MONTANA

STATE UNIVERSITY

The forbidden hyperfine paramagnetic resonance spectrum of vanadium in magnesium oxide
by David Hugh Dickey

A thesis submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree of
MASTER OF SCIENCE in Physics

Montana State University

© Copyright by David Hugh Dickey (1966)

Abstract:

An X-Band electron paramagnetic resonance spectrometer has been built. The instrument's sensitivity,
for a signal-to-noise ratio of unity, has been found to be 2 x 10 13 AH spins, under the conditions of
10-3 watts of incident microwave power and a time constant of one second. The spectrometer has been
used to observe the previously unreported forbidden hyperfine spectrum of vanadium in magnesium
oxide.

A quantum-mechanical justification for the existence of the forbidden spectrum is given.
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ABSTRACT . Co

N

An X-band electron paramagnefio resonance épeotrometer has been

built. The instrument'’s éensitivity, for a signai—to—noise ratio of

unity, has been found o be 2 x 1013

3

A= spins, under the conditions
of 10~ watts of incident microwave pdﬁer and a time congtant of_bne

second.. The spectrometer has been used to observe the previousiy un—
reported forbidden hyperfine speo%rum of vanadium in magﬁesium oxides,

A quantum-mechapiqai Justification for the'existence of the forbidden

spectrum is given.




CHAPTER I

INTRODUCTION

An electron paramagnetic res&nance spectrometer may be usedlto
detgrminlehe spin state of theVunpaired electrons in a sample of faré—'
magnetic méteriai:. The spin degenegaéy of the paramégnetic\ion's ground
staté'configuraﬁion is liffea by applying a magnetic field,_and then tran- '
sitions among these Zeeman levels ;reninduced by exposiﬁg the ga@ple\to."
microwave radiation of the appropriate freéuency. One can obfain‘the
energles of all the trans1tlons 1nvolv1ng populated states, and from this
can deduce a vast amount of 1nformat10n about the vaflous mechanlsms which
/ determine the“energy levels. A ?ew of the mech@nisms whlch can be studled
are the hyperfiné inter@ption, qrysta1'Stark fields, dipolar intéractions
and la%tice defects. |

The phenomenon of magnetic resenance can be explalned on a olass1-\

(1,2) ‘

cal basis, as well as qua.ntum—mecha.nlcallys Class1cally, the magnetlo

moment'/;L resultlng from thelelectron"s 1ntr1ns1c spin will experlence a
torque when the electronlls placed in"an external magnetic field. If the
external field is uniform, this torque will induce a p;ecession of the
magnetic momen% afound the direction of the‘external field; the well known
Larmor precession. -If now a small magnefiquield is appliea atlrightangles
%0 the extérna} field Ho’ and is madg to rotate around H0 at the Larmor
frequency, it will appear to be stationary in the reference frame of “the .

electron's magnetic moment. The magnetic moment will then experience a .

torque which will try tb.c@use.a precession around the direction of H1,
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the small applied field. This precession is:.in the rotating reference

] are stationary relative to éach other. The

tendency'to precess about. H1-

of /AL in the external fleld, to the opposite dlrectlon, The energy

‘frame, where//L( and H
\ will result in a change in the orientation
Tequired for*the change in orlentatlon (spin=flip) is supplled by Hy.
The occurrence of ; spin—-flip can therefore be detected by observ%ng,the
absorﬁtion of power in tthmicfowave beam:whioﬂ induces H1°

The:small field H1, mﬁst be applied'in a manner such that it
appears to rotate in a‘plane perpendicular to Ho° This can be achieved
by applying a linearly oscillafingﬂfield; since sgeh a field can be re-
solved intp two rotating fields movéng at the same.f;equency in opposite
directions. The cbmponent‘which rofates in the directibn opposite fo the
Larmor precession has néylérge effeéi'on the system; since it has no sta-
tionary orientation w;th respect to the precessing dipoleql

The condition necessary for resonant absorption, nameiy ﬁhat the

oscillation frequency of H, be equal to the Larmor frequency, is stated

in the following equations

. L=
/w - -z/ua_o/o - 3 H, (1)

where g, is the free electron g-value (2 0023), /? is the Bohr magneton

and //%é is the magnetic’ moment of the electron. - For fields commonly avail—

able in the laboratory, (1,000 to 10 000 gauss) the frequency % lles in

the mlcrowave reglono

A quantum-mechanical description of magnetic resonance is straight-

forward if one takes as a valid representation the set of sets 1h4 > 9
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where M is the électron spin_magnetic quantum number. The Hamiltonian

function for an electron in the magnetic fields ,H . and H is:

