magnetic field parallel to the z axis of one of the two
sites in the crystal. Note that, as a result of this mixing, the spec-
trum from the second site is so spread as to make it almost unobservable.
Figurel|2 shows the effect of not having the magnetic field precisely
parallel to either the x, y, or z axes. In this figure the magnetic
field bisects the angle made by the x axes of each of the two sites—
approximately-lo°. Since the spectrum from the one site could not be
differentiated from that of the second site, the magnetic field meas-
urements for the x direction could not be nade to any precision; hence,

no gy value is listed in Tables L and 5.

F. CONVERSION OF VO*2 To V*2
Because irradiation of the vanadyl crystal results in the breaking
of the V-0 bond and the production of V+2, it might be expected that all

the vanadyl ions might be able to be converted to V*2 in accordance with
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the exponential relation N(V'2) = NO(VO+2)(l-e'AR), where NO(VO+2) is
the number of V0@ ions originally present in the crystal and R‘is the

- energy dose absorbed by the crystal. While the initial conversion of
VO+2 to V*2 by irradiation may follow such a law, some mechanism inter-
feres to prevent more than a reduction of 80—90% in the vanadyl signal
intensity and oﬁly 10-20% of this amount is converted to v*2.  These re-
sults are illustrated in Fig. 13, which shows the conversion of vot2

to V' as a function of irradiation time.*

The degree of saturation appeared to vary slightly for the three
different host crystals with the same initial concentration of VO+2, but
remained constant for different sizes of the same host crystal, grown
from the same solution, indicating that the X-rays penetrated the en-
tire crystal. Also a slight annealing affect was noticed. These same
effects, saturation, variation in saturation for "different" crystals,
slight annealing, and loss of the reduced signal were also observed in
the experiments'by Lambe and Kikuchi® and Sturge58 in the conversion

of V2 to v*2 in sapphire.

*While a graph of the absolute intensity of V2 and VO*2 versus dose
might be more meaningful in light of the observation that the decrease
in vo*e signal intensity is not entirely accounted for in the increase
of the V*2 signal, such measurements were a practical impossibility
with the apparatus used in this set of experiments. Also, comparison
to a standard such as hydrazyl was impossible since an irradiation
center was produced in the crystal masking the hydrazyl resonance.
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APPENDIX A

X-RAY-DOSE. CALCULATIONS

In this appendix we wish to compute the X-ray dose given to the
crystals, using the data obtained from the cerric-cerrous sulfate dosi-
metry of the Machlelett AEG-50S operated at 50 KVP 4O ma.

The experimental setup for the irradiations is shown below

Tun§s+e,r\
X-r Y
Ta rg et

/e
|

position }
| I lem
4

dosimeter —__ |

l,Oem

The dose rate measured by the dosimeter is 0.75x106 rep/min. If we can
assume that the X-rays are monoenergetic at an energy of their maximum
intensity* (33 KV for 50 KVP), and that the absorption coefficient of
the crystal is that of aluminum, then the dose rate absorbed by the

crystal is

*Kulenkampff lists an empirical law for the white beam of an X-ray tube
to be I(N) = CZ(1/A2)(1/An,-1/A)+BZ2(1/A\2) where B << C and can be
ignored for practical purposes.59 Z 1s the atomic number of the tar-
get, A the wavelength, and A, the cutoff wavelength.

o7



58

G 93ergs/an / Pad 4,67%4)1,
O.73x/0 %y’ ‘7'@;2/;5’ X/00M75 " 3.57cm X
0. 66 Entlgm (40) ¥

= 200" rd/u,,

*These absorption coefficients are from Evans (Ref. 60, p. T1lL).



APPENDIX B

CRYSTAL FIELD CALCULATIONS

In this appendix we wisgh to calculate the splitting of the ground
state 2D,'3F, and uF in cubic and tetragonal fields and then calculate
the effective g values for such environments.

