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PROJECT DESCRIPTION
This project concerns the demonstration of the teasibility
of the tuning and stimulation of nuclear radiation. It
represents a critical line of 1investigation 1in our overall
program concerned with the feasibility of a gamma-ray laser.
Theory, supported by our experiments conducted uncer this

contract, has 1indicated that anti-Stokes Raman upconversion of

s

intense but conventional laser radiation produced by scattering
; from isomeric states of nuclear excitation could lead to
significant sources of tunable gamma radiation characterized by
the natural Mossbauer widths of the lines. Furtner computations
1 have suggested that this type ot coherent, as well as a type ot
incoherent, optical pumping could even lead to appreciable lavels
of inversion ot the populations o©of nuclear levels. thus
supporting the growth of stimulated gJamma-ray intensitias.
Whether or not these processes can reach thresnold Zepends wupon
. the resolution of basic issues that have not Dpean previousily
\ addressed in an 1nterciscipliinary regiocn between Juantum
' electronics and nuclear phvysics. It 1s the purpose of this
contract work to study these 1i1ssues experimentally in order to

quide the development c¢f the technolo3Iv and methods neeged

«r
O

-

exploit the enormous potential ot this ettect.

SCIENTIFIC PROBLEM
The wviability 2t the concept for the tuning <cif Jamma
radiation bv adding the variaple energy o! an optical photon

produced by a tunable laser a2epencs uron the existence 11 the

R VI S T T TR e L Syt e . - - - - - .
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nucleus of a particular arrangement o!f excited states. A
suitable energy diitference would would make it possible to dress
the nuclear states with the laser photons. Transitions betwe=n
] the dressed states wouid then occur at the sum and aiff2rence
frequencies characteristic of the nuclear transition, plus or

minus the energies of integral numbers ¢t laser photons.

(o]

1 Whether the necessarv arrangements of nuclear states 4

exist 1s the central 1ssue being addressec in this contracteg

work. Surprisingly, such 1intormation is currently ungnown
because such potentially useiful states would lie in the ‘5linc
spots” ot the conventional techniques ot nuclear spectroscopyv.

Normal Mossbauer spectroscopy provides =anormous rescluticn. out 2
tuning range that is lnadequate by orders of magnituce to support

any possible study of transitions to the intermedaiate states Ot a

multiphoton process. Conversely., crvstal spectrometers provide
broad tuning ranges, but levels of resolution that miss bv two
orders of magnitude the threshold that would be necessarv to

separate the transitions to the 1nitial! ana intermeciate sratss.
As a consequence, the ideal arrangement o: nuclear energv iavels
needed tfor the Raman upconversicn process coula be a  commen
occurrence that has gone unnoticed because Of the inagequacz:i2s O!

conventional nuclear spectroscopy.

[y

The «<critical problem 1n this research has two facets:

Pl

the development of an appropriate spectroscopic technigue, and I}

b
[(£0)
b
D]
)
+
_]
3
)

the search for a suitable medium for a large-scals ettect.
dressing of the nuclear states not cnly attfects their energies,
but also changes their transition propertias, Forbidden nuciear

transitions should become allowea so that the metastability ot

[
5
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: isomeric states would be “switched off" as the states were

: dressed. This would greatly enhance the prospects ror
¢ stimulating the gamma-ray transition, in adeition to rendering it
tunable. It is the development of the investigative
| instrumentation and the verification ot these predicted =eftects

that comprise the scientific problem aderessed by this contract

research.

TECHNICAL APPROACH

For the resolution of the central 1ssue of the existence ot

wPe ol a8

potentially useful intermediate states in a multiphoton upcconver-

sion of optical photons to gamma-ray energies, it was firss
) intended to demonstrate sum f{requency generation in one case i1
1
d which nonresonant intermedlate states were Xnownh to exist. This

was the case in which both initial and intermediate statss were
magnetic sublevels of the same nucleonic state and in which tne
transitions were mediated by the M1, magnetic dipole operacor.
. Experimental data reproduced in the literature suggested that
such a process had already been unknowingly demonstrated tor the

generation of radiofrequency sidebands to Mossbauer transitions

at the sum and difference frequencies. This suggested the gevel
p opment of a new instrument, a Frequency Modulation Spectrometer
[}
; for gamma-ray energies., designed to support the needed studies of
v nuclear structure with the precision of Mossbauer spectroscopv
¥ applied over a tuning range of energies lving consiacerably Levonc

the state-of-the-art at the time our work began. Pursuant to
4 this goal, we are conducting a conventional single-photon Mcss-

bauer experiment in the presence of an intense radictrequency

s & 4.8

L)
DR R AN . L WL T R e - ay oy v - « a e e e e ma e e

"

“~

-
o

b

“




field with measurement and parameterization of the conversion
efficiency into the sum frequency line to determine the practical
limits on the ultimate linewidths and tuning ranges that can be
achieved. This technique will then be used in a “"bhootstrap”
approach to support a search for accidentally resonant intermed-
iate states. By replacing the radiotrequency excitation with
tunable higher frequencies, it is expected that the tuning range
of Mossbauer spectroscopy can be extended by further orders-or-

magnitude.

PROGRESS DURING THIS REPORTING PERIOD

Instrumentation of FMS

The sum and difference frequency sidebands produced on
intrinsic Mossbauer transitions has made possible very elfactive
new instrumentation tfor high resolution spectreoscopy aft jamma-ray
energies. A prototype version of this Frequency Modulation
Spectrometer (FMS!} was first described1 by our laboratory in
1985, and subsequent refinements were made during ta2 currans

eporting period under this contract and under a relatag SDI

contract directed by ONR. This device monitors changes in the
intensity of transmitted single-frequency gamma photons as a
function of <f{requency otf the long wavelength photons o Tae
alternating magnetic field in which the absorping nuclel ar:
immersed.