3 = ﬁ’ﬁﬁ#’r%f} S] ﬁf[/lg +#(wsm%)§] '(2)_
3 B(Us, + L d(mst)(s, #5.)]

where Ho is assumed -to be directed along the =z . axis, and 'H1 is
assumed to.lie in the x direction.- The substitution ZSX =\S+:+ S_
has been used. Operating on the staté [NL@H'with this Hamiltoﬁian, one

sees that a transition to a hlgher or lower spin state is poss1ble°

(M) 6(4 f%éMfM) rd {wwof} ., . o
(VS(S+1)—M(MWIM+I> + '(/S—(5+z>-M(M~.I)'(M°">)J .

The line intensity, or transition probability per unit time, for the state

lM + 1>> is proportional to fthe matrix element squared:

~l(M+1{?=/[M>/2.= ﬂ%zzi,z'/coswﬂz fi(gt%M(m:)]a @

The transition is allowed only if the o&hdition for conservation of energy,
Bg. (1), is satisfied.

There are several varieties of paramagnetic resonance spectro—
meter (4-8) A common feature of all designs is a reéonant oav1ty which
_oqntains the sample and for which there is some means of determlnlng ﬁhe
amgunt of microwave power absorbed. It is difficult to change the resoﬁant
frequency of a oa&ity during an gxperimentj so'the frequency is usuéliy
kept constant and the magnetic field is varied in ordgr to explore thé

various Zeeman levels.
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The purpose of this thesis ié to describe the design and construc-
tion of a paramagnetic resonance.speotrometér, and to indicate one appli-

cation of its use.




CHAPTER -I1
THE SPECTROMETER

General Description of the.Spectremeter

The spectrometer may be briefly described as a superheterod&ne’
system with balanced mixer detectlon and. magnetlc field modulation, .The
klystrons operate at about 10 GHz, the IF ampllfler operates at a nomlnal
30 MHz, the stabilization freqqency is_22 KHz, and the field modulation iS\;
at 400 Hz. Figure-InehOWS a block diagram of the ehtire system. Thebasio
'parts of the spectrometer 'ares | |

1o Signal end.lecal osoillators;’opereting at X-band.

2. Microwave bridge, with magic tee. |

3. Resoﬁant,catity, coﬁtaining‘the1sample°_ : - o

4. Magnet, adjustable from O to 10 kilogauss.

Se System.to-modulete magnetic field up to 50 geues,peak—to—

‘ peak at 400 Hz. |

6.0, Mlorowave mixer, preamplifier, and IF empllf:l.ere

7° Automatic fre&ﬁency control system.
. r
8. 400 Hz phase sensiﬁive detectoro

9. Strip-chart recordefQ.

This~speotrometer is designed, With the exception.of a few modifications,

(8)

after the instrument desorlbed by Locher.
\
The spectrometer S operation can be generally described as follows:
microwave power, frequency modulated at 22 KHz, is fed to a reflection-

type cavity which is in one arm of a balanced bridge. The cavity, con-

taining the sample, is in a dc magnetic field of appropriate magnitude such
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as 1o qause'paramagnetic absorption of the microwave power according to -Eq.
(1). The magnetic field is modulated (about_dne gauss peak—té—peak) at
400 Hz, so that the resonant condition of Eq. (1) is varied at that fre—
_quency. The microwave power returned from the cavity is therefére gmpii-’
tude moduléted at 400 Hz, the gmplitude depending on the strgngth of the. . 'jl :m
paramagnetic_absgrptiono -‘ ~ | |
The phase of the 22 KHz.frequency modulation is also shifted in
the returnéd signal. .The direction of the phase shift depends-upon whether
the klystrqn frequency is above or‘beloﬁ the’cavityfs resoﬁanf frequency.
The refleéted power, with its modulafions;’is mixed‘witﬁ a micro-—

wave sSignal fpom'the local ésciliator° The local klystron oscillates at

g frequency nominally 30 MHz h;ghep than.the signal klystron. The 30 MHz
beat signal is preamplified and féd to the IF émplifiepq At the last

stége of IF amplification, the 30 MH; is deﬁecﬁed;_préducing the "pontrol"
:signal at 22 KHz, and the ‘resonance siénal at 4OQ Hz. Each of fhesé signals
is filtered and further amplifiedqa The control signal ié phasg compared‘ |
with a 22 kHz reference to generate a correction &oltage which‘ié'appl}ed
té:tﬁe sigﬁél klystron. Tﬁis keeﬁs the klystron, locked to the cavity |
frequency. The 400 ﬁz signal is_phése—sensitive»deteqted, using the field-
modulation source as a,ieference, and the resulting dc output is displayed
on & striﬁ—chart.recopder,= In an experiment,‘thegmag%etiQ field. is slowly
increased so that.the time axis on the strip-chart can be read as a ﬁagnetic

field axiso
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Construction of the Spectrometer

