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ABSTRACT

Time -and Monte Carlo Simulation of Ga3+
Linewidths in Yb, ¥, , Cl,6H0
. 2
Single Crystals

Theoretical Study of Yb3+% gpin-Lattice Rela%n
E

Ufuk Orhun -

The objective of this thesis is to study Yb3* spin-
lattice relaxation time in Ga3* doped Yb Y, Cl 6H,0 single
crystals, find its dependence on temperature so that the
exper imentally observed Ga%* EPR linewidths can be explained
by spin—lattice( relaxation narrowing mechanism, also to
check by means of the Monte Carlo method if indeed the
narrowing of Gd3*" EPR linewidths is due to the spin-léttice
rélaxation process of Yb3* ions. an equatiép expressing
Yb3+’ 'spin— lattice relaxation time as a function of
temperature is derived which gives results in agreement with
the relaxation narrowing and observed linewidths. The Mbnte
Carlo simulation gave linewidths narrowing with decreasing

3+

Yb spin —lattice relaxatidn time. Therefore , it is

-

concluded  that the narrowing of Gd3+ EPR ‘lines is mainly due

to the spin-lattice relaxation narrowing mechanism.

- iii -
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o . CHAPTER 1
e N ' oy ‘ .
s R « INTRODUCTION « ¢
5 e '
EPR experiments on Gd3* doped YbCl46H,0 (to be referred
to as YbCH ggreaféer) singlé'crystals were done by Misra and-
Sharp* and by Malhotra et él? In“? both cases temperature
‘dependence of héPR linéwidths of Gd%* ion were reported; it
was suggesteé‘that this might havé been due to the so ca:ulled_,_~L
"random frequency | modulation" effect. Misra. and
Mikolajcfék? also reportéd temperature dependence of
- linewidths with Ga3* doped Ybin_xCléﬁizo single crystals

© (to be referred to as Yb, Y, . CH hereafteri.

Both Gd3* and yb%" ions é}e paramagnetic, while Y3* jon-
is diamagnetic. In YbCH sinéle crystals, Gd%' ion is almost
completely surrounded by the host Yb3* ions (Gd/Yb-ratio was
1/200); broadening of Gd%" EPR lines\&s expected to be due
to the dipolar fields produéed by the neighboring Yb3" ions. ,
However -as the temperature increases: so the Ybd
sp;n-lattice,relaxation time 'tn,decreases, there would be a
random modulation of dipolaf‘fields. This increased random
modulation at higher temperatures reduces broadening effeéts ’

‘and results in a narrowing of EPR lines with increasing

temperature. X \

- - -

It is the purpose of this thesis, to simulate the random

o \ o -1-4 L
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N, . .

relaxing " yb 3+ iona © due to spin;lattice relaxation
interactions by means of the Monte Carlo gjethod in order. to
ptud?.the narrbwing of the linewidth a& ﬁigher temperatures.
. Prior to the simy atioh a é%eorgtiqal study of  Yb3*

spin-lattice relaxation times in YbCH will be presented.

s . : ) ,
\ .

In the simulation, one " thousand Gd¥" ion sites, each
 wi€h ten surrounding ¥Yb®* neighbors were taken into account:
Using the available c}ystal~data the positions of Yb* ibns
with respect to the 6d¥* ion were found, enabling the
calculation of Yb3* dipolar fields at .a Gd%® site. With

these dipolar fields, deviation of resonance frequency from

<
Larmor frequency ¥_ (due to the external magnetic field H,) -

. = . -
can be calculated. The neighboring 4ions relax at random
‘ .
. \ .‘~times around a mean value, the rate of relaxation depending

. ¥
4§f on empergture;'fhps, the frequency deviation changes with
%

~

time as well as from one GAd3" site to another. Various

=
—

_/ -
’Sspin lattice relaxation time ratios:
)

s w*
s

>~

(1)

o
-

]
*= Tae/ Ty

¢

-

will be used, corresponding to the changes in the
» ¥ .

@pﬁmperature. Using Bloch's equations, absorption at each
Q,Gda* site can be calculated. Finally a histogram can bé
plotted, using the modifigd EPR frequencies for one thousand

Gd3* jon sites, for each value of «. Ssimilar calculations
can be made for beYierchhere‘some of the Yb3* ions are

-—

4 )
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- . - » \ . y s
. . \reglaced by d%amég_netlc Y3 ions.
{ Al ~ -
) The results (Chapter 6) of the simulation yield a“
. . , _ ) .
e . temperature dependence of the: dipolar 1linewidth, to be
compared with experimental observations.: Also tusing the
' .calgulated Yb3* ion spin-lattice relaxation times and the
T - L '// :
- results of the simulation, ag estimatjof~_of ca¥
> - spin-lattice relaxation time and it's, dependence on
« ' . - / "
: ‘ temperature can be made. - !
. ) s //
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L 4 »

~ R y )
Yb3* SPIN-LATTICE RELAXATION TIME

L4

The spin-lattice relaxation time ‘thof the ¥b¥ ion has,,

been calculated using 'Gd3 EPR linewidths oas'a probe .

€

However equations to calculate T, theoretically without

using EPR linewidths of G4*', given by Soeteman et al? and

X

: 5 /
Kalvius et al. have not been in agreement with these.

s : 3+ ‘
- . . 2.1 CALCULATION OF 'C'Yb FROM-GAd LINEWIDTHS /"

Based on Anderson's’ and KuSo-,Tomita's8 theorQ,Z&b
« "~ (host ion) is given by

3 2 .
’CYb=3hAHV2 /102(gug) n° S(S+1)p2 ~_ . (2).

e

. where ZkHVz, he gy py '@,’g,—éﬁd/% are respectively the

guest Gd?" "EPR linewidth, Planck's constant, g-value, Bohr
. magneton, numbét of ho§; iéns per unit volume, effective
- \.spih oé host ion and permeability constant. Using - this
\ “)quation and the experimentally observed Gd®% linewidths by

V e Misra and Sharpi, 't‘); values in YbCH are calculated. Also

b

Typ, Vvalues are calculated in beY‘_*CH using the
experimentally ‘observed GAd3* linewidths by Misra and:
Miko;ajczaka, .for x=0.25, 0.50, 0.75. Log-log plots of*tyb

as a functioh of temperature are shown in fig.l for x=0.25,




[ ]

« .
~ -~

0.50" and 0.35 and in?i"g,‘z for x=1. 'For x=1 ,(YbCH),'C\,‘b

values“'ce{lculated by Malhotra et al.2, using the same

- - 'equation, ware also shown in f£ig.2. The differences between .

s

them are due to the variatjons .,in AH valués observed
2 ‘ * ’

-

experimentally. | [ _ o !
q v \( i . \\ . " . . .’/
/ - .
° No direct measurements qf\Yb.a-t -spin-lattice relaxation ' f
D times have been reported ' for/ temperatures above 40 K.
! Soeteman: et al. % have / ' measured 'th by the
dispersion-absorption ‘te‘chniquk in YbCH below/f 40 K. They R
' d‘ . 7
gave the 'relation between ‘t,b_End\t:h‘e tempe /ét-fure as
' | N / .
) -1 e -2 4 ' 8 9 . )
(T, ) =(1.0£0.1)x16°H" T+0.47x10 3 . (3)
R D | : ) 8 .
Y
‘ ]
where ! o ] .
Y QD/T . . ) ‘ !
‘4‘ - J8=f[x8ex/(ex-i)2] dx . (4)

0 . .
with 9°=180 K, x=8 /T, T is the upper temperature limit and
H is the external field. .