During the past year our Dprotctvpe ‘Nuclear Raman
Spectrometer” was refined into mors mature technologv rsasuiting
in the Frequency Modulation Spectrometer (FM3) tor gamma-rav

energies (Figur=s 11. The original prototype device had regquired

C axAY AP e P N R Yol TS Ty \ﬁv
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a tedious level of manual interaction, and this was replaced with
a fully-automated and computerized control system during the
current reporting period. At its heart is a multi-channel scalar
(MCS) and IEEE-488 GPIB intertace with an Apple II+ computer.
The MCS was designed to have a 100% duty cycle. The GPIB enables

the spectrometer to sweep continuously through the frequencies of

an rt{ magnetic field produced with a Wav=tek trequen:y
synthesizer. The Mossbauer drive allows the frequency of the
gamma photon to be biased by a constant Doppler shift, if

desired. In its present form, the FMS device has an instrumental
resolution of 100Hz and a continuous tuning range of 109Hz with a
stability of 0.1Hz/sec with no mechanical movements reguired
anywhere. These characteristics are comparable to a Mossbauer
spectrometer with a means of shifting the gamma-ray source,
having a resolution of 10nm/sec and a range of 100mm/sec with a
stability of 0.0lnm/sec/sec. Demonstration spectra were acquired
with 57?9 showing isomer shifts and thermal shifts. Beczuse we
were using a modulation type of spectroscopy. the static teatures
could be suppressed, and these different =2ffects were obtained
with unprecedented clarity.

In operation, FMS of 57Fe provides 3 direct measurement <t
rt sideband positions and intensities :irom which one can

extrapolate 1information about the transitions between Zeseman

split energy levels (parent transitions). iabeled 1 througn © in
Figure 2. Radiofrequency sidebands have been labeled as 2
parent transition preceded by a number of +'s or -'s, the number

of which corresponds to the number of rt +fiesld energy gquanta
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(order of the sideband) added to or subtracted from the parent

transition. The symmetrically opposed parent transitions 1 and ©
are separated by 123.7 MHz in pure 1iron. Applying a 61.8%5 MHz

-

alternating magnetic field to the Fe foil produces (+1) anga (-6

~——t

sidebands which overlap in the symmetric center, or transition

57Fe. The energlies of

center, of the hyperfine structure of the
the gamma ray emitted by the source and the transition center of
the absorber differ by the isomer shift, A (Figure 3a). In FM3
the Stokes sideband from parent transition 6, (-6) would be
detected at a frequency of (61.85-a) MHz while the anti-Stokes
sideband from parent transition 1, (+1) would be detectea at a
ftrequency of (61.85+a) MHz (Figure 3b and «c). Theretfor2, FM3
shoulad produce a spectrum with two peaks arounc €0 MHz, separatea
by 2a.

If we apply a small Doppler shift, 23, to the socurce, we
should obtain an FMS spectrum with two peaks around 80 MHz,

o~

separated by 2(a + 9) (Figure 4). Classically, tne frequencies

at which sidebands appear, fs, 1s simply
fs(MHz) = ( v - (Pj + 1so)] * (1ll.6/crdl. tlo

where Pj is the position of the {i’'th parent transiticn ‘mm/sec,

v 1s the velocity ot the source (mm/sec), iso 1s the isomer

T

shift (mm/sec), and ord is the order of the sidepband ot interes

The source used was in a Pd lattice (iso = -0.13857,
Radiofrequency sideband poeositions are also apparantivy
atfected by the intensity of the rtf magnetic fiele [(Figure ©5)

It 1s vyet to be determined whether sideband positicn

'
(7]
[7]

function ot intensity as well as treguency ot the rt magnet:i:

I S e T




e e ? 4T Ca®
LA A R TS
-» L 2

tield, or whether the temperature shift of the parent transitions
is being detected, or both. Since we start with a n=2gative
isomer shift, raising the temperature of the absorber should
reduce the energy difterence between the source transiticn anga
the transition center of the absorber. Therefore, increasing tne
rf field intensity should raise the temperature of the absorber
and in turn decrease the isomer shift.

It seems clear that, in addition to providing 1informz:ion

v

about sideband intensity and position, FMS could also prove to be
a means tor direct and accurate measurement of 1isomer ana
temperature shitts, spectroscopic quantities that are ditficult
to measure with Mossbauer spectroscopy as usually practiced
because of the difficulty in obtaining such small velocities with
such precise control. For the purposes of the gamma-ray lzser
program, it is the combination of narrow instrumenta: width and

large tuning range that otftfers the greatest attractions.