The microwave system. The miofowaveipower is gené£ated'by two

Varian X-13 klyétrons. Bach klystron islenélosed‘in a seven inch diame?ér
brass can filledlwith traﬁsformer oil, to stabilize the temperature. The -
microwave circﬁit is shown on the spectrometer's schematic diagram, Figufe
I, Power_from the signal klystron pasées_first throﬁgh an isolator, and
then'a prec%sioﬁ attenuator which is adjustable from O to 50 db. A 10 db
directional couplér takés off some power to the cavity wavemeter. The
remaining power réachés the magic tee where it:is divided into two equal
beams, in the cav;ty‘arm and the balanciné arm of ﬁhe microwave bridée.
The amplitude—modﬁlated power reflected from the cavity is again divided
at the fee, as is that returning from-the.balanéing arm. Thé net signal
enteriﬁg the fourth arm of the bridge goes into the microwave mixer where
it is beat against a microwa&e sigﬁal from the local klystron. The beat
signal, nominally at SO MHz, is preamplified in the mixer'aﬁd is then fed
to the IF amplifier. A directionél céupler between the magic tee and the
mixer‘takes~a small ffactioﬁ of the signal foé.honitoring_and tuning
puUrposes.

‘ The cavity, which contains the saﬁﬁle, has'a tunabie i?is which
allows some control over the.amount of.microwéve power which can enter or
leave tﬁé,caviﬁyo The resonan£ frequency of.the'cdﬁity isxtunableo The
design énd oonsfruction of the cavity ?s described in a separa;be.sec’giqn°

The balancing arm of the bridge consists of a level-set attenuator »

and an adjustablé short. This allows. the phase ang inteﬁsity of the micro-
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wave signal to be'adjustéd so that they closely match those of the signal
reflected from the cavity.

Klystron péwer control. The péwer requirements for the klystrons

are supplied by three sources, all of which are highly regulated. The

heater current is supplied-at 6.3 v dc from a regulated supply which has

a maximum current outﬁut‘just slightly gredtgr than thét required by thé
klystrons at Pheir operating tempélja'bure° The filameﬁts are heated %ore
slowly in.this way, since their cold pesistance is much lower than their
operating resistance, The Beam‘current is supplied at +35O v by é.standard
300 v power supply modified for the higher voltage, The reflect;r yoltage'
is obtaiﬁed from o modified standard supplies wired in series to pro-
duce -7bQ.vf 'The contfol circuit is shown in Figuré Ii.

An vnusual feature in this spectrometer'is-the'single set-of power
supplies used to power hoth klystrbns° The dupiicatéd circuitry is indi-
cated in Figure II, except that fheilocal klystron has no‘interconnection
with the AFC, Oﬁher féatureé of thé control circuit are a dela& relay .
which allows the reflector wvoltage tglbuild up before'the beam suppiy is
switched on, and alsafety mechanism to prevent the reflector voltage from
going-poéitiﬁe with respect to the céthode?' The séfety mechanism consists

of a diode which can support only a negative reflector voltage, in series

with a 4.5 v battery which in fact prevents the.reflector,from reaching a

potential more pésitive than -4.5 v
The high voltage power supplies are -hand-made from a circuit given

(9)

by Elmore and Sands.
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Automatlc frequency control. The signal klystron must oscillate

at the resonant frequency of the cav1ty at all times, The clrcult used to
accomplish this stabilizatien is ‘shown in Figure III. The AFC (for auto-
matic frequency control) operatiop is’described as foilows: a 22 KHz
oscillator providee.a very low-level "tickle" signal which is applied te
the signal klystron refleetor. .This signal‘frequepcy;moduiates.ﬁhe kly;
stron af 22 KHz. The phase-shifting chéracteristics:oﬁ-the resoﬁant eavity
are such that the 22 KHz signal returning in fhe microwave. carrier is
shifted ehead or behiﬁa debendiﬁg on whether the'klyetren frequency is
above or below the cav1ty frequency. The returning signal is empiified

and. phase—compared with a reference signal from the 22 KHz osclllator.