¢

~.

) The values of ’cYb calculated ';ing equation (2) and

equation (3) do n¥t agree at all, but this can be explained

by the fact that equation (2) is not valid below 180 K

) _ . .6
(Appendix 1). Mossbauer experuinfents by Kalvius et al, above

30 K suggest a relation between"'tempera_t‘ure and T Yb as:

'
' \/
° .
)
N
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( ‘CYD)"’ =4,8x10" exp(-197/T) : (5)

+

e o
g . .
: This relation gives longer spin-lattice relaxation times. b;\\
a factor of 10 at 180 K and 50 at 300\K'when compared to

o

those calculated using eq.(2). Using eq.(5):

rd

. = - 6
T, (350 K)/ T, (309 K)=1.92 (6)

4

Such a change in Tab cannot ain the narrowing of Gad3*

‘EPR -linew }d'th’é

. Theref , any equation giving ‘t,b as a function of

: ehperature goes up from 150 K to 300 K.

temperature must be in agreement with Anderson's theory (and
thus—Equatlon (2) ) so that\the observed Gd3+ llnewldths can
also be explained by spln—lattlce relaxation narrow1ng, at

L3

least above,180 K.

- v

Following Waller's theory.on paramagnetic spin 1lattice
relaxation, assuming that /;H<<kT, where /L and Kk are
respectjvely the dipole moment and Boltzmann s constant, the
fo}lowing relation is obtained: ;

. al
(’t’Yb )’1=c-9(s¥1)-'r7 [x€e¥(eX -1 ] dx ' | (7) _
0 .. . x ‘

'chere C is a constant"—whlch depends- on g, r g k, h, the
speed of sound in the crysta}, and the density ~of the -

crystal. C is estimated by Flerz for some crystals but no
value has been



2 o
-

- Tempetatﬁre i) (ii) (+ii)-
. (K) (1074 T) (10741) . (1074T)
/_’M*;_z_y  16.5 29.0 13.2
T B 258 . 19.0 34.0 18.0
: 240 20.0 - 20.0° o
220 23.0. L L2400 -
180 | 30,50 T 3100
' ' 170 .36.0 . 50.0 " 4250
150 " 70.0 58.6 55.0 “
126 . - 75.0
90" - _  144.0 179.0
N \
R TN Dt )
'I'ablé l:: d3+' EPR llnewidths calculated using eq.(8) and T
) . Observed experimentally (i) :Misra and Shai'p ,(11) Halhotra
et al.,(ni) calculated. - . ] )



reported for YbCH. 'Z}b values obtained from equation (2)

were used in  equation (7) to calculate C and check if it
remaing constant for differ;nt temperatures. For YbCH in
the temperature range 150-300 k, C was found to deviate 15%
from its avarage value of 6.3x10°% .
| ‘ .
‘ Combining eqgs.(2) and X?)\'gnd solving for [;qh—, the.
following equation is obtainq@: ‘ |

o / T N ':' A%

AH1/2=102(9//.B)3 n?/uo /;311 6.3.10% o[ [ X /(" -1 ldxg (8)

where the valﬁe of C hag been substituted into the equation.
~This equation gives theoretical linewidths, using
theoretical spin-—lattice reléxation\ times, in Anderson's
theory of \rhndom modulation. narrowing. Table 1 shows
linewidths calculaled using eq.(8) and linewidths observed

- experimentally by Misra and Sharp1 and -Malhotra et a1? for

different temperatures.

Zkﬁ‘h_ values calculated using eq.(8). are closer to Misra
A : -

and Sharp's results in the range 180-300 K and seem to agree -

more with the results ., of Malhotra et al?, in the fange

90-180 K.

- 10 -



CHAPTER 3

EPR LINEWIDTH
‘\'.
The magnetic resonance spectrum of an isolated atomic or
nuclear moment consists of a single 1line at the Larmor

L]

frequency givén bx:

y =g B/ - . (9)
where g,}LB[ H, and h are respectively the g-factor, Bohr
magneton,' external’ magnetic field and Planck's-constant.
However when theée moments are distributed on a crystal
lattice, the | dipolar interactions between neighboring
paramagnetic ions cause a spread of the resonant f(equeﬁ6§///
into a continuous band. s A

~ The resonance line is a result of the precession of the

magnetic moment of the sample around the total external

" magnetic field vector. Thus magnetic interactions such as

dipolar interaction%, spin-orbit coupling or hyperfine

interactions of nuclei and electrons will affect the

! ’
‘resonant fregquency. These interactions however r‘are

-

themselves affected by non-magnetic interactions such as the
motion of atoms and electrons and motions in the spin syséem
due to exchange or relaxation. These motions which cannot

affect the line directly, produce theﬁnar;owing phenomenpnz

v - - 11 -
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The dipolar intéractions which cause the broadening of
‘the resonance ‘line will be considered first. This will be
followed by the non-magnetic interactions which indirectly

cause narrowing.
. .

| . .

/ , ’

3.1 DIPOLAR. BROADENING

Dipolar interactions, classified under "spin-spin"

interactions, arise‘fro@ the influence of the magnetic field
" 4
‘of one paramagnetic ion on ‘'the neighboring paramagnetic

ions. The total local field at any given site will depend

~on the arrangement of the neighbors and the directions of
their dipole moments; the latter pro@ucé a. diétribution of
the local 'field. In the presence of an external magneéic’
field, the local field at each ion must be.aaded vectorially
to it. If the local magnetic field is smallicompared to the
external maénetic fielg)‘only the éomponent -of the 1local.
field parallel to the external magnetic field is important?

Thé‘size of this component varies from site to site, giving
a random displacément&to the resonant frequency of each ion
. which is similar in its_gffecf to that due to iﬂhcmogeneiéy
in the external magnetic field. For this reason this effeét
is also known as "inhomogeneous broadening". The shape of a
line btoadened by dipolar interaqtions cannoé be readily
computed; an aséumptlon frequently made is that the shape is
that of a Gaussian distribution. Pan Vieck computed the

. . .

- _‘12—
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v ///_ B B B V2 -/
linewidsﬁ; for various . samples using the Gaussian

10

assump,ion. He found that in some cases the experimentally

gf%ﬁﬂ linewidths were narrower than those calculated
théoretlcally. " ‘ .

Yo
/ 3.2 NARROWING OF LINEWIDTH

/-
./ 2 ‘ .
/ Because of dipolar interactions the precession of the

magnéﬁic dipole about thg external field will be frequency
modulated. " However, this modulation will be changing
random due to the spin-lattice relaxation of 'the
neighboring 1ions. This may- reduce the effect of dipolar
,1nteractlons and cause the narrbding pﬁenomenon. ‘Eis
phenomenon was flrst discugged by Gorter and Van Vlg;k and A
Van Vleck()ln their.exchange narrowxng theories, ' .