[ 21}

To dress an isomeric state reguir2s 2 certain arrangement

of nuclear levels that wculd make them undetectabl= <2
zonventional technigques of nuclear spectroscopv. Our method ot
FMS is +he oniy means tound to date that zan Ze used T2 23721

14

for this compination among the 29 best candidates tor a gamma-r
laser. The successes 0! the new FMEZ agparatus 10r nuc.=2iar
spectroscopy indicate that a much nigher resclution, »2v pernapgs

several more orders o©: magnituce, 23an ke achievea through

W

4

r2asonable upgrade of the apparatus. ! th2 range ©! tunapi.lty

does extend to the ferromagnetic spin rescnance (FSR) trequency,

(v

vicls

then 1t will 52 possibla to construct a swept traguensy 2
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capable <c! continuous!y tuning over a range of 1011 linewidths,
an enormous .mprovement .n the state-of-the-art of nuclear
SpPectroscopy
Theory o1 FMO

Most .aboratory sources C! gamma raciation emit at levels of
intens:ity corresponding to single photon conditions. Mossbauer
experiments are rarely conducted at such great intensities that
the detection of two photons would be probable in the transit
time spent between source and absorber. Under those conditions,
the perception of gamma rays as streams of particles 1is
instinctive. Nevertheless, as elements of electromagnetic
radiation they must also be considered as carrier waves of high
frequency. As the name 1implies, the Frequency Modulation
Spectrometer derives 1its operation from the modulation of the
gamma-ray carrier and represents a translation into the nuclear
domain of one of the powerful techniques of laser spectroscopy at
the atomic level. As described above, the device itself works
better than the theory describing it, and during the current
reporting period emphasis developed upon retfining and validating
the dressed state theory describing the origin of the «carrier
modulation. Reviewed 1in the focllowing material will be five
different approaches to a comprehensive theoretical description.
Not published elsewhere, each is being repcrted here as each
approach is useful in defining acceptable levels of

approximation.

PR ey
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CONTEXT OF THEORETICAL EFFORTS

In our version of FMS, the spectrum of the gamma photons

emitted by the source is modulated by its passage through a thin,

ferromagnetic foil immersed in a radiofrequency magnetic fieldz. :

57Fe with the radiofrequency mag-

Most work has been done upon
netic field being applied in the plane of the foil. Although the

interaction energy of the nuclear magnetic moment directly with

the applied magnetic field is insufficient to cause a significant

perturbation of the system, the applied magnetic field is suffi-

-

cient to cause the direction of the magnetization within the
material, ﬁ(t), to precess 1in a complicated manner and this
interaction of the nuclear moment with ﬁ is of significant magni-
tude.

Ferromagnetism 1s a cooperative magnetic behavior resulting
from the exchange interaction between the electrons. In ferro-
magnetic materials, the principal effect of the exchange inter-
action 1is to cause parallel ordering or alignment of the atomic
spins in a common direction, so that there is a large spontaneous
magnetization even in the absence of an applied field. Maximum
ordering 1is obtained at 0°K where the randomizing effect of
thermal agitation disappears. At the Curie temperature T. the
magnetic ordering 1is destroyed by thermal agitation, and the 1
spontaneous magnetization disappears. Between these two extremes
a sample of ferromagnetic material is usually divided into small
volumes <called domains. which may vary 1in size, shape and
direction of magnetization. Within each domain, the magnetiza-

tion is uniform and has the maximum or saturation value, Ms

. L ) - - - - - - - . - - - - - . . - - » - - - - LT P L T D N R ) LA P T A PR R I DT DY DA SR
‘94, 'y e ety .n K ., v VJ'.* . b‘. % ." 0.‘0.IVO *' \-P‘- ' AN l\". oo ".’ Lo o o .‘~'_.(
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characteristic of the material and the temperature. Within a
ferromagnetic material, the magnetization vector i[t) may vary 1in
direction but not in magnitude, even when traversing a domain
wall. Therefore, changes of the magnetization are ©precessions

and must be described by equations which reflect this.

The magnetic field at the site of the 57F'e nucleus 1s the
sum of several large terms which may be positive or negative. In
an 57Fe foil the magnetic field at the nucleus has been deter-

mined to be about 330 x 103 Qersteds in the direction opposite to
the local direction of the bulk magnetization, i(t). The elec-
trons respond to the changes ot i(t) quite rapidly since the
magnetic moments of the electrons are strongly coupled to i(t)
(the <cooperative effect). Thus, 1n response to any applied
fields, the magnetic field at the site of the nucleus also pre-
cesses in a manner which reflects the precession of the Dbulk
magnetization. For this reason, the motion ot the magnetization
ﬁ(t) must be determined as a function of time as a part ot any
comprehensive description ot the ultimate 2ftects ot applied H
fields upon nuclear states.

The equation of motion of the magnertization vector M(:: is

determined by the Landau-Lifshitz equation:

-

- - - - - -
=(1/7)yt) dM(t)/dt = (M x F) - A [F - 'M:F) M'M
The gyromagnetic ratio of the electron is given by -'y', and A s
an experimental parameter obtainea from ferromagne*ic resonance
-3

studies, /\/Ms ~ 10 The magnetic tield F i1n eqguation

the vector sum of four contributions: ! *"hne maznetic t1e.3 re-

quired to simulate the magnetic anisotropv ettects inherent >
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the crystal structure of the material, 2) the “magnetostatic”
fields due to the finite size of the sample, 3) the exchange
field, which represents a potential energy term leading to the
ordering of neighboring magnetic dipole moments on a microscopic

3.4 to

scale, and 4) the applied magnetic field. The solutions
equation (2) depend strongly on the anisotropy of the material
and on the geometry of the sample and are usually of an exceed-
ingly complicated nature. Approximations were developed to vary-
ing degrees as part of each of the difterent approaches to the
nuclear sideband problem.

During the past year our efforts to develop a model of the
modulation of the gamma spectrum have focused upon the following
five approaches, to be summarized in this report below:

1. The refinement of the theoretical approach initiated by
C. B. Collins and B. D. DePaola® in Optics Letters 10, 25 (1985)

culminating 1in the results presented at the 1986 IQEC meeting.

We have reterred to this as the multiphoton processes in nuclear

states.

