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ABSTRACT

ﬁesonance absorption spectra have been observed which
ma{ be interpreted as many¥quantum transitions where the
axis of quantization is along the effective magnetic field
in the fotating frame, By this description, resonances
which required up to fivéiquanta wexre observed, The spin
system'used was that of conduction electrons of lithiUm
metal in neutron irrédiafed lithium flueoride crystals. An
analysis of the experimental results using a modified Bloch
equation under.the assumption that T,= Tz=Tz1.5xlO-7 sec,
and that the spin system relaxes toward the instantaneous
field is presented. A brief outline of the Concept of spin
temperature is included. A comparison is made between some of
the predictions of the spin temperature concept and the simple

Bloc&ftheory used in analyzing the experimental data,
; :
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1. INTRODUCTION

The classical equatibn describing the motion of a free
magnetic dipole with a dipole moment p in a static magnetic
field H,is gg = T x X}—-L : (/.‘/)
where y is defined by the relation p=yJ and J is the angular
momentun of the dipole. y is called the gyromagnetic ratio.
This equation is generally solved by neting that in a
coordinate system rotating at an angular frequency w around
the axis which is parallel to H,the equation of motion of

the dipole moment becomes:

| Ji@ = _Z X (YA +w) (1.2)
The magnetic moment is thus stationary in a frame rotating
at w=-yH,., This solution then isleasily transformed back to
the laboratory frame, Likewise it is easy to show that in
the gquantum theory'the equation for'the expection value of

the magnetic nmoment for an isolated spin is given by

35:0 = (&P X YA, (/.3)
which is just the classical equation, In addition if the

spins are hon-interacting the expectation value of the total
magnetization obeys the sane equation, The rotating refefence
frame mentioned above assumes specialiimportancé when a rotating
Vmagnetic field of frequencyw and magnitude H,is applied
perpendicuiar to the static field H,. In this case there

is a static field He;g in the rotating frame and an analysis



similar to that abové shows that the magnetiﬁétion should

precéss about He;§ viewed in the rotating frame. Thus it

is seen that the rotating frame is a useful device for
visualizing’the resonance process, The angular frequency .

of the precession of the spins in the rotating frame is given

c A,
) 0.
Hegg 3 [(Hoﬁ%f- an‘?”n%j *
He ‘
@  lag Faame | (b)  Rovar/we Frame
Ha o Ho Hy & Ho-¥
Hx = W,y co5 we ' He = W,
Hy s Hosiw w ¢ Hy=s o
Fieure 2,

by wefi=yHeff, Figure 1 shows the magnetic fields as Qiewed
in the lab frame and the rotating frame. |

It is obvious from the above discussion that when (H,—% )=0
the effective field is just H,and as the magnetization
precesses about this field its timé average in the z direction
is zero. So far in the discussion all interactions of the
spins with the lattice or themselves has been neglected. In

real systems there are spin-lattice interactions which cause

the spin system to tend toward the thermal equilibrium value



it would have in the absence of a rotating field. There are
thus two compéting processes, the rotating field causing the
magnetization to precess aboutVHefﬁ andlthe spin lattice
relaxation procesées causing the magnetization to relax tdward
H,. However even in the case of very strong spin~1attic§
coupling corresponding to characteristic relaxation times 7
shorter than the spin Larmor precession period there should
be, in the rotating frame, a net component of ﬁagnetization

given by the usual expression for the thermal

along Hes;

2 equilibrium of the magnetization of a spin system in a static

1
magnetic field,

/v]css: /V/“e;;l(ﬁ%}ﬂ_} Heé‘f (l'L/) |

If on the other hand 7 is comparable to or larger than the
Lérmor precession period the magnitude of the magnetization
along Hess can be much larger. This situation can be described
by defining a new temperature Tspun such that equation 1.4
remaihs valid for the given magnetization, In any case it
is.possible to cause a resonance in the rotating ffame by
applying a perturbing field of the correct frequency»perpen—
dicular to Hegs.

Rédfieldzdeveldped an essentially thermodynamnic deScription
of resonénce experiments in the rotating frame, Oné of the
éssumptions of the theory as outlined in Miss Franz'svthesis3
is that the spin-spin interaction is large compared to the spin
lattice interaction, This implies that the spin system can

have a temperature different from that of the lattice. The
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starting point for this theory is the assumption of a system
Hamiltonian of the form H=Hz +Hgs where Hz is the Zeeman -
interaction energy and Hssis the spin-spin coupling energy.

Note that this Hamiltonian ignores any spin-lattice interaction,

>

The Hamiltonian is transformed to the rotating frame through

two transformation operators, _

H*= eiwI=T H e-iwIzt | (l.s)

".H‘*': c eIy H¥e-cedy - (1.6])
TheifirSt takes the system into a frame r@tating atvangular
frequency w around the z axis., The second aligns the axis
6f quantization along the effective field axis. The resulting
Hamiltonian is: | _ :

WHY = v, Tp *éﬂ:«ﬂ’}l} BiveLselur +Dive [ Lje Ixe * T Iue]
| * Ere (ﬁa'**-f'-ﬁh*—zda(rm *Tx) ]
Whevee Aixe = A ;x +'/9.(3cosle-l)(/4\jl(-ﬂr\;’u)
Bixp = 7 (3cos*o ) Bk
Dike = Iy siw*e Bu
Eske = Siv © Cos © By ¥

There are two points of immediate intérest. The magneti-
zation of a spin system in a magnetic field defines a spin
temperature based on Curie’'s law, If‘a spih system is initially
in equilibrium with a static field at some tenperature T and

if the static field can be reduced without changing the

. N (") .
The coupling coefficients A;x and ;¥ are defined by
the spin-spin Hamiltonian in the lab frame,. \
AN I T v Ik e
s 58 A 5 Fe 1 Bk § I 01, -3(3:;,.5-)@(” A LUN
The constants A;x and Bjx are defined in terms of
these by the relations,

— ~S
ASR: A',,\:( + '/J B\JK (3(652@".("> ) KJK = - 3/‘ B\,K (3WL6\;K —‘)