We assume that the paramagnetic ion is surrounded by point charges
and that there is no overlap of charges of the paramagnetic ion and the
surrounding ligands. Then the crystalline electric field in this region

has a potential satisfying Laplace's equation
Vv=0

which has the general solution

V=S o AL (31

Assuming that we have a point charge Q on each of the j surrounding lig-

—t
ands leads us to express V(r1 ) as

V) %— Irzg(l

— —t
where the vectors T} , T‘ and ‘Fj form the triangle shown below.
—
L
S
- , e
LSy
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From the law of cosines we may express V(_\—’:‘ ) as

VE) =D =2

7 (e -2m )"

-7 2 £ (#R=g)

By expanding P’\@OS@‘LJ) by the spherical harmonic addition theoremn,

—

V( v, ) becomes

v@)-5 3 S T e v e e

=0 ==

Then, comparing like terms in Egs. (B-1) and (B-2), we find
m -m
A ;_ m-l( ) \{V\ <@51)(@]> (B-3)

1. SYMMETRY CONSIDERATIONS

By exploiting the symmetry of the locations of the ligands surround-
ing the paramagnetic ion, we can find that many of the Aﬁ vanish. For
example:

(a) If the polar axis (z axis) possesses p-fold symmetry, the co-
efficients A% vanish unless m is zero or an integral multiple of 2x.

That is,

V(@) -y

' ! =l
eLM% :eLVH(WC +——PI)

so that

which is satisfied only when m = 0, *p, *2p,..

(v) Since V(_l'? ) is to be real [\/ TF \/(‘—:> implies

(A7) =
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(c) If there is a reflection plane through the polar axis, and if

this plane is the x-0-z plane, then V(%j = \/(‘W/) which implies
m A‘W\
An = An
This together with (b) gives the result that the Aﬂ are real.

(d) 1If there is inversion symmetry about the paramagnetic ion,

then

Ve )=\ (-8, %)

and

IR ACY IS IR AR CTA

mM==-nN m==-n

n

Since the YR have parity (-1)" we obtain the result

AW\H=O for n odd

(e) For d electrons we see that the matrix elements <4/| V(FE)\4/ >
will span no Aﬁ with n > 4., Thus for L-fold symmetry about the z axis

we need to consider only those terms involving
A0 A AT A=A
©)r e + "4 4
Cubic Fields. For cubic fields we see that from Eq. (B-3)
v
© _ 4r _L<'-?cos‘@ DQ )Z
AL 5 .L__. 33 Z il

Performing the summation for the ligands located at ta, along each of
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the coordinate axes, we find that

/\O == ()
S

Now dropping the term involving AS since it shifts all levels equally

and dropping the subscript i, we find that V(?? ) becomes
o 4 4 '4)
(ALY ALY, }
Note that
\/(‘_) 0, O) = \/(ml}—)o>

so that A is related to A% by the following
o _ {E A4
fé\4_'_ N5 4

Thus, for cubic fields

e = AP0 G YT

or,

\/cub\c = AZ TT_Ji l_:% EX¢+>/4+24 B _35— F4]

where from (B-3)

/C\0 — CQ Tri

4 as

BN

Tetragonal Fields. If we lengthen (shorten) the distance along the

z axis so that the charges are located at a distance tap along the z

axis and *a, along the x and y axes, then
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. /
V(F) = \/J:drda: \/wb\c_* \/Jce+raa

her .\ /O
e \/Joe+rc\8{Q‘5E G } Y [‘QQ% (0»5 QSjrAﬁ}

where in Voubic

as before.

2. °p(zal)

Cubic Field. Group theoretical considerations can show that the 2D
state splits into a three-fold degenerate level, Teg, and a two-fold
level, Eg, for cubic fields. If we anticipate the results and write
the orbital parts of the wave function of the five-fold degenerate level

as



6L

then the matrix elements <LED‘\/cuimc %D > become diagonal in this

"ecubic harmonic" representation. The results are that the three-fold

ng level is depressed by an amount 4Dg and the two-fold Egg level is

raised 6Dq, where Dq = EQ—"— r¢ and 7% is averaged over the 3d radial
@
function.,

Tetragonal Field. Since the cubic part of the tetragonal field

has already been evaluated above, we need only to calculate the matrix

elements of
4 l ___L_ - o] i‘[—rlz—. | __L“ 4 ©
Vi~ 2QUEREE 2320 5 g 2,
= A4 (3e-r) + B (3524 302+ 3rY)

where

A= aq (227 a7)

"

l
2R <c\é; ) 'o?>

|

Note that both A and B have the same sign and are negative (positive)

if the octahedron is lengthened (shortened) along the z axis. Also
3 2 I_ G2 . s .