The.phase,detecxing circuit has-a dc output whose polarity depends on the

sign of the phase shift. The dc output is applied-direetly to the klystron

reflector, which automatlcally corrects the klystron frequeney.

—

l The AFO clrcult includes. two extra ampllflcatlon stages in the
"tickle" section which may be switched iny to provide a gross 22 kHz
modulation of the klystron frequency. This is useful in tuning the spect-

rometer; siﬁce the entire klystron mode, with the cavity absorption band

superimposed, may be observed.

1

Au@io'frequency system. The EPR eignal is induced-at 400 Hz by the
magnetic field ﬁodulation at that frequency. After amplification at thel
IF strip, the carrier is detected, leaving enly a 400 Hz signal, whose
amplitgoie, for field modulation less than the linewidth, is proportional

to the first derivative of the absorption vs field curve. . The 22 KHz
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stabiliaation signal.is superimposed, but this is filtered out in. the early
stages of audio amplification. The audlo frequency lock-ln amplifier has
an overall galn of unlty, with range switches to attenuate the signal by
as much as flve‘orders of magnitude, Flgure IV is a schematic of the ampli—
fier, .After filtering and anplification, the signal enters the_bhase sen—
sitive detector (HO) where it is compare@ with the referenceland detected.
The dec outpﬁt is filtered by one or several capacitors, which limits the
time. constant of the entire.system, and then the signal goes to the strip-
chart recorder. |

The reference inputrfrom‘the field-modulation oscillator goeevthrough
& phase-shifting network before enteriné the phaseusensitive detector. The
reference phase is adjusted to match the:signal returniné from:tne'micro—
‘wave system, and usually does not require'readjustment._ |

The phase—seneitive detection,. in conjunction with tne~filtering
capacitors, ensures that the only signals_reaching the"reccrder are those
whtch have a nhaeevand.frequency that exactly'matcn those of’tne reference
signal. | | | |

:Design and construction of the resonant cavity. A.tunable, cylin-

drical cav1ty, with- resonant frequency near 9 6 GHz, is des1red. * The TEO11
mode is chosen as the operatlng mode in order that:
1. The cavity be tunable. ‘
2, The region of maximum rf magnetic‘field Shail,lieAat~the
center of the cavity (at the samnieéposition). '
3. The region of minimum rf electric field shall lie at the

sample position, to minimize dielectric loss.
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4. The cavity size be as small as practicable.

The resonant frequency, as a functlon of - length and radius, for TE

(1)

modes, is glven bys

A
W= = [;"2 + 'frz ‘szz | -
MhP yf:g £ mA P ‘ LZ ‘ (5)
where x;n is the nth zero of the derivative of the Bessel function of

order m. For the TEO11 mode, the frequency iss -
RL" |
0,, = fgsz_ ety | (6)

oll 557‘ g?

Inspection of a mode chart(12) inﬂicates that a mean value for R2/L? of
0.237 will put the reglon of operation at frequencies such that no:extra-

neous modes, except the mode, can propagate. The TM;I11 mode can

111

be eliminated by the use of choke rlngs at the oav1ty ends,

The cavity is machined from brassu The 1ns1de diameter is turned

approximately to size, (2.05 cm radius ), the iris hole is bored in the

sideﬁandthgn the inside surféce‘is finished. The thrgads for the end
plates are cut next (40 threads per inch)7 and finally,.the outside
diameter .is turned to its finished size. This sequence minimizes the
danger of distorting.the“caQity during.machiningf, The end plates.are '
made fiom brass, with care .taken to leéve a good finishhon‘the.inside ‘
surfaced. Choke rings, having a depth—éiué-width equal ‘to a quartér Wave—
length, are~cut in the end plates. |

4 silver coating may.be applied to the inside surfaces by vacuum

evaporation. The waveguide cah be attached at the iris position with

-,
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solder, or preferably, with conducting epoxy cement.