/ ’,
.,‘ )
The sum of the Larmor frequencies which are due to the

dipolér fields of the paramagnetic ions can be written-as,

u

S . . |
‘uN(t)=Eu.‘(t) o . ' (10)
. i=1 ! * "t

and the fesqltant resonant frequency as

i Ve e | “, a1y

A

A : , %
where the contribution of Lh(t) to J/(t) will vary randomly. :

The smallg; b&(t) becomes,the~dlos r LG and‘Lq_Mill bei

. s , s

¢

- 13 -
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thus the narrower the 1linewidths will be. If the
spin-lattice relaxation is fast,the Vj's "will chaﬁge sign
many times in a time interval At>> 1/% thus averaging out
Vy (t) to zero and making the deviation from VL gmaller.

12 8

Anderson and Weiss - and Kubo gnd Tomita® calculated the new

linewidth affected by this random frequency modulation. The..

linewidth is given by: /

Al F3(10/30E /B : RS €3

where Zl%ip is due to dipolar interactions and is given by:
' . +

A%fp =5.1(g,uBn’)2 S(s+l) (13)
where n' is the number -of Yb3®' ions pe} uﬁit volume and S is
the effective spin of Yb® ions. Here Hp g representé the
modulating effects due to the spin-lattice relaxation
procegs of neighboring.ions and is given by:

“~ o

: Hmod=h/g/u‘8ft t . , (14)
where T is the spin-lattice relaxation time of a neighboring
ion. From equation (14) it is seen that as T becomes
smaller, H_ . becomes largef thus making the linewidth AH, .

smaller. -

@ -u-
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3.3 APPLICATION TO YbCH SINGLE CRYSTALS 7~

Both the Yb®* and Gd%" ions “&re paramagnetic. As
mentioned in Chapter 1, EPR experimental%é;ta on Gda+—doped
YbCH single crystals indicate a temperature dependence of
the Gd3" EPR iinewidthg. The dipolar interactions
(spin-spin) cannot alone provide a full explanation of the
observed linewidths, for two reasons: (i) Dipolar
interactions are temperature independent and (ii) They,
alone, give a much broader linewidth than Ehaé; which was
observed experimentally. Therefore these two reasons

suggest a temperature-dependent narrowing mechanism.
. 4 i

Spin-lattice relaxation narrowing, also called
modulation narrowing, has been invoked to explain the
observed linewidths. This phenomenon was first proposed by

Mitsumam, who suggested that the fast relaxation of host

ions can randomly modulate the dipolar interactions between
paremagnetic host (¥Yb3*) and impurity (Gd3t ) ions in the

same way as exchange interactions, as discussed by Anderson

and Weiss? Spin motions due to exchange interactions also

cause narrowing of linewidths; however, thisiis_ temperature

3@

independent.
™ -

The applicability of Anderson and Weiss'ﬂzor Kubo and
'Tomita'se theory of exchange narrowing to the spin-lattice

relaxation narrowing is discussed by Mitsuma®. The

&

- 15 - : .
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condit;ons of applicability in the case of YbCH is dlscussed

’l

by Mibra and Mlkolajczak3 and Malhotra et al? se
conditions are shown to be satisfied for YbCH in Appendix 1.
Both kisra and Mikolajczakq and Malhotra et a;? used
equations (12), (13), (14), which are based on the theory of

gpin-lattice relaxation narrowing, to calculate the Yb3t
*

ispin—lattice relaxation times using the experimentally

observed linewidths.

L3



CHAPTER 4
MAGNETIC RESONANCE

In 'this chapter the phenomenon of magnetic resonancé in
connection with the theory 'of the simulation will Be

e

discussed. ,The*érystalvéftuctgre and calculation of dipolar
e al
¢ e
fields and Larmor frequehctes due to -host YbS3* ions will
-.also be included.

‘ {
4.1 THE PHENOMENON OF MAGNETIC RESONANCE

R

. ,Q(Zssiéally . a magnetic dipble expériences a torque in
_ the presence of a magnetic field. It, thus, preceséeé about
the magnetic field with a ffgquepcy‘given py eq.(9). To be
consistent with EPR experiments this f;eld is‘considéred to
be directed along the z-axis and designated by H,.. Another
magnetic field rotating in the ;-y‘-plane, H,,’\is; now
’ introduced. Using now-a rotating coordinate axi?/x', Y', 2'

- having the same frequency v as.H1, the effect@ée field 1in

the rotating coordinate system can be given as (figure 3):
- |

4

- Here the gyromagretic ratio y is defined‘agf

veap/n . : S (18)

Ho=H, i'+(H, -k’ - = \ ° (15)

p;\}q‘
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‘phase with H,; these will be referred to as- M, and M

>

-
-

. v .
. B . .
- . —_—
. R . , .
L] % .

The magnetic dipole in this arrangement will rotate
about R while H, rotates about the static field H,. The

condition known as magngticnresonance occurs Qh&nf
szv/v ' o T - i‘ (17)
and hence:
5)QH;=H1 | 2 .- b. : | . (18)

H, being perpendicular to H,. Thus the magnetic dipole will

‘pre?ess about H,goigg from parallel to antiparaliel to the

z-axis. The locus of the end point of the magnetic moment

o

.is shown in figure 4. . Thus the magnetic moment spirals down

and back up repeatedly with a period T:

, ‘ :
'I':l/.‘,H1 ' o : (19)
-N‘ B > . B

Va

»
-~

magnetization tr ?sverse to H, 1is obtained which will be

Y,

designated as M This transverse.component itself has two

Tl
components, one in phase with H, and the other 90° out of
Y
respectively. They are frequently the components measured

¥

experimentally.The in-phase component ° leads to a

susceptibility,

- 19 -

Note that for {the geometry considered, a component of S
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(,

leads to another susceptibility,

—m . C ’_ . , '
X MX/H1 | ) . f\\\\ (20)

which is called dispersion and t%e out "of phase-component

-
v

X=-M /H, S BN ¢ 3§

<

which is called absorption.

If magnetization is at its thermal equilibrium value,
M0=Mz=xénz,and one allows H, to be gurned on for a t&mg
1/4tHL only, and if y=yH,, then after the 90° pulse (as it
is called) (fig.4),the magnetization wil; be precessing at
the Larmor frequency in the x-y plane.  This precession will
eventually decay exponentially due to relaxation and the

maghetization will approach its thermal equilibrium value

M,. The transverse magnetization components M,. and Myz are

shown in figure 5. Note that two ‘factors can now affect Mfi

(i) The exponential décay of M, and (ii) Changes in H, (such
as aue to the effécts of neighboring dipolar fields). 1If
there were no changes in Hz,'the angle ¢ between M1. and
x'-axis’ would remain cohsfant since both would be rotating
at the same fréquencj. However an§ chanée in Hz.woulh égusé

a deviation from the Larmor frequeﬁc& which can ' be

"f£ig.5, any change of ¢ would cause a change

Bo-

- 21 -
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répresented by a phase deviation. As can be seen from

s



v "
- . ! 4 -
4 RN
3 “ N
h ) - ——
e
/"" PP % '3 - /'l
’ ~ 1 ..
. A‘t v
Y7~
.
-
. - [
"
\ L 3 N "

/ s
< / .
. /
. / - a y
- s - .
/ ; -
P / N +
-
.
a
i '
1 ! ¢
¢ &
. A
- . v
s
\ v . *
~ , ot
. . '
[3 ' ‘
, .
‘ -
- .