A_’\; Ba_,_ B for I . \<< | . Since it is easier to calculate

the matrix elements in the operator equivalent form,52 we write

rZ 2 [ _ >
\A;+rag(Op3 =« AZ [25-L) | BB 3515 -305L(14)

12515 -6L(Lr) +3E ) ]
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where D<""'-— andﬁ)-— —

53 are found by evaluating a matrix el-
2 . .

ement of Vtetrag and Vtetrag( OP) for “D. Using this operator to calcu-

late the matrix elements of the tetragonal crystal field yields the

following energy level changes¥

TD m-g——— -——4D56 2 AP *’al 5]
§.1

cubic tetrag

(elongaﬁ&)

*Ballhausenld defines _.?.Ff =Ds and 2\_3‘ =Dt
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3. 3% (OB

Cubic Field. Group theoretical methods can shown that the seven-
fold orbitally ;iegenerate F state splits into two orbital triplets and
one singlet. Again, we anticipate the results and write down the linear
combination of state functions that diagonalize the matrix elements of

the cubic field

m S- Bl

(D, ¢,)

<k—P7_ N ?—2>
: P

A, e
T

=
g o

(o]

[

Uﬁ__} »lo |

where the ﬁT_’Z are antisymmetrized linear combinations of the two elec-

tron orbitals and are written below for the Mg = 1 spin state

P,- G =g [N R R0
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If we use the operator equivalent form for the cubic field

\/CUL,C(OP = sz %5 l:a/é) [351_‘; -20 L(L—H) [__7‘2 +a515%

CoL{Le) 3 (L5 L) ]

where B can be evaluated to be - 2/315 for 3d2(JF), it is found that the

seven-fold degenerate level splitting is
A, (+12 Dcé\
T (+ ZD(@
T (-6T)

Tetragonal Field. From the operato.r equivalent form for V;ejrra%
; vz - = 4
\/J;Jrra%(op;:d AFBLE-LL]+BBE [35L%

3015 L(L+H) +25 15 -6L (L) 33 (1 \)ﬂ

where o = - 2/105, B = - 2/315 for 3d°(’F), we find the following en-

ergy-level splittings for the A° , To, and T, levels due to a tetragonal



field:

These results are shown graphically below:

)

10 Dq

‘6

T (3) <
cubic e+rd
d onga%e

b, 330 (4§

Cubic Field; Tetragonal Field. For the BdB(MFﬁ ground state it can

be shown that = + 2/105, B = 2/315, in contrast to o = - 2/105,

B = - 2/315 for the 3d2(3F) state. Thus the energy-level splitting for
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this AF state, including the tetragonal field, is obtained by inverting

the OF levels. This results in the energy diagram below:*

T (3) (1)
j 2
6D3
4
o) S ()

20g T, (3 / 2)

lODﬁ

(
e -
cubic tetrag,
(elonga%'ed)
2
5. D g VALUES
The results from crystal field calculations of the 2D state in a
squashed tetragonal field is summarized below:

E LZ» T_X_:L-LC‘P LHZ)

(28%-1?) Yy
DE) [ o

/'_%Zﬁ &H)LP_\
D

\ﬂ = H)z—q)—z)

Ve’
cubic tetra
(Squashed)

*¥If the octahedron is squashed, the tetragonal levels are inverted
since A and B change signs.
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However,

if we consider the vanadyl ion to produce a strong cylindrical
crystal field as a result of the covalent bond between the oxygen and

the vanadium, the "D state splits in the following manner

0 3z%-rz

Y
X2 Yz
& ? \H) q/—l

Y os(-E,)
cylindreal ‘i'e:\‘racd

To compute the g values, we first calculate the correct wave functions

for the ground state when the spin orbit interaction AL°S is included

The corrected wave functions, to first order, become
= | -
=V=‘( A F)'(LP LP) E_q) E

Gy il fthotle-

where o, B are the spin parts of the product wave functions such that

S.x=/3 S, K =0
554.ﬂ3 = X :5-/3 :.(D
Sad =3

=-46
SR (3
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The ground state is still degenerate but lowered an amount

/\2[ (]D"")‘ * Zp“b‘ j

Applying a magnetic field results in an interaction of the form

He (L +253)

[

causing the energy levels to separate by an amount

ANE=gLH

Using degenerate perturbation theory to first order, first with H parallel

to z, and then with H parallel to the x axis results in

8n=&<|—" %)

Ix :Q(’ - ‘%‘)
Now if g > 8> which happens to be the case for the vanadyl ion, then
4D > D[, which is very easily satisfied when the crystal field is assumed
to have strong cylindrical symmetry.