For a complete discussion, a reierence is Abragan
pp. 546-548, -




magnetization we say that the temperature is lower.than before,
It happens that if there is no spin—latticg relaxation the
total static magnetization can be made to precess about'thé
much smaller Ho¢e in the rotating frame, a process known as

adiabatic fast passage, This means that the ratio of the

lattice to spin temperature.is of the order of magnitude-%h?.
. . 4 e£s5
An exact calculation shows:
T o Hegsbocose (1.%)
\ L5 Hess 24+ 24,2 »
where HZis the local field in the rotating frame, From
Curie's Law the,magnetization in the rotating frame is
M= MoH?ﬂ'-ﬁ ‘ . ll'7)
, Ho Ta
The sccond point is that the resonant line width in the
: 5

rotating frame should be dependent on the tern (BCOS% -1)
The dependency is such that the linewidth should narrow as
(Séos%a—l) goes to zero or 54.7°, This effect should serve
as a test for the applicability of the spin temperature
theory in this form to individual systems.

The initial experiments of Redfield detected large
dispersion signals at rf field strengths higher than needed
to ensure the saturation of'the absorption signal, The spin
system.was the nuclei of Nazsin NaCl.6 He also obsgerved
what he‘termed "rotary éaturation”.by applying an audio
.frequehcy field perpeandicular to H@;; in the rotating frame,
When the nuclear spin system was at resonance a decrease in

the dispersion derivative signal was observed when the audio

frequency wgq satisfied the condition W=yHess « In this



7
experiment the H field was strong enough to ensure saturation,

Since the results of these experiments cou}d not be satis-
factorily explained by the usﬁél phenomemological Bloch
equations Redfield introduced the conéept of spin temperature,
Suésequently Redfield's theory ﬁas been applied successfully
to many nuclear resonance experiments, especially tﬁose
involving high enough H, fields to cause saturation,
Engasapplied these idéas to electron spin reéonance. As
the energy bf interaction of an electron spin with a magnetic
field is about IOOO'times greater than the interaction of |
a typical ﬁuclear spin in the same field, the frequency of
the analogous fields used in Enga's experiment were three
orders of magnitude larger than those used by Redfield,
This fact enabled Enga to use a marginal oscillator operating
in the megacycle region to directly monitor changes of
magnetization along Hege « The spin system used was the free
radicai in Dpph; an organichOmpound with well known para-
magnetic resonance pfoperties. Dpph has a ﬁsual e.s.r,
- linewidth of about ‘four gauss, Therefore his experiments
were confined to fields (Hess ) in exéess of three gauss.
This corresponds to a radio frequenéy (rf) of approximately
ten megacycles., Vhen he applied an rf field along H,in addition

to the microwave field perpendicular to I, he observed a

: W, . .
resonance when\H5;§(=$£; This has two solutions as:
¥

o ! ; s
lHeﬁ/ - [(Ho ~.}x,i):l + 423 /2 and this is satisfied for,

' ~(l.10)
{ = .t r———;———'—”‘wr |
”‘5} A <//o v';//)z' oy H;,";TJ‘ = - ( . _.)2‘..)(7!.2’



These two lines wefe observed with the expected symmetry.

The line for highest H ,was absorptive and that for lowest Hawas
emissive. This would correspond to the fact that the magnet-
ization should be parailel and antiparallel to the H, 6 field
direction in the two cases respectively.' In addition to

these two lines an interesting center line was observed
-correspondiﬁg to Hqﬁ =ﬁ|. As this center line had nb ready
;nterpretation in terms of the theory proposed it was decided
to investigate this rotating frame experiment using a different
spin systen, Néutron irradiated lithium fluoride crystals
seemed a good system because very narrow conduction e,s.r.
lines had been observed and the crystals had a high melting
femberature. Dpph crystals would melt under the strong
absorption of power from the klystron uéed in this experiment
andvit was prdposed that the melting was in some way respon-

sible for the anomalous center line.



2. THEORY

The LiF samples used had a. peak to peak derivative e,s.r,
linewidth of approximately .35 gausS. It is Well known that
the peak to peak derivative width is related to the half power
resonance curve width by A”ﬁ/ = ‘:_H//’ The characteristic spin-
lattice relaxation time‘can be fg;nd from the half width of the
absorption beak. Using the uncertainty principle AEAT=ﬁ’ and

interpreting AT as the characteristic time for relaxation of a

spin to the lattice gives:

L ANy ATy, =F (2 /)

where p is the magnetic dipole moment of the electron.
K
Thus: Tva Y TA
.7 2.7
(.13 X712 . e

T = [2-2)

where 7 is in seconds and H is in gauas These expressions

-7
give a relaxation time of approximately 1,9x10  seconds for

the measured peak to beak width of the samﬁle. This means
 that the spin lattice.relaxation time is shortér than the
Larmor precession time, This immediately throws serious doubt
upon the validity of using the conclusions of the spin
tenperature theory to describe'the results of this experiment,
The si&plest and most standard approach for mést resonance
experimeﬁts has been to start with the phgnomenalogical

equations of Bloch, Bloch's equations are:

géz X(Mxm)—(gilgg)jﬁﬁ;fL~J AUL3)

where M is the magnetization, H is the total instantaneous



field and y=1.76x10 ce sec. is the gyromagnetic ratio of
the electron. When one has large perturbing fields and the

sample is such that ‘7=7, =T, ,

the Bloch equations are.modified
to the form, |

-3—%"1:2:(/%#7)—(/’1'-%5) (2.4)
The microwave field is linearly oscillating and is perpen-
‘dicular to H,. The radio frequency field is parallel to H,
and is also linearly oscillatihg,'thﬁs H= EC°Sutr*R05?%1awni)
Thlg form of the Bloch equations has been used beifore in
interpreting low field e.s.r. results, 10 l%he resopance is

detected along Hess in the rotating frawme so we must transform

' 1
this equation into the rotating frame by taking Hyas (HD—%?)k

and HL.as FH:. Relaxation is still assumed towards Hybecause
of the strong spin lattice coupling. The equation to be‘solved
is:- é—’—"— é:b’(ﬁx[r?(ﬂu \"‘H]) ~§M X[fa(Hainca:wf +o(H,aasJZ.t)]3 2 5)
This equatlon can not be solved exactly and since the magnet-
ization is periodic it is effacacious to use a Fourier expansioﬂ}
Setting ﬁ:,{_/‘ze""“t ' (2.6)
where cobviously /7,,' = ﬁ-i
and substituting 2.6 into 2.5 gives the iteritive eq,
( ina -A) Fin - B{Fint + Mpw) *Cn=0 (2.7
where the matrices A énd B are defined so that
A Fin = ¥Fn xHegy = Fing. (2.3)
9 M =¥ Mn x Hrg h | (2.9)