P L e ’ '\
‘l' - . . - - *
. ] ) .

5 ' ~

Figure 5: The transverse Imagnetiz“ation M, and its components

‘E:j ) ’ 4
g | M X and My . .
by { _— ) . N - ’ -



-

in"My. Considgripg many sites like this each with different

I3

deviations of H,, different wvalues of absorption would

result for different sites thus giving a broadened resonance

- 1line, ° However 'if these changes,6 in H, are fast enough their .

broadening effect may be reduced, thus a narrowing of the

"broadened" line would'result.

4 » ¢ - - X

L . 4

-From figure 5 it‘can.be shown that:

MT=Mjs1n¢+M£cos¢ : (22).
, SN
N > 1.4 *
~and, \\;
. .(‘ ) - .
Mo=M_siné - o - (23 :
Y- T . . ¢ .
. - - ' ‘f
Furthermore, defining V, as the sum of Larmor frequencies
due to’ the dipolar fields3which cause the changes in H,,’
’thus° ) | :
» N, ' . o ) * .
Y (8)=2 U (t) » o (24) .
N i=1 ! * . ’ .
Using (22) the following relation can be derived:- LN
au_/dt=-Y M, siné _ (25)

1
S

14

Derivation of (25) is given in Appendix 2.Equation (25) can be

"infegrated leading po:é .-



M | M ’—&g%zy-(005¢ cos¢ﬂ) h
= L od -
T2 T1 VL 4 : 1 2 . ' rﬁ

where subscripts 2)and 1l indicate the upper and lower limits

of integration. The equations (23) and)}(26) can be written,

7

in equivalent forms as

Hi=HTsh1¢ ‘ ' ‘ ‘2?)
and,

g -YuHe s losd . | .

HI; I-IT1 = .(cos¢1 cos¢2) ‘ (28)

L
«
)

Defining“the sum of the Larmor frequency due to H, and the ‘

B s
Larmor frequencies due to dipolar fields by

B3

N .
viE)=y +3 v (), (29)

i=] ~

LY

the phase angle, assuming that the precession is decaying

exponentially , can be written as

’

- t . . g
-t/

. . . . ”ﬂ ’ + /__
¢(€)=fcht)e at ‘ : {30)

- . o
- 0] . [§ : : -

where r'is”thgwgelaxation'time‘OE the magnetic dipole,and
¢ T. i '

Kl 7

-

= 24 -
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4.2 THE CRYSTAL STRUCTURE OF ¥Yb ¥ _CH SINGLE CRYSTALS

In order to calculate Yb®* jon dipolar fields at Ga3"

" site, its crystal structure has to be taken into account.

The crystal structure for all the rare-earth trichloride
hexahydrates is monoclinic; there are two molecules per unit
cell- and each rare-earth ion is surrouqded by two chlorine
and six water molecules;‘ Unit cell parad@ters for YbCH are:
2a=0.953 nm, b=0.643 nm, c=0.780 nm ,8=93" 40. From these
values it is also possible to estimate the unit cell
parameters for YbXY1_XCH crystals using Vegard's law,

, :
according to which the lattice parameters of primary solid

solutions vary/nearly linearly with the atomic percentage of

__the'solute element. For Yb, Y .CH the following parameters

05705

are found : a=0.956. nm, b=0.646 nm, c=0.783 nm, §=93 40 .

. / . N 15
Coordinates of rare-earth ions are: +(0.25, 0.1521, 0.25) .
Using these and the unit cell parameters distances between
rare—earth ions can be calculated, Calculation of these

distances indicates that each impurity ion (Gd3+) has two

nearest, four second %est and four third nearest

neighbors. The distances of Yb3* ions to the Gd3% ion are:

\ f1=o.543 nm, r,=0.646 nm, r,=0.761 nm and their positions

3
with respect to the 6a>* ion are shown in fig. 6.

4

- 25 -



* T < T - R + -
" 3 - PITRIN B
N K P « N
PO

»
- - e =

.
@
i
t
\
\ -
\
\
\
-

/, T
1Y /’
[
\ ]
. 'V
L,---- —_——— -
Vd <r
70
s
' Ay
L] 7’
I,l
’ — e -
-
'd
rd
1 7
|
I .
' L7
. ‘. ol - .
4
7
'
// . -
7’ g
- Pigure 6: Nearest, second nearest, and third .nearest
r “ o 1 4

neighbors of GAd3* ion in YbCH.G:Gd , @: nearest, O:

v . ‘
- .

2™ nearest, V:39 nearest. '




: L
Neighbor (Yb3+) r z, Ga> Larmor frequené?
(1) ‘(nm) (nm) - . (Hz)
Nearest 1 0.643 0.0 ° .  -4.4069x10°
2 0.643 0.0 '-4.4069x10° J
2 Nearest 3 0.646 -0.390 +4.0595x10° .
S——
" 4 0.646  +0,390 +4.0595x107
5 0.646 -0.390 +4.0595x10"
6 0.646. -0.390° +4.0595x10"
39 Nearest 7 0.761  +0.390 -5.6379x107l.
.8 0.761 +0.390 _  ~-5.6379x10
9 0.761 -0.390 -5.6379x10'
) 10 0.761 -0.390 - ~-5.6379x10°
P
1‘gable 2: Ten nearest neighbors of Ga3* their distances L,

z-coordinate of Gd3+. and Gd®" Larmor frequencies.

- 27 -
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‘4.3 CALCULATION OF DIPOLAR FIELDS AND LARMOR FREQUENCIES .

I

The z-component of the magpetic field due to a dipole at i

the origin of a Cartesian coordinate system is given as:

A1

2 ST ‘
Mg M 1 3z ,
e I N (31

”~

where r is the distandé between Gd3* and Yb".s+ ions, z is the

z-coordinate of Gd3* ion (Yb»s+ placed at the origin), y, is‘

‘the permability constant and u is the maénetic moment of
Yb3* ion given as:
‘ 1,2 S
n=gu {S(S+1)] , ' (32)

with S being the effective spin of | Yb3* -ion. At
temperatures T<30 K ,S8=1/2 and in the temperature rapde
30<T<180, §=3/2. Above "180K the effective spin of vb3  ién
is 8=5/2 and this value of S is used in éhe simﬁlation for

thg temperature range 180 K<T<300 K.