2. A literature search and study of the applicability ot
the “dressed atom” approach of C. Cohen-Tannoudiji.

3. The development of a coherent switch model of the

magnetization M({(t) by integrating the Landau-Lifshitz -equation.
This model was specific for a thin terromagnetic foil. The
solution for M(t) is in agreement with results presented

4
alsewhere.

4. The development of a adomain wall passage model. This

research does not appear to have been fruitful, although 1t may




still be of use.

5. In <collaboration with Professor P. Berman of New York

University, the development of solutions to the time dependent

Schroedinger equation utilizing information about the
magnetization derived from approach 3. The resulting method
appears to be the best approach. The computer code is 1n the

process of development and is being verified first tor the static

case.

1] ultiph i u r of 57 e 1} a
‘err i ] s ] Radj 3 M t
Field

57

The time-dependent Schroedinger equation of the Fe nucleus

embedded in a ferromagnetic foil immersed in an rf magnetic field

is
iM(dg/at) = Hy¥ - (H o)+ Moe)en + Hyte)en + Hy (6)-019 (3)
where
] = the eigenstate of the system,
HA = the atomic Hamiltonian associated with quantum
number(s) «,
: = the magnetic moment of the nucleus,
ﬁapp= the applied radiofrequency magnetic field [(a few
gauss) with frequency Wy
ﬁ = the magnetization of the material (kilogauss),
Hd = the demagnetizing field due to the surface poles
developed when ﬁ rotates out of the plane of the foil
E (kilogauss),
E ﬁdn = the demagnetizing field due to the poles developed
; when the nuclear magnetic moment : rotates out of the
E plane of the foil (very small).
t
I
L.:,-.;;.',~.;,-.;_x:_-.',-.;-.;-.;;.;_-.‘_-:,-.;-.;-.:_-.;_-.;;.;-.:_-.' N R A AT SR A ey NN NN N AN A X
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The expression in the brackets represents the interaction ot
the nuclear magnetic moment, ;. with the vector sum of all of the
magnetic fields to which the nucleus is subjected. The interac-
tion of the magnetic field with the electrons is included in the
behavior of M and therefore does not require another term. This
notation and approach are essentially the same as outlined by
Collins and DePaola?.

Since the terms ﬁapp(t)~z and ﬁdn(t)'; are small when com-
pared to the other terms in the Hamiltonian, they are neglected.

The simplified time dependent Schroedinger equation becomes

if (39/dt) = H, § - (M) + H (t)al ¥ (4) .
in the fixed laboratory coordinates.

A new coordinate system is defined in the laboratory, such
that the magnetizatibn ﬁ in the plane of the foil corresponds to '
the z axis, that 1s, as ﬁ responds to the appliied magnetic field
{by rotating in the plane of the foil), the foil 1s rotated about ;

-

an axis perpendicular to the foil in such a way that M always
lies along the z axis of the laboratory coordinates. Doppler !
shifts are introduced because the foil is moving. but since the

absorption spectrum is observed along an axis perpendicular to

the foil, only the second order transverse Doppler shift occurs. )
which should be negligible. This coordinate system 1s denoted as
primed in the following material. In it ﬁ has constant magnitude

and direction (z axis) as shown in Figure 6. Equation (4] may be

rewritten

The magnetic moment of the nucleus, g, is related to its angular

{ in (3Y'/3t) = H, U - (Mo + ﬁd(c)'Z} g . (5)
|
,'
i
|
!
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momentum through the equality

- -

T (gxuN/h) J

e
a
L

where x denotes either the ground (g) or excited (e) state of the

nucleus. The symbol Hy stands tor the nuclear magneton,

by T (e%/2M) = 0.505 x 10" %€ amp-m? (73

in the MKS system of units.

The Hamiltonian of a particularly useful basis set of eigen-
states and energies is obtained from,

Hp = Hy - Moo = H, - R J , (8}

B A A X z

where hux corresponds to the total splitting ot the x level by
the magnetization M,

= 3
hwx QXUNMS . (3)

In the basis set, the time cependent Schroedinger egquation ot the

X state,
i "/ = H T~ ' , )
i (awo dt) A Wo ﬁwx Jz Wo
has solutions of the form,
’ ’ ) o= ! ,J,m’ dey “i(E /K - m’ el (1L
Wo(ax,J ,m’ ) % J',m’' d>expl -1t a, ] B t { )

The quantum number(s) ax describe the nuclear state x witn energv
E , in the absence of any magnetization tiela in the materia. or
X

any applied field. The angular momentum state ot the nucleus 1in
the primed coordinate svystem is described bv J' and m'. Tnese
basis states of the system might be describea as the 'nen-i1nter-
acting basis” states.

The interacting state ¥’ can be derivea from the basis state
Y° by means of a rotation through an angle ¢ about an a:xis

o X

parallel to Hd(t). This rotaticn operator 1s Hermi%tian ana

unitary and ot the form

- -

-~ - .-

.
¥
---'.---‘-'.\--\ b I Y \.\-~-i
\i&mﬁi}iﬁﬁ\t\t\t\ﬁ;\t ‘-{5 'L\ :\{\{\{ «“ ’ u{ a“ #l.
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15
= 3 Ao‘ = 1 121
R exp[1¢xn J1 expt1¢ch) . 12y
where ﬁ 1S a unit vector parallel to the axis of rotation. The
interacting state is given by
, . lie J.} w- . , .
¥ x e x d Vo(ax.J ,m') . (13)
Combining equations (5) and (13), the time dependence of the
angle ¢x is given by the equation
(3¢x/at) = gx“N Hdtt)/M . (14)
If Hd(t) is known, the angle ¢x[t) can be computed numeri-
cally and therefore may be considered a known function.
The transition amplitude is determined bv
iK(da__/dt) = if a__ = (15)
eg eg

(+i¢ J ) - . , »* “lw t (+i9 J ) , , , ‘
[e e d Votae,J ,m )] Vye v [% g e Wotag.J ,m )]dr .