A4
and where He;s = CH +8 (U, - -‘f;’g}
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To use these equations they must be written out explicitly,
I give enough here so that all the others are apparent. There
are clearly 6n equations as there is a real and imaginary

component of -the magnetization; e.g.,

N S L - (2.10)

Tﬁe equations are: .

1, MxR. x—rm,’lﬂl/z -~ 28Hm T M Y% = X, 4, (2.11 —2.29)
20 M Ly T //4/’1”—0 |

Be MR S YTM e + 28 THre Moy T Ha=0

4, /'70‘41 +¥ THe M,_,"I -x'rf/.l- ", .o

5. M 4y 1 pem o =X #o

6. M, +E T Hs MYF =0

To M R TR g he MR YT fy (M 5 M9R) 0

z r)=ec
8. M*T.aT M:XR-XTﬁ/&A "Ifr"Hq(/Vo’ «A1,Y )

P4 LkR) - O
exrms (Moot

AL TV RS PRI S |
/‘7 -7 ¥ (/"a ﬂaxk);a
10, 0+ uz//‘?‘i' \X’rbu,nif+b”f/!(,M” + 0T Hvs

. -~ X Hr
11 /Vz/%K-fL M?Ifa’ TH Y = Ro frf

. o
12 M2 oM % ed THe MY

) -
l A ' R g 4 +an"q )z
13 th -nﬁ‘ﬂﬂnr—d"r“,ﬁ/”»? '(TH”'( r-l
T b Mo gl) =

xI R A _¥T (l"“l
14 M, nYa A Sy e MY Hrs o nE) o

ih £/1” * )'T“?f (ﬂn -1
15 mn'g i n"lv.flﬂ" F oy T HL M U TH

*r)-o
16 M ‘ér,_ H"f'ﬂﬂn‘ﬂe‘t XT/"h HJ“XTH.UQI,Q - B’TH,;(MNI*Mnr{ )
)
17 128 - AT g M0
T _,
18, /"l,,l'r R AT /*’IH%R r ¥ He Mn 9% =0

(-
In the above equations He = (+ 77)-
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This suggests solving the 6n x 6n matrix equation AM=C
where A is the matrix defined by the coefficients of the
magnetization and ¥ is a 6n dimensional vector representing
the components of magnetization, C is another column vector
répresgnting‘the inhomogeneous terms in the equations., There
aré only three non zero terms C ,C ; and C- . C and C are

~ 1 5 11 1 11
three orders of magnitude smaller than C and it proved to
;maﬁe no noticeable differcence in the resﬁits to neglect these
terms and retain only C ., This is reasonable since H, 27 fl, ov Hyg,
The matrix equation wasssolved numerically on an IBM 7040
computer, Terminating the series at n=5 and chosing fixed values
for all the pafameters except one which assumed five values,
one machine run toék 10 minutes., This Was'found to be sufficient
for our needs as we needed only to determine M?gr nore pre-
éisely the derivative of Mfrwifh respect to Hy. Including
 the n=6 terms served to change the caléulated derivative'at
n=5 by only one part in 10?.regard1ess of the fact that the
M components were not.negligible conmpared to the M components,
¢ One interesting point of the expériment is theseffect
.on the linewidth when increasing the angle between Hess and

H

o+ It was noted in the introduction that the linewidth in

the rotating frame should narrow as the function 3cos6-1
becomes smaller if the spin temperature hypothesis is valid
for the case. The prediction of our theory is not immediately

apparent but when a constant 7 is used in the equations the
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linewidth should be constant in the rotating frame, The
relation of the linewidth along Hegs to that in the lab frame
is simple as long as the linewidth is small compared to Hessf .

The relation follows from equation 1,10,

Hesg = /?7§?g;377T’f

‘ ) a(u- e S
AHc;;=u_,._—-———w' S0 8 Mgy ¢ A(H-%‘L Cos @ (3.30)

(H =221 T Hi*

So-assuming th®e linewidth is a constant the dependence of the

84y,
Cos &

. It is

‘measured linewidth in tﬁe lab frame should be
unfortunate:that the highes£ values of H, obtainable were only
around one géuss which is not large enough to tééé this pre-
dictiop accurately, For 1arge anglea,qux one gauss which is
not much iarger than the lineﬁidth.' Since the computer results
matched the experimental lines for all cases observed it was
run for a series of angles ﬁiﬁh Heg 10 HZﬁ This plot is

: . ” 2
given along with a plot Of Gore

and 44y, (3cos’e-1) in figure 49,
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3. APPARATUS