A tunable iris can be‘maae by partially plugging the wave~guide
adjacent to thé iris with brass, énd filling the:remaining cross—gection
v‘vith‘Teflona The dielectric constant of Teflon is high enough that the
waveguide can still propagate microwaves even.tﬁpugh its dimengions are
small enough to cut off the beam. By.sliding fhe Teflon slug up, and
introducing an air gaf'smalleé in,grosé section.than ﬁhe=cuf¥qff dimen—
. sioné, tﬁe degfee of coupling into the cavity can bg varieaa

Several cavities have p§en'built,'With Q's rahging ffpm»BQbOO
for plain brass to more thén 154000 for one with a good.coating of silver
on the inner surfaces. The théoretical maximum Q for a oavity of this
design is 30,000, | |

Magnetic field meagsurement. For most EPR experiments, it is of

interest to.know fhe.magnetic field intensity for a givén 1in@ to an
absolute acéuracy .of at least one part of 105° The magnetic moééqt of
the protoh is known to this accuracy, sp'the'ﬁhengmenqn of nuclear mag-
netie resbnance (oﬁ-érotons) can be used to obtain the value of the
magnetic field ;ntensi£yQ A separate system is used for this measure-
ment. .The sample used is a test tube filled With machine oil, which

is piéoed in the magnet gab as close as possible to' the cavity. The
circuit used is a ﬁarginal oscillator, and is éhown in Figure V, The
circuitucoﬁsiéts of'a tank-circuit coupled to anjoscillator tube, which
drives an amplifier stége and detector, as well as a separate amplifi-

cation stage with output to the frequency counter. The;oil samplelis
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placed in the center of the_coill_of'%heftank,circuit° The detected output,
containing fhe:NMR signal, ié put ontthe vertical plates df an osdillo;
scope whose horizontal plates are driven by the same oscillator és used to
modulate the magnetic field. When the dispiayed signal'appéafs symmetric,
one assumes that the dc magnetic field is exactly at.the résdhance condi;
tion and the modulation drives the total field equaily ab§vé and bélow the
resonance condition. The quillation frequency of the taﬁk circuit is-
.read at tﬁis time, and is ﬁsed %o_compufg the.méggetic fi?i@uf;om the
equatiqng | . | -
hv = 2 H S o
where ,A%P is the magnetic moment qf the proton, and has fhe value i
l 23 erg/G. | | |

With a sample‘coil_of about- 15 turns of #21_cop§er wire on a 1/2

1.41044 x 10”

inch diamefer, the frequency is tunable over a range from about 8 MHz to
26 MHz. The-magnef;c‘fiéld which can therefore be ﬁeasured is in the
range 2,000 G to 495QO Gg Use of more or fewer turns in the samp1e|coil
moves the uéeful;range down or up in magnetic field.. Coils have‘been
Wound which'allow meésurement as low as 1J406 G, and as high as 7,000 G.
The level of oscillation is varied with the potentiometer in the
cathode circuit of the‘osciliatpr tube. This resistance should be .
adjusted so that the oscillation is nearly turned off. Under this condi-
tioﬁ of marginal oscillation, any change in the Q of the tank circuit
ﬁill change the level of oscillation significantly. WhenAthe.external

magnetic field and the oseillator freqﬁenéy-meet the resonance condition
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of ﬁqo Ty rf power is absorbed by the protons in the oil sample, thus
lowering the tank circuit Q. - |

Operation of the Spectrometer
The turn—on_procedﬁre for the spectrometer consists. of providing )
power fo? the klystronsvand ailowing them to warm up,ltuning the signai
klystron to the cavity frequency, tuning the local klystron to a freéuenqy
30 MHz above or below the cavity, and then balancing the microwavé.bridge.
As the bridge is:béought néarly to balance, the AFC oircuitlshould begin
-to ope;caten -

The kiysfréns should be tuned bo%h méchaﬁically and eléctricaliy,
so that the fiﬁal frequency will lie at the center of the klysfron mode.
.If a tunable cavity is used, the start-up procedure is'simplified in that
the signal klystron can be tuned to the center of the mode without regard
for the cavity frequency. The cavity can then be tuned %6 the klystron
freéuency; The lqpai klystron must stiil be tuned, but the 8 MHz band-
width of the IF'stéges gimplifies tiis process, since it allows the 1océl

klystron f?equency to lie anywhere in the ranges 26 to 34 Mﬁz‘above.or
.below the cavity‘freqﬁencyo -

Tuning for minimum noise. There are several adjustments which may

be made in the electronic circuits of the spectrometer to optimize the-
signal-to-noise ratio. These may be classifiedléCCOrding to whether or
not they affect the absolute sensitivity of the system. Those parameters

. which directly affect'the signal amplitude will be discussed first.
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Audio amplifier gain ordinariiy vagies any noiée~to the same extent
that the signal is varied. Tﬂe phase and frequency of the field modulation
gignal however, have g-marked effect.on signdl amplitude without,changing,
the noise level.. Bofﬁ of these parame%ers can ofdinarily be’se£ once and
then forgotten, but occasibnally some drift occurs which-requires'corfec—
tion.  The audio amplifier_has a high-Q fiiter which passes only a narrow
band near 400 Hz, so the field modulation. oscillator must be set to this
frequency to achieve maximum sensitivityé; Phgse adjustmeﬁt.between.signal
and reference :in the lock-in amplifier is, Qf\éourse, necessary.