After calculation of H; values for ten neighboring ybS*

ions corresponding Larmor frequencies & of ca® are

calculated using eq.(9, these are given in Table 2.

i/

\

N,

) i

- 28 -
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CHAPTER 5 -

MONTE CARLO COMPUTER SIMULATION
&

,

The purpose‘of the computer simulation is to find the
phasg angle ¢(t) between MT‘and M. (fig.5). This angle will
vary randomly with time due to random relaxations of\\\
neighboring vb>* ions. The randomness of the relaxation
process is achieved in the computer simulation, by means of
the Monte Carlb method. Once ¢ (t) is found, Hy
calculated'using eqs.(28).and (27) : These ;alculations~ are

- can be

performed ﬁany times for different GAd3* sites. At each cd3
site a different value of &(t) is expected since the
neighbbring Yb3* iéns relax randomly with time, thus giving
different H, values as well. Therefore a histogram of many
H, values would represent the absdgrption not of a single

y
moment but of tpe lattice. R

5.1 PHYSICAL PICTURE OF CALCULATION

—

\,

Following the 90° pulse, the Gdgg’magnetic dipole precesses -
in the x-y plane due to the external field H, with the
Larmor frequency vL . This precession will decaf
exponentially and the magnetization will approach its
equilibrium value due to the Gd3* spin-lattice re%;xation.

During this decay, the spin flips of the neighboring Yb3+

" ions, die to their spin-lattice relaxation, will cause

<4

- 29-



changes in the local field at the Gd3" site thus modifying
correspondingly the precession frequency of the Gd3* dipole
moment a;d the angle ¢. The spin-lattice relaxation of the
Gd3* ion can be divided into small time intervals and after
each interval, the time elapsed from the beginning of the ™

!
~decay can be compared with the spin-lattice relaxation times \

of the Yb3* ions. If the time elapsed from the beginning is
greater than the spin-lattice relaxation time of any Yb3*
ion, its contribution to the precession frequency of the
cd3* dipole moment will reverse sign as it flips, because of
the reversal of the direction of its dipolar field at the
cd3t site. The spin flips of Yb3' ions are simulated by
choosing random numbers, Gaussian distributed around Yb3*
spin-lattice relaxation time. This calculatiog is repeated
for each time in£erval for all the ¥Yb®' ions until the Gdé*
ion has decayed, with a spin-lattice relaxation time
determined by o ('tGd/IQD)' which is input to the program.
The resulting ¢and Hy'values are used_tlg calculate the EPR
linewidths of Gd3Y ion, by considéring a large humber of
Gd3* sites and plotting a histogram of Hyvvalues.

‘;\

5.2 EXPLANATION OF THE PROGRAM

One thousaﬁd Gd3+

sites, each with ten neighboring yoit

.ions, were considered .in the computer program. These ten
3+ - ' J

Yb nexghborg are two nearest, four second nearest and four

third nearest neighbors. The Larmor frequency of 6a3* ion

- 30 -



due to the external magnetié field H, is calculate® using

gz(Gd3 )y=1.981. The Gad%' Larmor f&equencies due to Ybaf .

~ions, which were calculated in Chapter 4 are .-input to the

. . \4
program. The spin-lattice'«~felaxation time ratio«, is a

variable and can be varied to simulate temperature changes.

-

The pfocedure for one Gd3* site is as follows: Ten

‘'random numbers between 0 and 1 are generated using A

guitable subroutine (RANF) and the closest irteger is
calculated, giving only 0's énd 1's.™If the random integer:
is a zero, then the correspodd;ng Yb3 ion is set "down",and

"up" if the random integer is a one. Next, another

subroutine (GGNML) is used to generate Gaussian distributed °

random numbers, which are converted to random relaxation

Q

times about a mean spin—lattice relaxation time. For a-

4

short interval of time At, d¢ is calculated using

ds= v (t)exp(- #/7, )at
(33)

where At was chosen 100 times smaller than the® Yb3t mean

in-lattice relaxation tim:\and vT(t) is given by eq.(zal.

N\
AN

Calculations are made for ‘successive time intervals an;\
the sum ofsfhe phase angles is given -as

v
*

de» iv exp(-jat/r. . ) at (34)
1=1 ) ] ‘ Gd -

L



»

i -
; ’ X ) ‘ ' . ‘ . :
e The largest value of the ten relaxation times is found,

ﬁy which is designated 'by,thly and N in(34) is calculaked
A%siﬁgz )

N=7, /At , : o (35)
In eagh step of the summation, the spin-lattice relaxation
. , . i d ) .
e’ times of Yb? ions are compared with the time elapsed and if
- T, of "any neighbor has expired, . the sign of the
P :
corresponding V, in eq.(29) will hédéhanged. Since, Nat=T,
‘ at the end of time NAt all of the’ neighbors will have
L "flipped" at least once'dependfné on the relaxation time.
. After the summation is finished another set of ten
random relaxation times will be assigned to the ,neighbéié“

and the same precedure is : repeated until the cd3* ion

.deéays,-thus,

- , A0 o

n
' B T = I (36)
Gd z; Nat | | .

Both ¢(t) and H; (eq:28) values are ‘accumulated during
the Gd3* decay. fhus, after a time Tgq using £ipal values

of ¢(ty\and H_, one can calculate Hyv corresponding to one
: &R

T

Gcad* site, using eq.(27). Sinéeftm is different for each

sat of 10 relaxation times, N will be also different for

each summation, thus making n different for each GA3" site.

-32- ¢
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- &/
The whole precedure can be }epeated one housand times

for a preset relaxation time ratio a (= Gd/zab)' giving at

the end one .thousand Hy values. The listing and the

flowchart of the program are given in Appendix 3.

&
[y

5.3 CASE OF YbosYQSCH CRYSTALS

In the case of the YbQ5Y05CH crystal, half of the

paramagnetic Yb3* ions are replaced by the diamagnetic Y3*

ions. Therefore a new . arrangement of the neighbors is

-

requiréd for the simulation. ~However,- there seems to be no
‘;ﬁformation on: where in the unit cell,the Y3* ion would go.
Another possibility 1is that the Yb Y _CH crystal would be

05 05

formed as a mixture of YbCH and YCH (¥Cl " 6H,0) unit cells.

3
Vegard's 1law dictates hoW the YbCH unit cell would expand

with the insertion of ¥3+ ions, but from this information

, ’ .
the exact locatioﬁ'of the Y3t ions cannot be determined.

In the .case of alternating YCH and‘YbCH unit cells,
there are two possible locations for the- Gd®* ion. These
two “ possible configurations are shown in fig.7. . The
dist;ﬁces of neafest neighbors are aiffefent in both cases.

J/ .
case of alternating ions in the unit cell, there

Also in the’
are two possible locations for the Gd3t. ion and these
confllgurations are shown in £ig.8. These four possible
configurations aré designaéed by the lettersap; B, C, and D
respectively.

\ ' - 33 -



Figure 7: Two possible configurations A (top)[\a:d/a (bottom)
* —
in the case/of alternating unit cells. 0: 9_3,,, o: v37,

. - 34 -
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Figure 8: Two possible configuratjons D (top) and C (botto‘aﬁfD
in the case -of alternating ions in the' unit ’
‘cell. O :Yb3", ¢: Y3, .h ' h e
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Config.A

Config.B

%

Config.C

Config.D

N

Table

3: vb**

2-1
2-2

1-2

. 1-3

2-1

2-2

2-4
1-1 |

1-2

neighbors,

(nm)
0.0
0.0
-.390
+.390
-.390
+.390

$=.390

+.390
+.390
+.390
?.390
-.390
+.390

- 4+.390

-.390
-.390
0.0

0.0

(Hz)

-4.4069x10°

-y - 16d%)

8.