AF g Values. For the 3 electrons in the

N

F ground state in cubic
or tetragonal field the first order g value is calculated in a similar

manner and is found to be



APPENDIX C

ANGUIAR VARIATION OF ENERGY LEVELS OF THE
RHOMBIC SPIN HAMILTONTAN

We start with the rhombic spin Hamiltonian with the principal axes

of the several tensors coincident (Chapter III)

%/: ﬁ L%z HES& *9x ngﬁga ng 85] * DLS;‘ 33(S+ ')} +E (S;: 33)

AL S B By Sy Qe STl

(c-1)

rQ LI; "IQJ 'tﬁi%ll”{x I+ %Ng Hg Tat ! ?wsz I&j

1. ZEEMAN TERM

Since the Zeeman term, Zﬁg‘ HlS(_ , has the largest interaction

L

by at least one order of magnitude, we proceed to make a coordinate trans-
formation in order to diagonalize this term and then treat the additional
terms by perturbation theory.

The coordinate system x', y', z' in which the Zeeman term is diag-
onal is related to the x, y, z coordinate system by the Eulerian angles

e, ‘0 and SU as shown below:

T2



[E;

Then, since

where él, ég, 85 are unit vectors in the X, ¥, z directions respectively,
we find that the components of § in the x, y, z coordinate system are
related to those in the x', y', 2' coordinate system by the following

equations:

Sy= S}: (cosOcos Y-sinQcos ‘Pslnq/) +Sg (~Cos«95mq’—5m9cos$0ws(/4)
| +SLsmOsin¥

Sy = Sy(sin@cos¥+cosQeosPsin¥) + Sy(-sin@sin¥ rcosQeosteost)

+S, (~cos@ sinP)
(c-2)

S, = 51 Smkfsw\qj + Sé sineosV +S/2COS 4

Now, if
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H, = Hsn @ coss
}—-ly = [—-—( ain @ sind
M, = Heos®

and we require

cos &= — %Smg

Sin @f— 8% cosd
gL

sin¥ = %J;sm@
cos? = 82 cos®
&

where

gt = ggeosid +gysind
and

g*= 8?051@ +8_2Lsmz@
then

Gz sta+gx Hy Sx*ga Hg SJ -:;8 HS;

(i.e., the Zeeman term is diagonalized).

2. FINE STRUCTURE TERMS

With this transformation the axial and rhombic fine structure

terms become

(c-3)
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D[Si-5s6+)] = D&L _%?.ZCOSL@<§QL+ ﬁé}swﬁ@@ﬁiﬁ s Sq
B 4_3_5._1 5'”Z@k5 Zew (S Ztﬂﬂ ’g*;ésm@ws@e‘% S+s'S! )

L S(S-H)j
sin @D

o GcosS-gysn's)[(s,) __\—(51553'_54)]
+(3.S:45.S)) ‘“P[_ _ﬂis\n®5|n£cosé+ ngg—gsm()cos@(gx cos?§

- 99 S'V\‘S>] (C-b)
+<S./ S;_-A-Sési QL\P[. m Il (complex wn\)uga‘k) ]

H(ss) zuP[ Ig A g2 cog OXg}ws‘ég sin)

- %%L—cos@ smgcosg]

ne =2y
+ (3_) e [ 1 I (complex COVnga-l-c _]
which give the following contributions to the energy level \S M>

L-><3 iw (D >+3t5'“ @@;coslg glsw\’{”
+S S-H [D =,-%—zsw@ -—) -E— 2\ @(g coslswg szg)]

£S5 =E|

2
+ QMS(S-%)—M(&M? @.L 277) + t oS3 <)+ ?'COSZ@
BéﬁH ) EED zs@ (gxc g g)( J- (cgj)

ot __%ﬁ%_c_og@ sin*§ cost§ %

M(&f\:l?ﬂﬁ :—JWS SH [[_D gxacoszg ggswnléj 81'%5\»’\1@(0 0)

+4E* %?_%é_-&n‘@sm‘é coslS }
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the first being the diagonal contribution, the latter two resulting from

second order contributions.