Since R is Hermitian and unitary. this equation may be rewritten

il aeg = (15

R [+ -4 Vg 1

e 1wyt Ee‘*1(¢e ¢g’Jd‘ ¥ la .J'.m'ﬂ* W ¥ ta_ J'.m") ar

o e Yy "2 3
where
- e

W_ = e 1¢ng) v e‘*lang) = V . (17

y Y Y

The operator Jd is not diagonal in the primed cocrdinat2 svstem

~ -
since n is perpendicular to M (the z axis)|. it 1s necessarv *o
L. . .10
use the finite rotation matrix to transtorm 1ntc a  svstem .n
which the z axis is parallel to n. After operating with ;d. then

the finite rotation matrix 1s again used to raturn t2 the primed
laboratory system.

The time derivative of the total trans:iticon ampiituae 1n

terms of ‘(m W 'y (m_ ) 1s given b
<Ve e)’ Y Wg g)> g v




B exp[int] <-3/2|W7|-1/2> Rl(t)
* cp exp(iﬁzt] <-1/2|wy|-1/2> Rzlt)
* cp expfiﬁat] <+1/2|wy|-1/2> tht) (18)
* ca expfiﬁ4t] <-1/2ewya+1/2> tht)
*Cp expfiﬁst] <*1/2!Uyl+1/2> Rz(t)
+ ¢, explifge] <+3/21Wy|*1/2> R,t))

th

where Qi is the detuning of the 1 transition as shown 1n

Figure 7. That 1s,

Q. = (8E./K) - . (19)
i i Y

th

where AEi is the energy of the 1 transition. The concentra-

tions of the ground state levels are ¢, and g for m = -1/2 and

A
m = +1/2 respectively. [f the angle ¢ 1s defined by

o = ¢e - ¢g , (203
the factors Rl(t) and Rz(t) which appear 1n the transition ampli-
tudes are defined as follows:
(1 +4/3) e 1038720 L (3 - /3) 19/2 (21a)
(3 +/3) e 1038720 Ly - /3) 1% (21b)

The transitions probabilities are calculated from

Rl(t)

Rz(t)

lim
t <o

1 . L. * .
- - + 71
t( in aeg)t in aeg)’ {22)

When Rl(t) and R2(c) are expandecd in Four:ier series.

= - ("1nw,t) )
Rj(t) z n (Rj)n e 1 . (23!

there are two components to the transition probability which
survive the time averaging procedure. The tirst i1s the "normal”

contribution given by




14 +w . 9 -
(5) z, %LRlln(Rl)n[}B|<-3/2lwyi-1/2>1 510, -nw, )

-®

. c§1<+3/2zw7!+1/2>32 é(ﬁe'nul]]

* [ 2 i 2
+ (Ry)_(R,)" [ch< /210 1-1/251% 600,n0)
 cCier1/29W 1-172512 5001w, )
B Y 3 %1

)

¢ eRIC-1/21W 1+1/2>17 60,1,

- ci|(+1/2!Wy|+1/2>12 o(ns-nul)]z

After tht) and R2(t) have been expanded 1in terms of their
Fourier compoaents, a typical term in the product of the two

expansions shown in (22) is of the form

LLJ

» » » el( ;~nu)t 5-1( i-mw)t \
~ f - < - 1 CaE
“ixME)i chME)j ot (Rijn(Rj)m (253
n

ot

where (ME)i is the matrix element of the 1°° transition. When
the time average is taken as shown in expression (22), this term
is =zero for all m # n. The summation over m collapses to one
term which does not vanish when the time average is taken. When

m = n, the equalitylo in the limit t-w,

lim 51n2at
t =~ 2
rta”

= S(a)

,-
(%]
0]
N

may be used, which introduces the delta functions of f{requency.

In reality, the delta functions of trequency must be re-
placed by Lorentzian distributions centered at the position of
the delta function. The width of the Lorentzian corresponds to
the lifetime of the excited state. The parent lines o1 the

transition, that 1s, the spectrum in the absence of the r{ magne-

et e . . oW .
v >, *Af..n’. >, :E:(}I'Y\l‘. TR I }.P:'.n\.n‘ INT AT




18

tic field, correspond to the n = 0 amplitudes,

0 _ 2»(1\4 2 2, . - 2 _.
Wl “2(2> %‘(3130’ [cB|< 3210 1-1/2>12 60,
e c2icearaiu 1+1/2>12 6(06)]
2 2, . _ 2 .
*1(Ry) ! [cB|< 1210 1-1/251% 5(0,)  (27)
+ cg|<+1/2lwyl-1/2>|2 6(0,)
2, . oni 2 .
+ CA!< 1/2!Wy!+1/_>l 6(04)
RTINS VENE 5(n5)]$
The delta functions of frequency indicate that the parent lines
will be observed at their normal frequencies,
Q. = detuning = 0 or AE. /B = w . (28)
i i y
The 1intensity of the first order sideband may be found 1in
the same manner by taking either n = +1. For ' n = +1, the

frequencies of the first order sidebands in the absorption spec-

trum is found by taking

Qi - wyq = (AEi/ﬂ) - wy - wy = 0 . (29}
or
[(aE./H) - w,] = w . (30)
i 1 Y
Thus, n = +1 corresponds to the first negative sideband and
conversely n = -1 corresponds to the first positive sidebanc.