The apparatus consists of a high pover 34 GHz Elliot
type 8TFKZ klystron éapable of 10 watis output, an isolator,
load, and associated microwave equipment including a TE104
retangular cavity, a b010meter-and Hewlett Packard Model 430C
power meter, a field controlled 9.5 inch Eagnion magget along
with field modulation equipment, two marginal dscillators, a
‘Hewlett Packard frequenéy céunter, a lock-in detector, Chart
recorder and the auxiiiary eéuipment needed for stabilization,
The.arrangemenfvis shown in the block diagram>(Figure 2). The
klystron is water cooled providing enough stability so that
it could he run sdtisfactorily without an a,f.c, after an
~.initial warm up period of half an hour. The klystron could
not be swept through an entire mode and displayed on the
oscilliscope as this involved modulating the beam voltage
supply by about 159 velts. In practice then the a,f,c. was
not used and the klystron was allowed to drift slightly. This
meant retuning the klystron to the cavity frequently, This
was accomplished in two steps. First a rough setting of the
frequency was obtained through the calibrateé wavenmeter, Then
the klystron was finz tuned until the maxXimum signal strength
was obtained., The frequency could be found to about ten MHz
with the wavemfger. The coupler is describhed in detail in
Inga's thesis. While the strength of the field can be controlled

through the coupling there is no calibration and the settings
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are not reproducible, The cavity used was fhe same as
described in Enga;s thesis and although the silver plating had
deteriorated the Q was not seriously affected, The cavity
was also cooled througp én external copper tube affixed fo
the side of thg cavit&. Details of the chify_aqq teflon
| sanple holders are shown in figure 4; The-séméle’ébil size
dependéd on the frequency desired but coils made ofllOO
rturns of no, 46'enameled copper wife oscillated at about three
MHz. The other microwave-éqﬁipment is described in detail

in Enga's'thesis. A schematic of the klystron powér supply
‘and its connections to the klystron is shown in figure 7:

Thé power supply is noisy and detection of e.s.r. by
monitoring power absorbed from the microwave system would

be difficult., An additional difficulty was that the klyétron
rmede could not be displayed thus making it difficult to match
the‘klystron frequency to the cavity resonant frequency.
: A‘Hewletf Packard frequency counter with a 50-~100 MHz plug
in unit was used to determine the exact frequencies for the
e.s.r., resonance alohg Hegs and the proton resonance
. frequency in Hy. Using the plug in unit frequencies both
above and below 50 MHz can be détermined by changing the
selector knob, This avoids the necessity of two counters,

The marginal oscillator is a slightly modified form

: 14
of the one described by Benedek and Kushida and Volkoif

15 . ,
et al. The 6J6 tube operates as a push~-pull oscillator with

the resonant frequency determined by the sample coil and
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butterfly tuning capacitors. The grid-plate feedback capac-
itors are adjusted for marginal oscillation, At resonance,
energy is absorbed from the sample'coil changing its Q and
hence changing the curren; delivered to the circuit via the
plafe supply. This signal is modulated by the Helmﬁoltz
modulation coils at w and is fed‘via a coaxial cable te the
lock—ih detector, This in turn is connected to a chart |
recorder, A transistorized audio amplifier connected to the
iplate ciféuit is used to monitor the frequency. It proVideé
‘;enough gain to drive the Hewlett fackard model HP5245 L frequency
counter, This émounts to over ,1 volt at the frequencieslused.
The d.c. meter on the front of the marginal oscillator
essentially neasures the voltage developed by fhe grid
current across a 51 K resistor on the positive half of the
'wave»form;- See figure 3. The smail gfid capacitors can 5e
used to adjust the grid voltage and hence the d,c, field
étrength. The unmodified oscillator was capablé‘of operating
between about 5 and 60 itlz, For operation at lower frequéhcies
extra capacitance was added to the grid capacitors, With a
coil of about 100 turns and a capacitor in parallel with the
grid trimmer of 47 pf a frequency of 3 to 3.5 MHz could bhe
obtained.' A parallel capacitance of 100 pif would give freq-~
uencies down to 2.3 MHz. However at such frequencies the
tuning range of the oscillator was limited to a few hundred
kilocycles., To obtain all desired frequencies from 2,3 to.4

MHz it was necessary to use two spectrometers, one modified

H
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and one unmodified, and two spectrometer to signal coil cable
lengths, When operating properly the signal to noise ratio

of the oscillator was over 100 for the n=1 resonance line in
Li¥, The physical construction of the oscillator is discussed
iﬂ Enga's thesis, and a schematic diagrdm is given in figure 3.
Figure 6 éontain diagrams of the gavity couplingvmechanismb

and a TEOll mode cylindrical cavity. This cavity was not
;used.in'the presént experiments but was used by'Enga in his

original experiments and so is included for completeness.
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BLOCK DIAGRAM OF KLYSTRON SUPPLY
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"4, EXPERIMENTAL PROCEDURE AND RESULTS

The experiments were carried out at room temperature in-
all cases. The static magnetic field H_was modulated at 400
Hz, and aAlock—in detection systenm was>employed. The signals
were obtained by setting'the klystron at a fixed frequehcy
correspondiné to the cavity resonance and setting the marginal
oscillator for the frequency which gave the desired Hegs and
then slowly sweeping H,via the calibrated sweep power supply.
-Typical sweep speeds»were'of the order of a few gauss per
minute, The derivative signals were displayed on a chart
recorder, Preliminary runs were first made at frequencies
greafer than 6 MHz, For.these runs lines similar to those
found by Epgavweré observed, Tigure & shows typical traces

taken at these frequencies,

| |é~u.963‘ﬂ | | '(__ 3M4g_,

T (-2 6 1| ¥ gauss
- ALk scnits o geuse N Serma
P Y W\g’ Ty g
(@) 725 Miz | {b.) 23.3 AHqz
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Fig. 9 shows the qualitative effect of increasing H,through
increasing the‘coupling'to the cavity. All these runs were at
3.58 MHz and approximately 10 to 14pA of oscillqtop:meter reading
which indicates the rf field.strength., H, increases from (a)
through (4d) bﬁt no éccurate quantitative values for H‘were o

obtained for these runs,

V.o ~! o 2 V32

(a) | (b)

R S A S /

Y B T N
(Ho- ) gamss /

(c) FIGURE 9 . (a)
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In £fig.10 all the signaIS-wére obtained at a frequency of

2.6 MHz. The current reading reflects the relative strength

- of HYsbut H,is not calibrated. TFigure (b), however, has the

largest value of H,.