Signal amplitude is directly proportional totmodulayibn field.. ampli~-
tude for peak—toeéeak fields up to twice the‘ling widﬁh; s0 ordinarilj.this
caﬁ Be adjustéd to maximize the signal. Some noise ié induced by eddy |
eurfeﬂts in the cavity walls by £he\modulation'field, so the onset éf this
noise will determine ﬁhe upper limit on modulation field if the above
criterion doeé not.

IF amplifier gain does not affect the signal-to-noise ratio, even
though crystal noiée is much reduced at the operatiné frequency of 30 MHz,
The reason for this is that the klystron noise entering the IF amplifier |
is at least an order of magnitudélhigher_than‘the crystal noise, and is -
the major source of noise in the entire systemo' If the klystron noise
were negligible, the siénal could be amplified at the IF strip without
chanéing the noise le§el because most of the remaining noisé-is introduced
at stages later than IFo” The klystron noise is introduéed mainly by ripple

and ofher fluctuations in the réflector power supplye.
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Local klystron power level has some effect on both sigﬁal and noise,
although this has not been carefully invqstigated. The essential purpose
for varying this le&gl is to adjust the microwave detector crystal bias in
order to oﬁtimize thé crystal noise, butlthe”crystal noise is not a factor
to consider, in &iew of the existing klystron noise leyela

Bridge balance influences sighal amplitude markedly and is usually
set quite close to null. MWMicrophonic.noise becomes more noticeable and the
line shapes become distorted if the balance is too neér nqll; sp there is
an optimum region which must be found. For one milliwatt of microﬁave
power éntefing'the caviéy, aﬁd 40 db of IF gain, this region is usually
found near an IE leakage:current of 100//(.51_°

Signéi klystron power level is known to chaﬁge the signal amplifude

more répidly tﬁan the noise level, although this effect is not very notice-

.able due to the high level, of klystron noise.

The AFC reference oscillator phase and frgquency influence the noise
level just as the same parameters in the audio amplifier afféct.signal
amplitudew .In addition to thesé adjustments, there are adjusfments for
signal aﬁq reference gain in the AFC, tickle Voltage amplitude,‘and signal
limiter level. These pérameters are all somewhat inter-related and must be
adjusted and readjusted as fhe.Spectrometer is brought t§ oé)timum.tuning°

Calibration and sensitivity. The absolute sensitivity of the spect-

rometer has been found By observing the resonance spectrum of a saﬁple of
DPPH dissolved in benzene. The spectrum consists of five lines with inten-

gity in .the ratio 1:2:3:2:1.(5) Each line is about 5 G wide, so the obser-

ved intensity of the central line must be multiplied by 15 to normalize to
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a single line of one gauss linewidth. The number of unpaired electrons in
the sample was determinedvfrom the sample wéight by assuming onélelectron
per molecule and using a moleculér weight of 394,3°_ The microwave power
.entering the cavity was adjusted to one milliwatﬁ, gpd %he time constant
"set to one second. The normalized sensitivity was found to be 2 x 1013
spins, based on a signal—tofnoise ratio_of 24 for fhe central DPPH. line
in a sample containing 7.3 -x 1015=spins; |

The.signal intensity was checked fornlinearity by obseérving the

spe;frum of,vanadiuﬁ in  Mg0 in sampiés assumed uvniform in doping and
.varyihg in mass from about oﬁe;half ﬁilligram.to several himdred milli-
‘ grams. The sig@él intensity was found to be directly proportionai to mass,
'éfter taking into account the difference 'in Qavity loading for the largest

’

sample.




CHAPTER III _ : -
THE FORBIDDEN HYPERFINE SPECTRUM OF V' IN MgO

Theory of Forbidden Hypérfihe Transitions

The electron paramagnetic resonance spectra of divalent manganese in
several single crystals have shown weak lines occurring between the usual

(13-19)

intense main hyperfine lines, These‘aré transitions for which |AM|=1,
jzkmi = 1, where M is the electron maénetic qﬁantum number and m _is the
nuclear magnefic quanfum number, .Thé& are called forbidden because ﬁhe&
violate the magnetic d:'.Lpole- selection rules, which are [A Ml =1, lAml =
The +transitions come abou% because 'of the mixihg of neighboring hyperfine
levels by the interaction qf the cfystal field with the hypeffine inter- -
action. These transitions can occur for paramaénetic ions.other.thaﬁ\””
manganese, and have now been observed for divalent vanadium.