The absolute magnitudes of (Ri)n govern the amplitudes of the
sidebands. For this reason, it is vitally important to have an
adequate model ot the behavior the magnetization ﬁ as a function
of time.
The second component is a quantum enhancement which aads on
to the “"normal” curve whenever the condition,
Qi - Qj * Pw, {31)

(p 1s any positive or negative integer) 1s satisfiea, that 1is,
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whenever two transition energies differ by an integral number ot
photons in the rf field. The intensity given by the “normal”
curve is increased by the amount

z (l ‘sz [K(R.J (R.3°_+ K(ROY(R.)___J 6, -nw ), £32)

12 2) o i'’n*i‘n-p Y *Ti'nTi’n-p S Tt
where,

K = c. ci. (ME), (ME), (33)
i S i U i . (33)
As can be seen from expression (33), the enhancements to the
absorption spectrum fall on the same frequencies as the usual
sidebands, including the parent, and occur only when equation
(31) 1is satisfied. If i = 1 or 6, then Ri‘Hl. For all other
values of the index i, then Ri*Rz. The index i follows the same
rules. For this reason, the quantum enhancement must be deter-
mined on a case-by-case basis.

At this point the model is a direct extension of the one
originally proposed by DePaola and Collin52 which was limited 1in
validity to the vicinity of a moving cdomain wall where the angle
of rotation of the magnetization ﬁ(t) in the plane of tne toil 1s

large. The extension realized 1n this section as characterized

[
P
<
e
o]
[ 2]
~
o]

in equations (24 and (32) is more genera
Unfortunately both models share the dependence on the rather
simplified description of the magnetization which strictly
confines ﬁ(t) to a plane. Not surprisingly, neither one
adequately describes the enhancement of the sideband 1intensity

observed 1in S7Fe near the applied frequency of 45 MHz. This

enhancement of the sideband amplitude was thought to b2 due to

the mixing o©f the Zeeman levels of the grcuna state by the

N Yy
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applied magnetic field. For a better understanding of the mixing

etfects of an intense tield, the ’'dressed state theory  of C.

Cohen- Tannouﬂjls 6.7 and S. Haroche8

was studiecd, beczus

[$1]

had been refined and experimentally verified to a very nigh
degree of accuracy for analogous cases 1in atomic phvysics.

Also, before proceeding further, it is necessary to aevelop
a better model for the behavior of the magnetization i{t} 11 the
presenc2 of an applied rf field. To accomplish this, 1T 1s
necessary to integrate the Lanaau-Lifshitz egquation (egquation 2

as dilscussed in sections 3 and 4.
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2} “Dressed State” Theoryvy

5.6.7

At first, the work of C. Cohen-Tannoudji and S.

8,9 . . . ..
on atoms immersed in a strong eilectromagnetic fiela

Haroche
of a single frequency (optical or radio frequency)] 11s very
attractive conceptually. It departs considerably from the usual
approach 1in which the interaction of the atom with the applied
electromagnetic field 1is considered as a perturbation to be
handled wusing standard perturbation theory. The need for an
alternative arises from the fact that perturbation theory is not
appropriate when the strength of the interaction 1s large due to
the presence of very strong tfields. In the dressed state theory,
the quantized system consists of both the atom and the electro-
magnetic tfield. The electromagnetic tfield 1s handled as an
integral part of the system, not a perturbation, and it 1s con-
sidered quantum mechanically, not classically.

Exact solutions of the Schroedinger equation are posslble
for some systems of atomic levels and polarizations. It 1is
particularly interesting that the stationary states of the total
Hamiitonian of the dressed atom no longer correspond to a fixea,
well defined number of photons in the field. The number states
in> for the pure radiation field are no longer eigenstates ot the
total Hamiltonian. In addition, 1t can be shown tnat stationary
solutions exist which are a superposition of one or more of the
atomic states calculated in the absence ¢f tields and one or more
of the number states of the field. This theorvy was used to
predict the sideband intensities of well-known atomic transitions
which were modulated by the application of optical or rt tielas

states. The “dressed state” theory predicted sideband i1ntensi-
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ties as functions of the interaction energy (or field st

rength)

very successfully. It is reasonable to inquire whether the same

formalism could be adapted to the analogous case 1in nucleil.

Maxwell’'s equations, which govern the interacticn ang propa-

gation of electromagnetic fields. are linear and may be solved in

terms of a Fourier decomposition. Magnetization i1s a more c¢com-

plex phenomenon, and it is expected that the solutions

to tne

Landau-Lifshitz equation for obtaining M({(t) wil! contain a

number of harmonics of the frequency of the applied magnetic

field. Each of these harmonics may then be considered to be an
independent “dressing field” in the sense that Cohen-Tannoudiji
uses the term. If done in this way. the results should be summed

over the harmonics which appear.

With this approach in mind, an extensive study was made ¢t

the publications concerning the dressed atom. The most

o

compre-

hensive treatise was written by 3. Haroche anc publishea 1in

Annales de Physique in 1971 in French. The results of the lit-

erature search were condensed into an internal! document

e
titlec

"The Interaction of the Dressed Atom“. copies of which are avail-

able upon request.
As before., a better undcderstanding ot the magnetiza“

required before this approach could be adapted. The next

ion *5s

sa2cc1ons

describe models of how the direction of the magnetization vari=s

as a function ot time.