3 Y 1B ° ' Y 3
- A‘\Ha'.‘%\ %0“‘5
- (a) 5-7 pA (b) 9 ua
o3 ,‘7‘ - ° T 5 3
B N Y A S S
(Ha-22)
souss

(c) 12 pA FIGURE 10 (d) 20 pA
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The magnetic fieid was not calibrated in these prelim-
inary ruus but'from the calibration obtained in éubsequent
runs it was apparent that at these oscillator frequencies -
the microwave field stréngth was small compared to Hess.

In theé usual first treatment of resonance the equation for

the evolution of the magnetization, ‘ ‘
f}g— =dHXNM : v (L/'/) :

is solved exactly by separating H into the vector components:

—

H = Q'HO'+3lﬁco:wk rj H, severe
This implies that the perpendicuiar rf field is rotating about
Hgy. Obviously a linearly_oscillating field ZHgoswt can
be deéomposed into two oppositely‘rotating magnetic fields.

'“HR: CHocoswt + JH sywot

H;_ = ¢ H, cos wt - 5 Biswot

If Hyis large compared to H,it can .be shown thét oﬁly one
rotating component is important toward eifecting a resonance,
Hence when H,is small compared to H;a linearly oscillating
rf field may be treated as a rotating field._ Doing this, only
one condition for resonance is possible and this occurs
when Ho=n%ﬁand 2mu,, corresponds to the Larmor precession
'frequenpy. In actual practice a linearly oscillating_field
is almost always used. In this experiment-the linearly
'oscilléting rf field was comparable in strength to H%; for
low frequencies of Hrf and high rf.fiold strengths, In this
case it is no longer proper to neglect one of the rotating

components of the field., 1In fact an analysis oi the fields
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present in the doubly rotatingrframe (the one rotating-about
the axis defined by HQ§g), shows that there are other resonance
conditions than thé one given above. Winter's analysis16
shows that for a rf magnetic field with non zero conponents

in all of the coordinate directions resonant'conditionsAexist for
u=nw°where Wois the Larmor preceésion fréquency in the rotafing
frame about He%'. The chances of observing these higher
érder_resonances:is greatly enhanéed as the rf field strength
~becones comparablé to the static field., Thus the rotating
frame péésibly affords the only means to study these higher order
resonances for électron spin resonance. There are two ways

to achieve an H;slarge relative to Heg¢ , either require that
the oscillator produce a large oscillating field or make Hegs
small by using a lower rf frequency. The latter is better
beqause the sensitivity of the oscillator is greatest for low
Afieid strengths, For these reasons it was decided to make ruas
ét as low as practical rf frequencies, A perturbation
calculationl7shows that if the effect is small the‘n=2
resonance signal strength should be proportional to H:;while
thé n=3 resohance should be proportional to Ef. of courée the
n=1 resonance strength is proportional to H,?;

Figure 11 shows the effect of increasing I, while the other
parameteré are held constant, the frequency being 2.6 Mﬁz.
Figure 12 shows the same experiment but With€2g=é.0 MHZ; It
is obvious from these results that the streﬁgth of the higher

order resonances is highly sensitive to the strength of Hr§.



Also for the'same rf field strength the strength of the higher

order resonances increases as Wy decreases, This is the sanme

5
as decreasing HQ{S' A semi-quantitative description of the
effect of Hy strength on the relative signal strengths Wés

made by noting‘that for a Lorentziun line shape the integrated
aréa under the absorption curve is-proportiénal to the peak
height and the derivative peak height-assuming that the line
width ié constant. This is a good approximation for the_rahgés
of the magnetic fields used in this experiment., Figure 13 .
shows the results of this measurement for a typical run at

3.0 MHZ. Six traces were made for Hh§field strengths of from

- 18
7 to 30 pA as read on the oscillator meter.

For each value
of vafhe ratio of peak height 2-to-1, 3-to-l, and 4-to~1l was

measured, Only at the two highest values of H_., could measurements

tes
be made for the ratio of peak 4 to peak 1, The peak heights
could not be compared between one value of vaand another

" because the sensitivity of the oscillator is some unknown
function of the oscillator signal strength., From the slope of -

the log log plot it is seen that:
] 2(-72 )

. T
Within the limits of error then,

—_— 2 ‘ & €

T, Q(Hr; 5 I,Q °CHr;q , 18 cCH\-; and Iq of y\"f
This is what the perturbation thecry for low Hys would predict,
although perturbation theory is definitely not applicable as

Hy-:f ,’\CH?{fc
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The next three figures (14-1€) show numerical solutions
for the equations developed in the theory. They are ploés
of';%tﬂ?f Figurevl4 shows the effect of changing the rélaxation
time 7. Shortening 7 has the effect of broadening the resonance
lines, Iiowever as will be shown other parameters can have
similar effects and the broadening due to 7 and that due fo
otherbéffects must be distinguished if the proper T is to be
féund in this manﬂer. It will be seéﬂ that the breoadening
due to the fact that we are observing a rotating frame reson-
ance in the lab is important only when cos © is significantly
different from ﬁnity. Therefore the search for the correct
value of 7 should be limited to frequencies higher than 3.5 Miz
and low field strengths. The result is that the best 7 haé fbund
to be 1.5x10”7seconds. This is comparable to l.9x10-7calcu1ated
froﬁ the peak to peak derivative line width. The dLscrepency
couid be due to the fact that the l.9x10-7second figure was
derived from the unsaturated resonance line obtained from a
low power klystron. £11 the signals were obtained in fthe
rotating frame with H . as the perturbing field. The rathef
high field strengths of vashould induce significant saturation;
The klystron power will not itself'prbduce significant
‘saturation since all of the signals were obtained at least

2 Mz or about 3 halfwidths from the klystron resonant frequency,

19
The half width at resonance is given by:
¢ B / .
Dy =4y (¥ 4.°T) /a (4.2)
where.A&is the unsaturated linewidth, For the » of the electron