The energ& levels of doubly ionized vanadium in the cubic field:of

c : ‘ . (21)

magnesium oxide are described by .the spin-Hamiltonians: .
' A S @b 2 { ~

e gpl-san3t oo[g/-4sce)) @
where S (~ ) 1is the effective spin due to the three.unpaired electrons in
the doubly ionized configuration, A is the hyperfine splitting parameter,
and D is the axial crystai field splitting parameter. The spectrum can
be descrlbed by a spin only, because the cubic field of MgO splits the
seven—-fold orbital degeneracy into a ground state s1ng1et and two hlgher—

lying trlpletso A weak crystal field of symmetry lowex .than cubic is pre-

sent at the site of the vanadium ions, and this is descriped by the last
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term above. The Yy axis is the principal axis of the lattice dis’to:gtion
" which causes this field.
The eigenfunctibns of t.he'Ha,miltonian are not ‘the pure basis states

IM,m) y but. :fa.’cher ai'e mixtures of these basis states: | ,
Z Q’M ;JM M> - (9)

The reason for the mixture is that %g/ is not diagonal as it is written in

Ml

Eq. (8). The coefficients . 2 m _é,re most easiljr found ."by resort to
- ? .

perturbation theory, since, }“/ is a 32-square matrix, and cannot be readily

diagonalized. The forbidden transition from the s‘bate ]ng to the. state
| :

- "VM—‘I meq C8n now be seen to be an allowed 'brans1t10n between the appro-

prlate parts of each state. The 1nten51ty of . such a transition is glven by;

IN qa’M)mi—l-‘&- M;')MIZ ', ‘(10)‘

where bM,m is the counterpart of a.M’m ’ for the state ‘w_

The coefficient A ] is obtained in first order perturbation
. 7 .

M~1,m+1°

from the expressions

M mat [N TH, m

M ot = : (11)
’ EM,»«“‘ jEr\u)m . ‘

A

There are no terms in the Eamil’qonian, however, which raise m without
changing M; so to first order & ] vanishes. In second order though,
!

aM,m+1 is given in part bys

<M m+u\w’€v\+» mId M+ m [}HM M> O 2)
<EM»W\ MW\—\-I (EM W Em-. m)
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The part of }! which connects ' lM+1,m>_ 'M m> is the crystal field
potential, and=tﬁe part which connects iM,m+1> to |M+1 m> is the hyper—
fine interaction° This can be seen by rewriting Eq. (8) for the special.
case for which-the ‘f axis lies in the x-z “plane, the z direction

being that of the magnetic field:

H

2]

9p HSy + ASy Ly +AGLIAS, L) . Df{—gxsmcé@%@é)zu L5641
3(4%; VA, I +AG, TrS L)+ | | S

DS g 5t { e eSSt and - £ 560

ge

where ?9' is the angle the ‘f axis makes with the z axis, and the sub-
stltutlons 8_ = 1(8 +8.), S_= 1 (S -8;) have been used.
x y 21+ -
There w1ll beé contributions to ay m¥1 from all higher orders of,
. b ' .
perturbation theory, but in the case considered here,uthey are -negligible.

The forbldden line -intensity, relatlve to the main allowed lines, is given

by Bleaney and Rublns(16)

o
e L VA B

and is:

EM(M

where 8 = 2 and I = 2 for vanadlumo

The forbidden transitions will occur in pairs between each hyper-

fine group, and will be separated by a characteristic.distance gﬁ, given

by:

f/ﬁt‘?-%-’fé* ZﬁH“’ 4&!2(2,&9\ )+ ;D(éwg%“()(zmﬂ) ‘ ~(15)~
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The entire spectrum is shown'schematically,in Figure VI. There are twenty;
four allowed lines in eight‘groups of three each,. and foﬁrteen forbidden
linés in pairs beﬁwéen each hyperfine group. The forbidden lines indiéated-
in Figure VI are tliose for which 'M ='F%’@F@:M = ‘-% y and are the only

ones observed, so far. %

Experimental Results

A crystal of Mgl weighing 17Q mg and céntaining nomipally 0.5 molar
pergent vanadium Was:used for-the experiments. A smalllchip‘frﬁm the cry-
stal which weiéﬁed 0.3 mg was compared in the spectrometer with a staﬂdard-
DPPH sample, and was found to contain 1.2 x 1016 vanadium ions. The molar
concentration calculated from these dataiis 003%.