3) Development of the Coherent Switch Mocel ot

M(t) by Integrating the Landau-Lifshitz Eguati:

As mentioned in the previous secticns. both the exrtension ot

the wearily DePaola and Collins model and the dressed

RSN NN T I '-\f\.f“.- PN NN AN A TS A TR D SV SR
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Experimentally, 1t has been tfound that the static spectrum

57 . . . . .

of the Fe foil with no applied rf fietd <demonstrates the usuai

six hyperfine lines. The relative 1ntensities ot the parent
2 7% 2% IS W T W ' ‘. y R R PN AL . " N LS 1% " e POEE S e S T T S L v
WG G N I N I N NN A NG 08 0 TV NN T 2 P A R I AT

of Cohen-Tannoudji are critically dependent upon the use of a
good approximation to the complex precession of the magnetization
vector, ﬁ(t) under the influence of an applied rf field. This
section describes an investigation of the solutions to the Lan-
dau- Lifshitz equation appropriate to a thin tferromagnetic toil
immersed in an rf magnetic field.

There are many solutions in the literature to the Landau-
Lifshitz equation that describe static domain walls for various

3.11,12

configurations of the magnetization The domain walls in

an 57Fe foil of the type generally used in experiments are expec-
ted to be “180°" walls, that is walls in which the magnetization
rotates through 180o as the wall is traversed trom one side to
the other. There are fewer models of moving domain walls3'12
than static walls. The precursive mocel of the demagnetizing
field developed by DePaola and Cocllins to describe the magnetic
12

fields interacting with the nuclear moment was taken from Chen

He had described the concept of the magnetization rotating uncer

<t

(@]

the influence cof the demagnetizing tield which in turn is duec

,_
f1.

the magnetic poles developed when the applied magnetic ¢{ie
causes the magnetization to precess out of its inicial plane.
Thus a moving domain wall 1s formed. This was the mocel presen-
ted by DePaola and Collinsz. QOn the other hana. theres i3 nao
reason to expect the foil to be a single domain with oniy one

moving domain wall.

R
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lines in this case suggest that
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previously. The problem was solved using a combination of spher-

ical

shown

tield,

-
polar coordinates and the Cartesian components of M(t} as

in Figure 8. The Cartesian components of ﬁ(t) are
Mx = Ms sin 8 cos ¢ (34a}
My = Ms sin 8 sin ¢ {34b)
Mz = MS cos 8 ] {34c)
These four fields, the applied field, the magnetostatic

the anisotropy tield, and the exchange field, will each be

considered as part of this model.

Aj The Applied Field. Consistent with the initial cond:1-
tions., the applied magnetic field is written as
d i 35
H t) = - | sin t . i
appl ) 1 w4 { )
81 The Magnetostatic Field. The Magnetostatic r1ield 1s
Jiven by
-y _- - . -
B = uO(H + M) (36}
-
where H 15 given by the solution to the Poisson equation
div M M-
- . . iv M Men -
H = (1/4») grad 2V 4y o+ as (37)
r. . ~ ..
v i S 1]
Ths distance between the point of integration, 1 surrounded by
the voiume of integration dV. and the point j. at which 4 i1s to
ne 2yaluated, 1s dencoted by r*i' The first integral 1s taken
tnroughout the entire volume ¢f{ the magnetlized bodv. The second

integral 1s taken over the entire surtace ©! the magnetized bocdy,

n bhei

cTase basls. The a1vergence ot a vector tield 1s a measure of the
"sources’ or “sinks” of that vector within a volume. 3ince the
o I\I~-‘_ J‘\. O AN SN T e -, T e e L T e e

ng the inwardlyvy cdirected unit vector normal to the surtace.

The magnetostatic tield 1s best considered on a case- bv-

- e

B & _e_ % v s e

y
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magnitude of M remains the same throughout the boay. div M = (.

o~ g

The first integral resembles the volume i1ntegration of a <charge

density equal to div M which vanishes throughout the volume. !
The second integral resembles an integration of a surface

charge density over a surface. The non-zero magnetic pole \

-

density arises from the discontinuity of M at the surface and the !
continuity boundary requirement on B and H. If M has a component

normal to the surface, the magnetic pole density is (ﬁ-ﬁ] on the

surface. As the applied magnetic field increases parallel to !
the x axis, the magnetization begins to precess about the applied
field, and ﬁ(t) moves out of the xy plane. A magnetic pole
density develops on the faces of the foil parallel! to the xv
plane (boundary conditions on g and ﬁ). These magnetic poles,
whose density is given by - Mz(t], are the source ¢f the magneto-

static field, which then simplifies to the singles term,

»

- b d ~ ’

H (t) = - M = - M cos 8 e . (38 )

4q¢ ) 1 s . ) :
CY The Anisotropy Field. The ferrcmagnetic fcil iz assumed

to consist of many small microcrystals shaped like platelets or

"microfoils”. This is consistent with the amplitude 2istripution

of the observed six-line spectrum in the absencs of any applied
field which 1is a rather sensitive functicn of the average )
orientation of the magnetization of each domain 1n the sample.

A magnetic material is said to have an =asy or pretferrea

s ocrtained

[

direction of magnetization if a minimum energy state
by having the magnetization lying along this easy direction. In

a uniaxial material {the approximation used for each platele:t of

the ferromagnetic foil}., any deviation of M{t) away frcm the =asvy




direction by an angle C¢'¢OJ results in an increase in the energy

W R

density which may be accurately represented3 by the expression
Kusin2(¢~¢o). The anisotropy constant Ku has units of energy/vo-
lume.