-7
and a 7 of 1.5x10 sec. and H,.,of .5 gauss, A»/; = Lidy .
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1.9 .
The observed difference,l.b5 gives only 4% L2544, , but the

argumnent explains the effect qualitatively,

| Figure 15 shpws the effect of increasihg H, vnile the
other parameters are held constant, and finally, figure 16
shows the effect of increasing.H”. In sonme resﬁect the ef{fects
‘of inéreasing H, or H, are quite similar and the differences
’rathef subtle, It is quite easy to see why. the effects should
bé similar, Only‘thg component of H ,perpendicular to Heps is
effective in causing‘resonant absorption. This component is
H,;Sin@; From figuré 1, siné%H,/Heg , so the pertupﬂing field
is actually Hy, H, /H egs where Hess is determined by w,, which is
kept constant, Thus if the only component of H, were along
the z axis the effects on the peak height due to H, and H,,
woulZ be indistinguishable., Experimentally however there is
always a component of H,ain the x-y plane and this component
probably accounts for the differénces in the lineshape

kept constant., Of

45}

observed even when the product H, H, 1

course H‘effecfs the angletaand thus the separation of the

absorptive and emissive resonance lines, H, has no such eifect,
Figures 17 and 18 show a comparison of the theoretical and

expérimental curves ifor some typical runs, The parameters

in the theoretical curves have been chosen to-givé the best

fit to the experiment., Figure 17 shows runs at two frequencies

while the other parameters are held constant; The main effect

is clearly a change in relative peak heights., The parameters
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useéuéégsfhe thédféfiéai ﬁlé%g are given beside the figures,
The exzperimental parémefers’5gree‘withiﬁ'éxperimentél error.
Figure 1€ shows fhree curves which were run at approximately
fhe.same frequency (2.6MHz) while H, and H.varied. Again the
experimental values agree well with the theoretical values,

& slight discrepency is that near the center of the
traces, i.e.,where (H°~;?v=0, the experimenfal curves appear
broader and show less detail than the theoretical ones. A
possible explanation is that tﬁe treatment of LiF crystals
with neutron irradiation has the effect of producing platelets
of lithium metal of about lp in diameter, The skin depth
at 34GHz is 1 micron also, This means that the microwave
field strength could vary by 30% cver the lithium particle cof
1y in diameter, If fhe above estimate of size is wrong and

! ) :
the size is actually say ,ly in diameter, the field strength

. 8 .
variles by only 1 part in 10 . Accepting the value quoted
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abbvelof 1p may acébuntlfor.minor discrepencies of our theory
“and eﬁﬁerimental curves because near ﬁ~u[7=0 a vafiafion in Hy
causes appreciéble shifting of.absorption'peak positions ﬁhich
would for an.inhomogen¢ous Hy acroés the sanple lead to a

bfoadening of the lines relative to those obtained by the

theory assuming a constant H; over the particle size.

4Whilé it is true that there should be iiﬁe broddeniﬁé near
.the point where the klyStrdn'isﬂresonant with the elcctron
Larmor~fréquéncy, Ho-%}=0; due to the saturation of the»spiﬂ
system with the'klystron‘p0wer, this effeqf should be incor-
porated in oﬁr Bioch»equation»fbrhulation and_iead.to né
Mdiscrepeﬁcies}petween the theoretical and exﬁerimental curves.
Figure ig»S%OWS’ﬁLé D=1 résOnanCe line run at about
MHz angd for four values of H, . Experimehtaliy II could ndt

be changed enough to ohbserve the effect of the Jine shape

and peak position on H, .- This is simply accomplished with
the computer program however, At the frequency chosen Hecois

about 4.5 gauss and using values of H,of 1,2,3,and4 gauss,

noticed

n

angles of up to 60 degreces can be obtained, It i
that the linewidth and peak position (determined by the

derivative zero) are both strongly dependent on 8 , Figure

20 shows four curves, The curve denoted "computer" is the

peak to peak line widih as a function of i | determined from

=

the computer plot, The second shows the peak to peak width
expected on the basis of a constant width in the rotating frane,

The third curve is fitted to match the second curve, Its formula

x

-t

.o

S

e

=5/8X~.E0 where Y is the value for & point on curve
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three énd X is a value on curve two, The fourth curve is a.
S 2 L .
plot of (30059»1) which shows the dependency which one
Tcos & S
would expect if the Beafleld thcory were strictly applicable,

While the valueq of H ( used in the experiments were not Jarge

enough. to completely determine this dependency, figure 9 shbws
thétmfheiliﬁévidth dia increase roughly as the ésSumptiOn of
‘a cénstanf>ﬁidth in the rotation frame“iﬁdicdtéd it_would;
Fron figure 1 the separation of fhe two n=1 resonanée'
linés in the lab frame should be He; Cos 6= (H(,;F Il))/z ince:
{this is the formula used to’thain H,6 fronm the exﬁerimental'
'reaults it is interest ing to see if it holds for
:the theoretical plots, The separation is conmputed from
figure 20 for cose= .975, .895, .745, and ,460 and this is
compared with the separation at ézO fimes co36, The separatioﬁ
of the lines on the theoretical plot does not follow Bcos®
exactiy whefe B= the separation at ©=0, However for swmall
values of 8 the agreeﬁént is good.and the conclusion is
that equation 1.10 is a valid one to calculate H,. Figure 21
“shows this cO;gﬂ'ison.
The line sep aration is also affected by the Bloch
Sicgart effect. The expression-for the position of the
resonance in terms o% the position where rcesonuance would
occur neglecting the effect is given by,

o (g )2

AHesg 0.
Taking H_ =less as a typical example u"ZE' This is
. o rs .M;L -~ 4 4

a shift of zbout 6%. The unceritainties in H, between one run

and another are greater than this so no cxperimental verifi-

cation of the Bloch-Siegart effect wns made,
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5. THE MEASUREMENT OF THE RELEVANT MAGNETIC FIELDS