The_forbidden lines were observed at a number of orientations in
the,magneﬁic field in an attempt to verify'the angulaf dependence specified
by Bqe. 12. The forbidden doublet corresponding to the.transitions
H+%,+%>®[—%,+%> and !+%,+%>é==-§i’ ‘—-;-,+%> is shown in Figure
.VII. Some of the lines were completely'hidden ﬁy superimposed, lines iq'the
spectrum of divalent manganeéé, which was‘élso present in the crystal. The
manganese‘Spectrum-oonsists of six pentéds whose a&erage positions are indi-
cated by the.dashed lines in Figure VI. Four of the‘fivé manéaneée lines
of.eaoh'group move aroﬁnd,(zo) as much as 100 G, as the crystal is'rotated,
and it was these lines which masked part of the forbidden yapadium spect—
’ruﬁ. The . vanadium iines which could be observed did not show an angular :

!
dependence as expected, .and the reason for this is not completely under—

’

stood. The seven sets of fprbidden doublets. were observed to have -
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relative inténéities of 7:12:15:16:15:12:7, hbwever,‘as specified by Eq.
(14). o | ‘

_ The splitﬁipg'of the doublets was also measured for each case
- where both.lines could be.-observed, and compared withhthe splitting pré:

dicted by Eq. (15). Each of the splittings was about 10 gauss, and

agreed with the theoretical prediction within experimental error.

Discussion
The allowed'speotrum of vanadium in MgO can be described -almost
'complétely ﬁy a ;pineHamiltonian which contains only a Zeemaﬁ term and a
hyperfine term; The crystal field term is necessary, however, io exblain“

an angular—dependent line b:oadening(21)

?n soﬁe of the allowed lines. As
outlined above, the crjstal field term is also necessary to explain thé
'very exisfence of  the forbidden spectrum. ., The fact that the forbidden
line intensities do not have a definite angular dependehcé'indicates

that the axis of the~éxial'cryétal field-does not have a single set of

(22)

definite directioﬁs° .This supposition is‘supported\by data on the
:angular dependence of the allowed spectrum mentioned above. The situa-
tion is somewhat ﬁnsatiéfacto?y, since an exact spegifiéationvbf the
possible directioﬁs-5f the?cfystal field ax;s is not possible,'and the
exact mechanism that induces the lattice'distortioﬁ is uﬁkﬁownu

The main purpose:qf'the investigation on vanadium in Mg0 was to

demonstrate that the spectrometer haS'suffioient sensitivity and
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-versatility to be useful as a research tool. This purpose was fulfilled.
The machine will be used for other similar investigations ihto crystél

fields as well as for-general-purpose studies in paramagnetism.
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' Spectrometer Parts List

Component Manufacturer Model -
2 = Klystrons Varian =13
1 = Isolator - Kearfott W-177
1 - Isolator Letwis and Kaufman R-88-96
1 - Attenuator Hewlett~Packard %-3824
4 - Attenvators. Hewlett—Packard X-=3754
1 = Attenuator Sperry - - 47X-2
1 — Adjustable short Hewlett-Packard X-020A
1 = Frequency Meter Hewlett-Packard X-532B
2 — Detector mounts’ Microwave Components X-331
1 - Magic tee Microwave Components * X-353
2 - Topwall coupler Microwave Components X-360B
1 — Mixer-preamplifier LEL,; Inc. X-BH-2
1 - IF Amplifier - LEL, Inc. - IFGOB-50
1 = Audio Oscillator Hewlett-Packard 200 CD
1 — Audio Oscillator Hewlett—Packard 200 AB -
17 — Oscilloscope:- Hewlett-Packard 130 BR
2 - Monitor scopes ) Surplus e
3 - 350 v de¢ power supplies hand-made ———
4 - 300 v dc power supplies hand-made —
1 -~ T.5 v de power supply Kepco ABC T7.5-2
1 - 6 v dc power supply Kepco PRM 6-25
1 = Magnet system Varian V-3400
1 - AFC circuit hand-made -
1 — lock—~in amplifier _hand-made e
1 — Klystron power control
~ circuit hand-made R —
1 - Marginal oscillator (NMR) hand-made- -
1 — Strip-chart recorder Varian G-144
1 = Frequency counter - Hewlett~Packard 5245L
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