-4.4069x10
+4.0595x10
+4.0595%10
+4.0595x10
+4.0595%10
~5.6379x107
-5.6379x10
+4.0595x%10
+4.0595x10
+4.0595x10

+4.0595x10

-5.6379x10
-5.6379x1§7
-5.6379x10"
-5.6379x10
-4.4069¥10°
-4.4069x10°

in YbQ5Ya5CH for ‘the

four

configutations, their distances ﬁf , z-coordinate of Gd3*,

.and Gda+ Larmor frequencies.



.
The computér program can be modified.for any of these
four cases, by usi'ng the appropriate number of neighbors and
their corresponding V; . Table 3 éives the number of
neighbors, their distances rij »and corresponding Larmor
frequencies U.. s L ' -
=, ] . ) _
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CHAPTER 6

4 © ———— e

THEORETICAL RESULTS AND COMPARISON WITH EXPERIMENTAL baTa

.In this chapter, the results of a computer simulation
fqr"both cases, YbCH and Ybyg ¥, CH, will be given. Also,
the experimental results will be compared with the

theoretical values.
6.1 .RESULTS.OF MONTE CARLO SIMULATION.FOR YbCH

The éomputer program was run for the following values of

a (téd/tkb): 1.2, 3, 10, 25, 50, 75, 100, 200, 400, and 800

fpr the YbCH case. a<l is not conéidered sf;ce(even.at very

low temperatures) —CYb<tGd' thus o¢>El.' . Ratios higher than 806
cang be considered, but‘ very long computing times are
required (x=800 take§ﬁ approx. 32000 cpu seconds). Thq
exéernal field H_ of (3000x10™% Teslas) was used in eq.(28)

+ «The Hy-values are calculated using eq.(27). The histograms
of these values were plotted for each value of «x. Each
histogram has twenty-five intervals each with forty values.

All histograms have the shape of a Gaussian distribution.

The 1linewidths AH,,, at half of the peak value were

(A measured. z§HU1 values for each « value are shown in Table
4. The histograms for =3, 75, 100 are given in ‘Eig.Q and
for &.=200, 400, BOO in £ig.10. Log-log plots of AH,, vs. &
for ¢<100 and o.2100 are also shown in fi§5.11 and 14
¢ TYespectively. | |
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or
e

™
{

A

A

"Relaxation time ratio
Ko &
1.2
3.0
10.0
25.0
50.0
75.0 *:
100.0
.200'0 .
*400.0
. 800.0

\
v

ty

RS

YbCH. .

- 6a%* Linewidth
(1004 1)
12,99
22.00
37.79
35.00

. 32.28

32.20

43:30-

33.80
29.00. . 0
izg.oo

Ve

Table 4: Simulated Gd%". EPR linewidths for o=1.2-800 far

&
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Figure 9: The historams of By
o=3, 75, 100 in YbCH.{&-:3, ¢-):75, J:100.
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Figure 10: The histograms of By
~«=200, 400, 800 in YbCH. ¢—:200, (~-):400, ¢(--):800.
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‘{w'ﬁidth vs. relaxation time
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r‘ffigure 11: Log-log plot of
ratio <100 in YbCH. |
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.2 S F
6 RESULT OR YbbﬁyQSCH

The histograms for Yb CH are plotted for x=1.2, 5,

) 05 Y05
10, 50, 100, 200 and 400 in the same way as for YbCH. Thesge

ratios were ‘repeated for configurations A, B, C, and D
¢

(Chapter 5). Also ,a sum of four configuratioﬁs is

calculated for each o« value. Log-log plots of AH@/ vs. 0,

2
are given for <100 and for ™«2100 in figs.1l2 and 13

respectively for the four confiqurations as well as their

"6.3 RESULTS OF EPR EXPERIMENTS

sum.

The Gd3* linewidths in YbCH observed by Misra and Shars
2
and by Malhotra et.al in the temperature range 90-300 K are

1/2

given in Table 1. Log AH is also plotted ' versus
temperature in the 170-300 K range (fig.1l4). For' the

¥b, Y, CH case log of Ga3* linewidths observed by Misra and

Mikolajzcak3 are plotted vigsus temperature in the 170-300 K
1

range (fig.15).

6.4 COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS FOR

YbCH

The theoretical linewidths show a narrowing as o goes

down from 10 to 1.2 . Since the ratio o is expected to

-
R
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Figure 12: Log AH,, V8. 1loga, for a<l00
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Figure‘ 13: Log AH, .
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décrease with decreasing temperaturé, this corresponds to a
harrowing agw, temperature drops. This phenomendﬁ is
explained by Misra and Mikolajczak 3 in the following way "as
the temperature is lowered ,the Yb3+ spin lattice rel?xation
time ‘increases and approaphes the Ga%* spin — lattice,
relaxation time; then it is poésiSle for the Gd3+ ions to
relax via the intermediary of the YbS' ‘ions,Jwihus a
narrowing of Gd3' lines will result". This phenomenon of
natrowiqg of Gd3* linewidth as ’ZYE—»ZEd (i.g.oo—*l) is,?
however not observed experimentally. In ' fact, 1in
experiments cd>* 1linewidth broadens as temperature is
lowered. But this is explained b} the fact that even at low

temperatures ’CY§<Z%d , thus yb3* spin lattice relaxation

~time does not approach the cad* spin lattice relaxation

s

time. However such a "fictitious" condition can be

simulated theoretically and the narrowing as 'Z;b Zédcan

be shown as &¢—1. .

[}

As &« goes up from 10 to .75, there is a slight narrowing

' (38x10-4-—> 32x10_4- T) and at o&=100 the broadest linewidth

(44x10°%T) is found from the simulation. After the peak at
o=100 linewidths start gettipg narrower with a constant
slope (fig.14). 1In order for random frequency narrowing to
take place T~ has' to be much smaller than.'zed Since
starting at 'Eh/z§b=100 and going to higher values of

there is a narrowing of Gast linewidths, it can be concluded

that the spin-lattice relaxation narrowing starts at o=100.

v

.



Thus below ™®=100, ’I:Yb is not short enough to cause a
narrowing. Since Anderson’' and weiss''"’ and Kubo and
Tomita's® theories of random frequency modulation narfowing

"is applicable, for YbCH at temperatures T2180 K (Appendix 1)

and since nar&owing of 1linewidths is obseérved for x>100,
omparjson -of the 180-300 K temperature range will be made
g . :

with the results of the simulation for o in the 100 to 800

range.