3. HYPERFINE TERM
For the hyperfine term AI S;+ByIxSy+ByI Sy the coordinate rotation

matrix for the spin operators Iy, Iy, Iz 1is

6 % cosV —-‘Jf.sm\V 0 \ O @) cos@ sn@ O
A B _
“—Eism‘-l" TSiCDSLV O O *{COSP ?‘SWW Sin@ cos@ ©

o ©
0 o || O sl Leost |

where the determinant of each matrix set equal to unity defines B), and
K; that is

Arcostp +BLsinY = K=

B:TCOS“V + B;Smu") = Bj_

The resulting equations for I,, I, and I_. become
Sl
I.= COS'PI nw(Bxcos‘Pﬂ B sm‘}’)

ﬂ;ﬁf@,cos@ -(B smWIr

i) | | , ., G
I,= %_ (BxCOSE:/:L%S“W)(HAcosP)Lr - (e sm(p% I;
%"‘ (BXCOS;'LB,LSM\P)O— COSW)I (c-6)
2
T = %\__ (B’XCOS“P-*L&SW\%( _/\}acos\0>l'+ +—é€."@SmW%I’

_Qze (gxcosg:&ls"\q’) l+A‘ZCOS )
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Putting these equations, as well as those for Sy, Sy, and S (c-2), in

the hyperfine term and evaluating the resulting expression for the

state LSPﬂIhﬂ> yields the following addition to the energy level

+Mm EA—?: 95 cos®+ % %S\ @F"——%B—"——%%( Gecosgg 5‘”28>J}

4=

.J. .'_A_ BK+ 2 2 2
-\QM- =B : B, E[ZK(‘— E%J 45 g 3B, ety 5‘”%] )] Ewos®

* %ﬁsméw (—_"_—ZQ }

2 2 By)\ BB -B\
+QMM1_'_£SA {géco él\i - B Bx+ 1(OxBy)

(2X cosS—%sm*&)]z_‘_ 2%94 <int$cos2S (B:rfgﬁ) BA_j

5l ?f

+I(I+1M-MS(S+|\+MM(M° m) Bzi_ A

> H ai -Z-R-%zsmz®+ @-—% X (c-7)
A

48,

z 25 - n2s 2
('*"COSZ@> 4331( -’%%_é,:cosZ <3><COS£ gsin )J

i i?g;ﬁcos @sii§eosts (B E? \1(1 ~ ‘é‘)z}

L

+ TET+OM emSE+ ) -mMmiM) B {A i@ - BBy «
3eH s

(-4 Best)s Sl e oo

FEKGY 2@ swiscoss (Bx- By (1 AV
+ ra COSZ@ sinScoss TBE_B-(H \<> j

where the first term is the diagonal contribution and the other terms

are evaluated from second order corrections
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4. QUADRUPOLE TERMS
! | - ez —2
The quadrupole term Q EI;“ 31(I+ l}] +(Q [I X "Ig}
rotates like the fine structure term so that its contribution to the en-

ergy level can be written immediately as

-H’Y\?‘LQ 3 BJ— 9__.5|v11@) ZQIB-L UN @(gicoszé-ggsm"é”
+T(I+D[Q 5*,_ %J;_ Z@'g')— % %sm’@ (g}coské—ggsm‘gﬂ

4MI(I+| ;am(awm {Qf 9281 Kllsm®+-@» (grcosts-gysiris) x

(' + —K—ﬁ-ico @ﬂ ﬂ@" \2-9%*—981%1 cost@ st CDSZS}

, (B )-BnI(T+) 1 (g 1cos8-gys1n°S)
2ol e i

4—\A<'4 %@fsw@cos‘@ + % .g_z_g_%gﬁ@coslésng j

5. NUCLEAR INTERACTION TERM

For the term involving the interaction of the magnetic field with

the nucleusﬂN &NYHXIX‘*-aNHH%I%*gN%HEI-Z} the same straightfor-

ward procedure yields the following contribution to the energy levels,

+ﬁN VY\ iA gNagzcosz@—{- Rory sm ®[_9N gasth 5+3~x§x COSLSJ}

+ﬁ,\1 28 {Vi s sm@cos@(gwgasng +gnxgxCos 5) (c-9)

_ _%_a_wsm@cos@] N 5‘“@%“2&"55(9~x83‘8~'a€x}2}
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Thus, to second order the angular variation in the energy level EMm from

the rhombic spin Hamiltonian is given by

EMW\"" %ﬁHM + CC—5)+(C—7) *CC‘S) I (C—9>

In EPR work the energy for resonance is given by the selection rule

Evaluating the expression EMmfor this transition we ob-

AMt1l, Am = O.

tain:

mv.. 4%
Wﬂwm-xmv\mm U g0 pgwp T

K Hg8
@%uwﬁwas.nmm;w%ouw@g - Awmmxlm S| |~<V vumum @®Ns Mmﬂcﬂw +

AW u.vm S+
39+ B
m m Jag) SSOSHS T +
22 _ 36 Tab /T9b N
.502 Mmd Awus.wmm-wwm.ovw@ mmtxm lArm&m - %lv

A T Ty
? wﬂsmmmiwwouu@wm&m +mm+xm@®~g ,mwm
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»lm\gw @S T .nmmm AW\EV.V r
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APPENDIX D

FINE STRUCTURE ENERGY LEVELS (RHOMBIC)

Given the rhombic spin Hamiltonian we wish to calculate the energy
levels for the magnetic field in the x, y, and z directions for only the

Zeeman and fine structure terms.