It was necessary to measure and calibrate the various
magnetip fields used in the experiment. The measurement of
H, is diff;cult éxperimentally. It can be determined to some
degree of accuracy from the exﬁerimental curves and the
equationvl.lo. However it would be desireable to make an
independent direct méasurement of H,. The best way to do
this is to measure the incident power to the cavity; the
reflected power from the cavity and the Q of the cavity.
Then knowing the field distributién in the cavity one can
calculate the approximate field strength at any given point.
From the definition of Q an eguation relating the Q, the

power dissipated in the cavity, and the magnetic field

22
distribution in the cavity can be found,
S V4 B 7Y .
Curgg Sy Qg LM (529

The criticalfgeasurement is thus a measure of the incident
and reflected power to the cavity. These measurements were
attempted with a Hewlett Packard'bolometer and power nmeasure-
rment meter but experimental difficulties made this inaccurate.
The main difficulty is that the bolometer could not be sub-
Jjected to'over'a few milliwatts while the klystron producéd
about 10 watts of power, Therefore two 10db directional
couplers were utilized to reduce the incident power by a

4 : .
factor of 10, Thne reflections from the couplings and
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~discontinuities in the guide system made it difficult if not
' impossible to determine the difference of the incidént and
reflected power to the cavity with sufficient accuracy.
\Also it was not possible to lock the klystron to the cavity.aﬁd‘
.as the klygtron drifts slignhtly from the cavity resonant
frequency the field strength in the cavity éan fluxuate
significantly, It is for these reasons that no 5ccurate
experimental value can bé given to the H, fiélds which is
indépendent of the line separation measurementé._ The |
results of the power meter measurement was that a maximum.
-of 1 to 2 watfs of power were dissipated in the cavity.
The loaded Q was measured tp be 1600 and a calculation shows
that the maximum field strength in the cavity ié about 1,43
times the average field. These values give with our equation
above a maximun H‘zS;Z gauss, This is in agreement with the
values obtained by Enga but the largest H, fields measured in
the present experiments were about one gauss. This is
probably due to the fact that the samplg greatly reduces the
Q and most of the power is dissipated in the sample and not .
in the cavity. ¥From egquation 5,1 it is seen that the average
field strength is proportional to the square root of Q for
a given power diésipated.
. A determination of the field strength H. was made

indirectly. In the spectrometer circuit there are two 51 K
fésistors which are in series and placed in parallel with the

spectrometer coil, Hence the voltage across the resistors
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indicates the voltage across the coil. If an attempt was
made to measure the voltage across the coil direétly with
the oscilliscope the oscillator was interrupted #nd ceased to
oscillate., However the voltage could be measured across one
of the resistors on a fast rise time oscilliscope. The form
seemed to be a pure sine wave with very little harmohic_
content over the strengths and frequencies used, Of pértic?
'ulaf.intereé%”is that.the voltage varied in direct proportion
to the grid curfent as read on the oscillator meter. Figure
22_is a plot of the induced coil voltageAvs the current read
on the 6écillator neter, This data wés for a 100 turn coil

operating at approximately 3.5 MHz.

320

0
[¢]

(o

METER READING IN pA

1 _1 3 ‘ Y 3
FIG, - VOLTAGE ACROS535 COIL IN VOLTS
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.Assuming that the sample is confined to a point om the axis of
the field produced by the coil and that there are negligible

- shielding effects due to the cavity, the field strength at the
sample can be calculzted knowing the volfage induced across

}t and the frequéncy of the oscillator. A sketch of the

calculation follows.

av
Egéa colL
>
a
2
where B is in Webers per meter
82 2N, T2 a is in meters and I is in amps.
3(&’3%@“) 3}’8- Z 1is the distabce of the sample

from the center of the coil.

' e oy ,é:ﬁ»:”ﬁg'ﬁ&‘
Corldl  Tefomur | =9E -0

dt ) Wl

2, .3\ I/
€ sympwe (2 12 ) ;
o g0 @° T O

Solving for I:f .

| 3/
e g;/vz%o }Egmﬁ‘/fz‘wf‘ &(2 + Q%) 2‘3 i
2 (z2ea”) Vo wonin. b T4

- -3

Bao sit € = Eossp 2% e %o AR M
T N T
B ﬁ’v é@
[« 4 T

Then Where B is in gauss E is ia VOluS

5 and £ is in megacycles,
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Using this calculation and figure 22 it is seen that for a
frequency of 3.5 MHz, Hy could be varied from about .4 to

_1.3 gauss when the grid current reuding varied from 7 to

30 pA.A This corresponds closely with the experimenfal results
as.fitted by the computer program to our theory, The large
.magnetic field H was set by a fieid feguiéted power supply
driving the Magnion magnet, However the field dialed in

on the power‘supply was found to_be miscalibrated by approx-
imately 160'gauss. AiSO the sweep rate quoted oxn thé power supply
waé found to be in_error. In fact the sweeb raté depeﬁded_
on'wgether the sweep was up or down. This was realized from
the width of the signals., Since it was desired to know the
separqtion of the resonances accurately the sweep had to be
calibrated, The way this was done accurately was to use a
separate mafginal oscillator wmonitoring the magnetization in

a glycerine gample, This oscillator_was operated at about 55
MHz for the proton resonance in a 12 kilogauss field. -The sweep
rate could be found to three Significant.figures this way. At
the 5 gauss'per-minute setting the sweep up was 5.49 gauss per
minute while the rﬁte down was 5.04 gauss per nminute. Actually
the rate was calibrated on the chart paper so that no errors

'owing to a miscalibration of the chart speed could enter,
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APPENDIX