The ratio of linewidth at 180 K to the linewidth at 300
K observed experimentally by Misra and Sharp‘ is 1.6, this
® may éarrespond to the ratio ®f linewidths in the simulation

\

at =120 and 800, thus . .
OH (180 K)/AH (300 K)=AH 120)/AH (¢=800)=1.6 (
1, )/o8 )=aH , (x=120)/28,  (x=800)=1.6 (37)

The ratio of Gd3 linewidths at 180 K to the linewidths. af
300 K observed expefimentally by Malhotra et al? is also

1.6. . After examlning the values of experimental linewidths

Pt

“in 180-30 K range and theoretical 'linewidths in the range

®x=120 to 800 the following relation can be deduced:

R

log(x) oc T (38)

A plot of'log ZSHU&vs. logow. as _well as vs. temperature is

o
shown in f£ig.14 in the T=170 to 300 K and « =100 to 800

range . From these plots it can be concluded that in the
range 170-300 K (i.e.xX=100 to 800) both the experimental

Kl
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1
llnewldths/aﬁé'the theotetxcal Tinewidths narrow at the same
\

K_,”n~\§gte. Also, the calgulated llnewxdths are na;rower than

those observed by Malhot;E//etiggi,and/g;akger than those

observed by Misra and Shar Since only the in—lattice

relaxation narrowz;g meghanism has been  cons dered, and

/"'\
since the rate of narrowing observed exper imentally and

\
51mulated theoretically are in good agreement)it can be -

[

“‘concluded that the narrowing of Gd>* EPR linewidths /in the
180 300 K range is mainly due to the random moduiation of
dlpolar effec?é by the spin-lattice relaxation process of

Yb3* ions.

~
~
4
i

6.5 COMPARISON OF THEORETICAL RESULTS FOR Yb,_ Y CH

05 05

~
» -
-~

I
i

Experiments done wqth Yb CH crystals by Mista and

.- 85 05
//// Mikolajfzak3 indicate broader linewidths above 160 X than
thosdf‘for YbCH. However Simulated linewidths give narrower
& h) -~
linewidths for Yo ¥ . CH than for YbCH for the

configurations B, C, and D. Configuration A gives broader
linewidths in the range x=1.2 to Slapd at x>500. The sum of
all four configurations also gives narrower linéQidths which
are approximately not varying in the tange =10 to 400. If
the same correspondence of o« and T is made for configuration
As’as that in YbCH';Ss%, the rate of.nSrtowing is found to
be in good qg;ééﬁehgtw{th experiments)(fié.lsi. However, in

this case A%/z values differ by a factor of 2.

. - AQ - ) S s
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.Figure 15: Log of ‘the experimental and sigulated linewidths

al, V H Simul\atEd ¢

vs. logx and temperature; g:Experiment
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Thus, in the case of YbbSYdECH crystals it ‘can be
concluded that the most 1likely crystal structure. is the
configuration A, where the unit cells alternate. The

. experimental and theo;etical linewidths narrow by the same
amount- in the . 180-300 K (i.e.x=120 to B800) range, bgt the
theoretical AHve values are smaller than the expérimental

values (fig.15).

6.6 ESTIMATION OF ca’* SPIN LATTICE RELAXATION TIME IN YbCH

Ve

& .
The theoretically estimated Yb3* spin lattice relaxation
. \ . .
times éhange by a factor of 10 in between 180 and 300 K:

. . ;
= 9
'c’Yb'(}ao K)/Z‘Yb(\:aoo K)=10 | ’ \ | (39) .

Keeping the correspondence between and T as follows:

2

180 K =
’%d( | )/Z’nglao K)=150 \ (40)
300 K ( =800 : b 41).
’Cedf )/Z_;bwoo K)=800 _ | (41)
from (40) and TT1) .

1

e

. s & '
ked(aop K)/Z’Yb(3oo K)) x (CYb (180 Ka)/t‘quiao :f))-g'.ssk
_ P . (42)

and from (39) . \

A



2
.

T ey

~

(T (300 K)/T,, (300 K)IX(10 T, (300 K)/Tg,

(180 K))=6.66 (43)

L

'Z'Gd(].BO K)_=l.5'C’Gd(3OO K) ‘ - ‘(44)

according to which 1éd is smallér at 300 K than at 180 K.
Using &=120, "C'Gd (180 K)=8.4x10 sec. and using =800,
‘téd(BOO K)=5.6x10"11 sec. From this data following

temperature dependence can be shown:

-

v

.'z%ﬁagT—aa e , o . (45)

Using 1%m(300 K) and 7%w(180 K) this can be written as
_ 9,08 . .
T%d-5.35x10 T | ; (46)

LY : %

in YbCH crystals in the 180-300 K range. ‘

)
L 4
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CHAPTER 7
CONCLUSION

_in Chapter 2, the theory of yb3+ spin-lattice relaxation

,time was studied. An expression to calculate I&bin YbCH,

without using the observed linewidths was derived (eq.(7)).
This egquation gives 'tybvalues which agrée with Anderson's
equation (eq.(z)),and therefore enables the calculation of
fheoret1cal AHV2
of EPR linewidths due to random frequency modglation, 80

values. In order to confirm the narrowing

vthat eq.(?)‘mcan be used in Anderson's equation (eq;(Z)), a
qompdter simulation using a Monte Carlo method was 5d§pted.
The results, discussed in Chapter 6 are in good agrééﬁent
with the experimental wvalues in the 180-300 K range where
Andersoq{s' equation (eq.(Z)) is applicable tq—YbCH. In the

case of the‘YbosYOSCH crystal, calculated 1linewidths were

smaller than the experimental ones by a factor of two, but'

noqé the less showed narrowing with increasing & value, by

the same amount as observed in experiments in tﬁg 180-3Q0 K

range. This indicates that‘the narrowing is mainly due. to

the spin-lattice relaxation process of ‘Yb3* ions and
Y}

Anderson's equation can be used to estimate the! Yb3+
, X ¥

spin~lattice relaxation times in ¥Yb Y _CH.
\ 2 05 05
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APPENDIX 1

CONDITIONS FOR THE APPLICABILITY OF EXCHANGE NARROWING

THEORY TO MODULATION NARROWING

Mitsuma™ discussed the following conditions so that if

they are fullfilled , the exchange theories of Anderson and

1

weiss'® could be applied to the spin lattice relaxation

(modulation) narfowing: (i) [H odJ{ 1=0; (ii) [}ymm,SGd]=O;
(iii) H >>Hyp ,t\i;r)H, ust be so small as to have no
important matrix elemsatS-Connecting different unperturbed
states of‘Hz. HereiHmod is the Hamiltonian responsible for
the modulation of the dipolar fields on the 6a%" ions due to
superposition of the spin orbit coupling and the orbit

lattice coupling in Yb® ions, where the magnitude of Hmod
in field scale is given by eq.(14).H, =g Mg HOESZG‘d (in
; -

v
Z

field scale =0.3 . Tesla) and HdIp represents the dipoquﬁ

.
LA

interaction of the Gd3' ion with the yb3' ions, given 'in\i

field scale by eq.(13). . l%
Conditions (i) and (ii) are fulfilled, asIme-contains
\Ghe spin operators of the vb3* ion while Hi contains the

33" jon ; thus the two commutators in (i)

spin operators of G

and (ii) are between different spins. Condition (iv)' 1is

satisfied, since H, is determined by a field on the avarage
-4 . . .

of 3000#10 ? and’ Hyip<< Brog - Condition (iii) |is

satisfied only at higher temperatures (T2180 K) where spin

- 8§ =~ ' . )
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APPENDIX 2

" DERIVATION OF EQUATION (25)
In order to derive equation (25), Bloch's equations have

to be used. These can be written as:

A»‘a/dt=§ xH o | (47)
de,/dt=x~(Hvaz--HiMyo) ' | - (48)
dMy//dt=xx(ﬁ)(Mi—HziMx.) o , | . ,~ | (45)‘ |
dni/dt=y~(n>éu);¢nyux,) . | (50)

o

where H;,is-along x'-axis and it corresponds to H, in

Chapter (4. Hy =0, since there is no field along y'-axis.