1. H PARALLEL TO z AXIS

H, = 9o B HS+DISE- 5 (54 + SIS+ 57

Degenerate perturbation calculations leads to the following secular

determinant:
-3 -4 3
”Ez —%9*'@‘_13? BE
-+ - ' .
-—'la . 222,81“_)? \I?E_
T "zf]-z/@H -D
5| WE -1
— - 2%:4H +D
2 V3 E e 2

" which may be solved for the following energy levels

N = L geBit 4 [3E7 +(gefH +DY

2
z

®6

L3 N - dgetH < [3E s Gapr DT

81
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For the transitions AM = #1 the change in energy is

E%) \/2_: >\:‘>\+\. =32ﬁ }_\3/,:" \’SE-L“ @zﬁ H3/+D>D— \ISEL*-@;_./S Hs/{g)—;
By -1 == Xe = gafoH, T [E™ [gaf8H D) +13E%+ (32 (H A D)
Eia=As A" giﬁH e aeﬁ +D3 R gzﬁ‘—l Iy DY

}__:
) 2
Making use of a Taylors expansion for each of the square roots and solving

for the magnetic field (in the major term) yields the following equation

(to fourth order) :

hy _ D D [ 7. 27 €" 'D |
o Mo - a5+ Kbl Gary)” & FE -

H'z 32> 83%%""1 (5/5“.,\1] “%e@QH L ;gl—l}

2R 38D r_ 1 4 e o
l-——l"‘ 5%/5 J‘zé Se(s H A l" j"z \‘J g;ﬁ; H‘ o

For the magnetic field parallel to the x direction, the Zeeman term is

not diagonal.To diagonalize., a coordinate rotation about the y axis by
Q

90 is performed, resulting in the following fine structure spin Hamil-

tonian
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H=gfHS 2SI (O sarsS S 1+ el 4 (6
+ (S_’)"-S_S;S»S _] }

which leads to the following secular determinant:

3 ' |

P : 2
-3 :f'\g—xf(_lla-sa) B
-3 —_Lz,\%:i-’-(‘D-SE) e E)-
L1\E (D+e) %?\X/f:m-ze)
3 B (oe8) B bty

which is the same secular determinant for H parallel to the z axis with
gx > 85— D-:Z-_;w% > D and -D—-E-t-: ~E; thus, with these changes, Egs.
(A), (B), and (C) also hold for the x axis. Similarly for the magnetic

field parallel to the y axis the following substitutions are made:

83—&8&;— -'D—.-E-E-D and Q’Z;.—be ,



APPENDIX E

g AND A TENSOR PRINCIPAL AXES NOT COINCIDENT

In this section we would like to note the effect on the hyperfine
term I'ifﬁ when the principal axes of the A tensor do not coincide with
the principal axes of the g tensor.

We denote by x, y, and z and x', y', and z' the principal axes of
the g and A tensors, respectively. Then, performing a coordinate rota-

tion R on the term I-A.S, we obtain in the unprimed coordinate system

T-AS = IR'RARTRS

— ==

where
Ax’x' O -1 . S‘)(
A= 44 IR ‘(Ixfla']:*) 189713
Az'z' Si
and
cosP sn¥  © I o O cos@ snS O
Q= —sny cos¥ Q|| o cos? sinf |-sin@ cosQ O
c o | O -sinf cosP/| O o

where G,VJ,HU are the Eulerian angles relating the primed to the un-

primed coordinate system as shown below.
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L2

== (‘8/
N
/ &

vX

For the special case when the z axes of the two tensors are coincident,
p- 0, and we may choose k// = 0 also. Then IR-1 RAR™! RS becomes, dropping

the primes on the Ai'i'3

(Ix Ié)T?) AXXCOSZ@-{—AU%SM?-@ S'h@COSQ(Aéa_Axx) @) SX
SinBcosO (Agg_/ﬁ\xx\ Ay 3@ +A<18 w2 O S?