This appeédix includes a complete statement of the com-
puter program used to solve equations(z-ll)-(2f29f‘for M?land
d/dt M?I; Below is a hrief description o7 fhe symbols whiéh |
‘appear in the program that follows. In line one M refers to
the matrix of the coefficients of the magnetization, The
dimension 50 is writtém here.as it wasn't apparent in the
begioning that a 36x36 would be adequate, The-majority of the
prdgfam is the reading in 6f-the matrix elements, All state~
ments of the form M(a;b) refer to specific elements, The:
ndmbers which must be sﬁpplied for the equations are: N,'the

dimension of the matrix, which in this case is 36, A, the

W A
maximum value of (H,-y ), B, the angular frequency of the radio

frequency field, Cl, the spin lattice relaxation time, D, the
field strength 6f the microwdve field g, G, the gyromagnetic
rafiq of the electron,‘GM, the radio freéuency field strength,
DA, the increment in (H - %) which was taken to be .1 gauss, 
Dend is the end of the sweep range of (H°~¥) which was -2
gauss, GA is the electrohic ﬁagnetic susceptibility of
lithium which I chose to be lxloaathe Pauli parémagnétism
'resulf. Experimental evidence indicates this is>low,rthe
true value being two to three times as large:.z3 However

as discussed earlier this enters only as a scaling factor

and hence only the relative value is of interest here. The

actual solution of the matrix is carried out in a2 computer

library subroutine. The derivative is obtained by taking
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differences of Mfzfor successive values of(Ho~-w ), This
has the effect of shifting the Center of the{trécef,osl
gauss to the right. The program includes instructions to
“have the output plotted, though it does not inélude a

scaling routine and the axes mustbe adjusted to fit the

particulér output.



‘BTIME 10
. $PAGE 50
$IBFIC MAIN
DIMENSION M(50,50) , C(50)
CALL PLOTS3
REAL M
N30S =10
YMIN==2, 5E-3
XMIN=-6,
. YL=10,
- XL=38.
DY=,5E~-3
A READ 10, N, A, B, C1, D
10 FORMAT (15 4D15.8)
READ 20, G, GM, DA, DEND
20 FORMAT (4315.8)
. READ 21, GA, GAIX
21 ‘FORMAT (2E£15.5)
PRINT 101,N,4,B,C1,D G GM DA ,DEND,GA,GAX
- DAD=A
101  FORMAT(I5,5E16.8/5E16,8)
NLL=(DEND-DAD)/DA+L1.5
CALL GRID (NLL,DAD,DEND,.5,101,-20,,20,,4.)
DO 113 I1I=1,5 :
CALYL AXIS (0.,0,,6HX AXIS,-6,%L,0,,XMIN,DX)
CALL AXIS (0.,0.,6HY AXIS 6 YL %0, , YMIN,DY)
A=DAD _
100 DO 30 I=1,N
DO 30 J=1,N
. M(1,J)=0.0C
30 CONTINUE
DO 40 I=1,HN
M(1,I)=1.0
40 CONTINUE
M(7,8)=-1.0%B*C1
M(9,10)=M(7, o)
M(11,12)~J(7
M(13,14)—ﬂ(7 S)FZ.O
M(15,16)=XM (13 14)
M(17,18)=M(13,14)
M(19,20)=M(7, 8)%3.0
M(21,22)=M(19,20)
M(23,24)=M(19,20)
M(25,26)=M(7,8)%4.,0
M(27,28)=3(25,26)
M(zg,so)—w(Zo 26)
M(31,32)=M(7,8)%4,0
M(33,34)mu(31 34)
M(35,36)=M(31,32)



70

51
50

60

&80

FACT==1,0*G*C1l*A

- NCUE=0

NST=-1
DO 50 I=L,N’

" NCUE=NCUE+1

IF(NCUE.LT.3) GOTO 51
IF(NCUE.LT.6) GOTO 50.

NCUE=0

GOTO 50
IJ=I+2

M(I,J)=FACT

CONTINUL
IF(NST.GT.0) GO7TO 60
NST=10

NCUE=4

© FACT=1,0*C1*G*D

GOTO 70
DO 80 I=1,N

DO 80 K=1,2

J=I+K

M(J, 1)_M(1 Jy
M(3,7)=2, 0% C1¥G*GH
M(9,13)—U(3 7)/2.0
M(10,14)=¥(9,13)
M(lfi,lo)——h’l(g lu)
M(16,20)=(9,13)
M(22,26)=1(9,13)
M(1,9)=-1,0%(3,7)
¥M(7,15)=¢(1,9)/2.0
M(8,16)=4(7,15)
M(13,21)=4(8,16)
M(14,22)=M(13,21)
M(19,27)=M(14,22)
M(20,28)=4(19,27)
M(7,3)=1(20,28)

CM(8,4)=M(7,3)

M(13,9)=M(8,4)
M(14,10)=M(13,9)
M(19,15)=M(14,10)
M(20,16)=(19,15)
M(25,21)=M(20,16)
M(26,22)=M(25,21)
M(9,1)=-1,0%M(26,22)
M(10,2)=M(9,1)
M(15,7)=:(10,2)
M(16,8)=M(15,7)

- M(21,13)=4(16,8)

M(22,14 )=}(21,13)

CM(27,19)=2(22 ]ﬁ)
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M(28,20)=M(27,19)
M(25,33)=1(7,15) -
M(26,34)=1(25,33)
M(31,27)=M(26,34)
M(32,28)=M(31,27) |
M(27,31)=-1,0%M(32,28)
M(28,32)=M(27,31)
M(33,25)=M(28,32)
- 1(34,26)=M(33,25)
| DO 90 I=1,N
90 C(1)=0.0
C(2)=GAI*D
C(5)=1,2E-~2
C(6)=GAI*A
C(11)=GA*GM '
IF(NSOS.GT.0) GO TO 200
N3058=10
CALL MATOUT (M,N,50)
- CALL VECOUT (C,N)
200 CONTINUE
CALL SOLTN(M,C,N,50,DET)
CC=(C(12)~CC)*10,
PRINT 78,A,C(12),CC,DET
78 FORMAT (1P4E16.6)
CALL POINT (A,CC*1,E+4,II1)
XX=(A=-XMIN)/DX
YY=(CC~YMIN)/DY '
CALL SYMEOL (XX,YY,.07,3,0,,-1)
CC=C(12) :
A=A+DA,
I¥ (A.GT.DEND) GO T0O 112
GO TO 100
112 D=D+,26
CALL PLOT (1,5%XL,0,,~-3)
113 CONTINUE :
CALL PLOTND
- CALL OUTPUT
99 STOP
IEND
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