H_ is the total field along z,z' axis and can be written as(\\\d)
H =(v + v )/7 (51)

Using eq.(51) and letting x',y',2' rotate with a frequené@

Yy Bloch's '‘equations can be rewritten as:
. A =- + ’ - * ! ' .
| de/dt (vL vN)My | - (52)

aM-/dt=—u Mo+ (v +u IMs o (53)

-57 - ‘ ,r/(f—%\\ j..fu



o

aM /dt=ypM |  (sa)
Equation (22) érom chapter 4:
& B N
L £4T=M');éin¢+u;cos¢ - . ' | "(.22)
can Be differentiated yielding:
.dMT/dt=r71y'sj.n¢+ﬁx'oos¢+ﬁy'co§¢d¢/dt—Mx'sind;dtt/dt' . (-55):

Since a phase angle ¢ can be written as:

4>=;\)i Ati ) | - . (56)
d¢/dt can be written as:

de/dt=Y+Y | . S ' : (57)
Substituting egs. (52),(53), and (57) into (55) yields:

dHT/dt=-vNMz'sin<b' ‘ ‘ . R " (25)

which when integrated yields:

= —M - . | '
H72MT1 VN+UL(CQS¢1 998*152) . (26)
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00100
00110

00120
00130
00140
00150
00160
-00170

APPENDIX 3

e e—

{ : - .
LISTING AND THE FLOWCHART OF THE PROGRAM -

PROGRAM GAU3(INBUT,OUTRUT,TAPE5)

DIMENSION WL(10),CN(10),NS{10) . '

REAL R{15000)

INTEGER NR o ' -
DOUBLE PRECISION Dsséo ‘

NR=15000

12=0 o B

DSEED=1%123457.D0

00180C LOAD GAUSSIAN DISTRIBUTED

00190C 'RANDOM NUMBERS

00200
£ 00210

CALL GGNML(DSEED,NR,R)

HY=0.0

00220C ENTER GD AND YB RELAXATION TIMES

00230
00240

00270
00280

- 00290

00300
00310
00320

TAU=1E-5
TAU1=25.00E-5
WL(1)=~4.4069E8
WL(2)=WL(1)
WL(3)=4.0595E7
WL(4)=WL(3)
WL (5)=WL(3)
WL(6)=WL(5)

- 59 -
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RN
el m.

_oosjo RANGE=. 5*TAU .

A

. 00330 WL(7)=-5.6379E7
[] * P
100340 WL(8)=WL(7)

00350 WL(9)=WL(8)

‘00360 WL(10)=HL(9) |
00370C CALCULATE G LARMOR FREQUENCY DUE

00380C TO EXTERNAL FIELD - .
00390 OML=(1.988%9.27E-24*.3)/6.626E-34

100400 DO 77 J=1,1000
"00410C SET YB IONS UP OR DOWN RANDOMLY

00420 DO 78 K=1,10

- 00430 SR=RANF() -
00440 §%=NINT(SR) *

=y

00450 xé'(xa .EQ. 1) GO TO 78
00460_WL(K)=—WL8L)

00470 78 CONTiNUE

00480 HP1=0.0. v
00490 PH2=0.0 L
00500 D=0. - e gy
00510'SIGMA=1.0

00520 DT=TAU/100

00540 CONVER1=RANGE/(3.*SIGMA) - -

00550 PHI=0.0
00560 ouzcl-WL(1)+wn(2)+WL(3)+WL(4)+

00560 9
00570+WL(S)+WL(6)+WL(7)+WL(8)+ (9)+WL(10)
00580 I=1 ) t

_—

00590 12 CONTINUE
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00700 I2=1

'00830C

. 00600 2Z=1 ' - c

00610 DO 10 NG=I2,1349 .
00620 CN(Z)=CONVERL*R(NG)*SIGMA ]
00630 CN(Z)=TAU+CN(2) |
00640 z=2+1 N
00650 I2=I2+1 - b .

00660 IF (I2 .GE. 15000)°GO.TO 5

00670 GO TO 10

00680 5 DSEED=DSEED*1.25
00690 CALL GGNML (DSEED,NR,R)
dﬁblo 10 CONTINUE ir\ .
00720° C=CN(1),,
00730 DO 20 WK=2,10

’

00740 IF (CN(NK) .GT. CN(NK-1)) C=CN(NK)

hd .

00750 20 CONTINUE

00760 D=D+C.

. 00770 HP=0.0%J ‘ 1 .

RQ?SO PHO=0.0 .

00790 PHI=0.0

00800C_ CHECK IF GD ION DECAYED.

00810 IF (D .GT. TAUl) GO TO 125 *
. 00820 "I=I+1 . 49

00840 N=C/DT - ‘
00850 DO 30 L=1,N : "kﬁV“\&~
00860 DT1=DT*EXP(-DT*(L-1)/TAU1)

¥ . -
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_an687o purjgar¥(amp+ouzcl)*nrl
00880 apéap-(puzcl/(oun+ouscl))*Hz*(COS(pHO)-cdS(paI))
‘00890 PHO=PHI | . “
- 00900C CHECK IF ANY YB ION FLIPPED
. 00910 DOBO NO=1,10 -
00920 IF (L*DT .GE. CN(NO)) GOTO 8
00930 GO- TO 80 '
00940 8 IF (NS(NO) .EQ. NO) GO TO 80
00950 NS(NO)=NO | ’

—

00960. WL(NO)=—WL(NO)  “
" ¥ 00970 80 CONTINUE
00980 OMEG1=WL(1)+WE(2)+WL(§)+WL(4)£
969901+WL(5)+WL(6)+WL(7)+W£(8)tWL(9);WL(10) .
01000 30 CONTINUE " 33'
01010 HPL=HPY+HP - o \\\\ :
01020 PH2=PH2+PHI / g |
01030 béo,o )
01080 66/;0 12 k A
01090C o |
01110 125 CONTINUE
01120 PH2=PH2/I . ; | _
. 011%0 BP1=HPL/T . | .. ’ ;
. 01140 PH4=AMODTPH2,6.283) .
01150 HY=HP1*SIN(PH4) .

& 7

‘. 01160 PRINT*,HY |
- LN *
01170 A=A+1 '

01180 Il=I1+I P .
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