®) O AzallS,

=s,.I, (Axxcos’@M%%sle%SaIa (Axxs‘”ZQ*Aaa COSZQ)

+A,. TS, *5@8 (Aaa‘l\x,()sm@cos@ *SaIx(Aga'/‘\xx)S\V\QCOS@



APPENDIX F

ANGULAR VARIATION OF ENERGY LEVELS FOR APPENDIX E

As shown in Appendix E, when the principal axes of the g and A ten-
sor do not coincide, cross terms arise so that the hyperfine interaction

term in the spin Hamiltonian

Al—zgi + BxIx Sx * Ba Ia Sa (E-1)
has to be supplemented with terms of the form

/. _ / e ]
% ’-L‘&(S;_I&’fsa'li) t % GCJ <SLT(] S{{L) (E-2)

where the prime on the sum denotes i%j and we have written the off-
diagonal terms in a symmetric and antisymmetric form. However, the
hyperfine tensor may be written in a diagonal form (E-1) so that any
orthogonal transformation will leave the A tensor symmetric—thus
Gig = 0.
- A — . .
Writing 15 = F13%F35, we obtain for the form (E-2) the following

terms:
-iz’,%:% (5*1‘1‘.5‘ I—) ' é }:%E- { %2](551++S+ Iz)
I CATEA SRR

Since we want the angular variation of the energy levels due to the hy-
perfine term, we perform a coordinate rotation on the spin operators

as in Appendix C and obtain for the transformed equation of (E-3)
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These terms arising from the off-diagonal contributions of l°é-§ when
the principal axes of g and A do not coincide must be added to the
diagonal contributions of Appendix C before matrix elements of thié
part of the Hamiltonian can be evaluated for the state |SM,Im >,

Since the resulting equation would be extremely complibated in gen-
eral, and since we are primarily interested in this approach where the
phase shift is the largest, i;e., the xy plane, we set P = 0. The hyper-

fine terms then become:
AIQS&+BXIXSX +B€J:[(ng + 2"‘_-)_} FL'Q(S[%+SJI[) \w:'o:?
T,)S) [ BerBy - BBy cosg - %3 <20 |

+S! I+ BxCos“P*LBgSM"P [Bx NG - %COSQ@ ‘Z(%ESMG‘gi_COSQ)]

C,OMP’&)( co m\juamLe

1T/ (Brem¥- ngm%[

QA8

+I;g’ _e_z_ [BxB SINQG — ‘gws;z@ ~{ (F SO - '%, OSQ) ]

.;,IZ'S %_.E‘P[ ' coMplex LOnJuad"E

-—_L+S CZC/JBXCDiLP-i-LB%SM‘P{ 3~<+B @5——%6.0539 .? <1n20

A
' 4—&(_('%,26059 'gzesmé ]
-'T S e‘(ib BXCOS_‘E LB«.{SM"P[ QomP,@( COnJu%a‘i‘e : :t
+I - -Lw B,(cost-rB:—BASMW[A e’( +By Bx:;BﬂCasaQ+%a§nn&?Q ]
+T's iy wasSb-IBas'n_‘-f‘ ‘ " 1 N
T5e 4B, [' | ]
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Applying perturbation theory to second order on (E-5) gives the
variation of the energy levels in the xy pla_ne. Using the selection
rules AM = %1, Am = 0 and solving for the magnetic field as in Appendix
C results in the following equation describing the variation of the

resonance magnetic field for S= L

> — if we neglect the quadrupole

terms:

,6)= 1

[Bﬁ_&_a Bx B (gxcosz&aiswg}
8»
%g %ﬁ}SMSCOSgJ

_oom* N (gop \¥d% Y (3o -g2smS )T
Q@ﬁ-ﬁaH{[ (B 88> o5 SIngCosd '%& X OS%L 9y stn ]

+ [)V%z- %’icosé* Y2 %S‘“g] ,%
_T(T+)-m* {A + B-__.MB _ By=B.(gseos¥ _ﬁ,zsw&()
Y N ST .
o, &L suscosk |
¢ 4

- a- . ek et et oy e

Al Bes G st |
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APPENDIX G

DATA REDUCTION FOR VO*2 CRYSTALS

From Appendices C and F the resonance magnetic field can be eval-
uated along the x(® = x/2, 8 = 0), y(® = n/2, 8 = n/2), and z(® = 0)

axes to give the following equations:

h = 6M(M-1 A BKB
He= 3y Qgeﬁ( 2l QS% EH(M)BE L et e

I(I+1) 2+ Y\ m(RK 1+|\-;2mI(I+1)

= &% D v4) QS(;Q;;.;‘\S&/]-’)’S(D*E)L

I+l) = (& +I§-JmI(I+l) "
—{_Sx % _LJ ‘ngﬁ‘m B+ 3> m MxﬁB M(M-l)(Q Q)

= h2) | D43E 1\ _ as+)-6MM-1I)3(p-g )
BN T R s R

+ AB (u- I(T+)-m (@) -amL(TH)
[:3_3% g_a?ﬂ(M )-J 4 ﬁ}—l <A \ 88 ﬁBaM(M (Q Q)

G-)
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Since the magnetic field for each of the 2I+l1 resonances is measured

we choose to evaluate the spin Hamiltonian constants in the following

manner,
I = 7/2, the above equation for H, reduces

Z Axis. For 8 = 1/2,

63 e L ) —yn?
o ‘*5’»2@ H[ 14

To evaluate |Q"| one can look at

_C_. [@‘ | (63

o] and [Q"].

5%5 D‘la{‘ - Ha(m\]

for the various wvalues of m.

This same expression can also be used to compute H/gZB

To evaluate g, we use

gz
21 BB,
o= 22 - 2l BBy
& 2 3/5 32 giett (G-1)
X Axis. Similaerly, for the x axis H _in (G-1) reduces to the fol-
lowing for 8§ = 1/2, I = 7/2:
u
jgx_ L3 _ (CQ'+CQ %r m
H[ ] BXSXﬁ J (G-5)

H" I (5 e "f%}(/g
one can evaluate B,/gyf and (Q'+Q")%. And

Forming 1/2m [Hy(-m)-Hy(m) ]

with 1/8 {ZZ_Hk(m)], gx can be computed.
WA
For the y axis a similar treatment on the data is per-

Y Axis.

formed by using
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_ A4By o3 Q-] Q'] |
2 2] (6-6)
= g o IS G
_%_{x;c In the xy plane the term involving the quantity é" xy Was

evaluated at & ~ 45°. At this angle

4_@_._ BBy _ Q 2
Hg—@p 34/5[ *gz] é%ﬁ o (&L )

~pla @B )]




APPENDIX H

+2

DATA REDUCTION FOR V'~ CRYSTALS

From Appendix D the rhombic spin Hamiltonian gives the following
equation for the fine structure part with the magnetic field parallel to
the z axis (we also add the hyperfine terms evaluated by perturbation

theory from Appendix C) :

H3, = ;:5 ‘QJE/& éﬁ)?eﬁ “‘3/[' ] L?*ﬁ 958" HZ/]
___‘r('l_‘+') ML(gzﬁ

AHz,

=\ | ‘ +|
Hur=2s 35T, ['-(gg%‘wﬂ —fﬁéﬁ e (51*@)
H-Lm ge—yﬁ"QS?ﬁ g(ﬁfﬁjﬁf/@”v - (zm., 5} L"ﬁ - _L

_I(z l)— M"“( T
o R HL 3 9B
Similarly for the magnetic field along the y axis:

e 230 B - B BT o] ‘-—-—f&ﬁ;’“ =

D-E V¢ D+3L 1o D 3
li; (33/54"]3/) (‘33ﬁ ) o QJ;F%H% J [836 %ﬂﬁ Hs/

EV I ‘ l ‘B
R g -3l ezl & (5 - &

_I(TH)-m> (4 )z
EYE IRV

_hy Di3E v3€\ ) [—t
aT - el e A e ;E—ﬁi,ﬂ

Bl B 2 T B i, -5

G
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oL

Since the magnetic field for each of the 2I+1 resonances is measured,
we choose to evaluate the data in the following manner: for the z axis

and the value for D,

72

a |
5 Mt o o _sig oy [

H%[\ éaﬁHs/ Jj >2° (jgﬁY—[H\.yL a-‘ls/j

for g,,

-\ | >
%(%Hl/um\:%-s(g:—/g) [\ %éﬁH‘/dH/ SZS(;&) o

Similarly for the y axis and the value for E,

Hy o Hym D2 D- [ ——i—————-2> A
Z & T 9B {a 555 Hs/<'- SA)) HY

gy 258 e g ]
"5'25%91 5,

|

' — | =75z 9 D€\ grc(A
b%\_l Thym Q> ‘f\g\a[glu,&[]—(%?;il/)]+ // (5aﬁ) =525 5‘5> H'/

Using the experimental data for the sums on the left hand side of the
equations and evaluating the equations in a self-consistent manner yields

the data listed in Tables 2 and 3, Chapter IV.
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