The eftect of anisotropy 1s often represented3 by an
equivalent (but fictitious) magnetic field which lies along the
easy direction of the crystal. The exchange field and the
anisotropy field are derived i1n the same way: the expression for
the inte.action energy is derived from basic principles and then
a fictitious magnetic field 1s deduced which yields the same
functional expression for the energy, based on the relation,

B, = "(1/2) u M-H. (39)

A unit vector in the direction cof the easy axls. as shown in

VLY Y W VLT,

Figure 8, is designated e - Thus the anisotropy fielid 1is given
i b'v
i - - A N ~
) H = (Mee_,) e, = A in 8 cos(e¢-¢_) 2_. £40)
: a Q ( <) ey QMssq cos(e-o_ 1 e, 40)
! where
N e, = cos 9_e_* sin p_ e (41}
X X o) c vy
3 2. . . .
L and where @ = (ZKU/uOMSJ is a parameter of the «crystal. Thea

angle ¢o is the acute angie between the easy axlis anc *he ¥ z2u:s

ot the toil coordinates.

LTS

3] The HExchange Field. Zince the magnertizaticn 3t =2very
point within the domain precesses 1n th=2 same mannar, that 1isg,
N in the domain where
N -b.- -‘.-. - .
\ M(r.t) = M(r+dr,t) . 142
1)
-
the exchange tield is zero. However, in materials wnher=s M

depends on the position of the point of observatizn. 3such as in a

R 05 g
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Landau-Lifshitz wall, the “exchange field” (ricrtitious! 1s 3iven

by

) > -
FA

M(ir,t» R

ci

-

.

IS

b w2
(r.t) = (2A/ MTY @
( (ZA Mo SJ

where A is a constant of the material.

-

The total magnetic field F in equation (2} :s the sum ct the

tields given in equations (35}, (38) and 4!

v
;o

ooy

F =y (H + « B : 44,
e} app d a

-
The equations of motion of the components cf Mit)] <zan e
reduced and combined to vield equations for dg¢s4dt and df:/¢x 1n

terms of the components otf F.

sin 8 (de¢/dt) = - !V!Fx [ (A/M5151n p + cos o cos 6
+ !yle [ (A/Ms)cos $ - sin ¢ cos 8] (4%
+ Iy!F_ sin &
(d8s/dt) = - !y!?x [ sin ¢ - (A/Ms)cos » cos 8!
- !yle ! cos & * (A/Msjsxn ¢ cos §° (45)
- Uy!F_ (A/M_) sin 8

-
Th2 components ©tf the tcota: magnetic tield F are given hbelow.

= - - i [ M -, ! - ] == I S

M “oHl sin w,t “o”sQ s1n 4 cos!p b:J coe eD 47 a3

B o= . 3 o3 - 31m 7

F, = u M Q sin J cosists ) osan ¢ 475

F, = -~ u M_cos ¥ (47
- O -

Thes= ar first order 2ifferentials :n <.me zut verv zomp..-

D

'™

cated functions ot the angles 4 and 2. 4 rroiram was written
FORTRAN for the Hewleftt-Packard Series 20007S60 -mpucter 1n wnion
the angles 8 and ¢ were pbuirlt up in small steps (rom the 1nitla.
conditions to obtain the magnetizaticn ﬁ(tt. An 2xamp.e solution

is shown 1in Figure 9A.
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The motion of M|

t) s n Figqure 24 1s gQuite consistent
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wlith the expectations reached by purelv qualitariv

t=1, tne magnetization lies 1n tne prane Ot tne 14oi1ioat o4 = w2

(%]

| radians along the easvy ax1s at an 1n:1tial anj.e ¢_. assumed =t

2
be 0.3% radian in thls example. Th2 1ni1ti1al anzsl2:s #_ an2 ¢_ ar2
t “
solution parameters. As the majgnetostat:iz tr2ld 1ncreases tarosugn
-
tne precession of Mit} out ot the zZv niane, The 211221 o1 ne
magnetostatic tield 'in The z J:irecstion’ compi2Tta.y 2Igminartes tne
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moticn of

untll 1t nears the easv ax:is. Atter s1n w.t reacnes 17s maximum
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to contirm this initially surprising result.
Figures 10A and 10B show the dependence of the mectiosn oOf
M(t) on the initial value of the angle 9 for the values ot ¢

o c . . )
equal to 917 ana 837, respectively. From these tigureg 1it

pa
(5]

evident that the starting value of BO determines the direction ot

the initial rotation only. Atter the initial cycle, the behavior

-

of M(*t) 1s the same in all three cases. Since the magnetizaticn

is expected to lie in the plane of the foi1l (which minimizes the
. o} . .

magnetostatic energy) only values near 90~ can be realistic. The

. . . Q .
maximum expected deviation from 90° would be on the order ot

680 ¥ 1tthickness of the foi1ls/iinear dimensicn of the foil)
~ -5 -2 ~
5 x 10 m/ 1 x 10 m 0.03 degree
. A ~ .0 . L.
For this reason, an initial value of 80 90 1s considered

Finaily. parameter studies have saown that for smai{l values
cf H, and/or certain values ot ¢o' the direcrtion o! magnetization
tn the toill does not switch. This is consistent with tha picture
ibove in that the applied tield never devel!dps encugna int2racticn
energy > overcome the etfective anisotropyv energy bparriar, K
Tne most 1mportant osutput Ot th:s model 1s the decomposition

ot sin Pt t,; and c0s @(t) 1n %Terms o! harmonics ot the app.ied

tield treguencv. The ampllitudes 2! the narmonics then hacoma thl
input to the program  for soluticns tC  the +time Zepengant
3caroedinger equasion trom which si:depand 1mt2ensitias ara
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Figure 11 feor a typical set o! 1nput parameters.
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ince this tvype of numericai integration of the Lzancau-
Lifshitz equation must be condsiderad "exact” to witnin the
limits of numerical methods, 1ts principal shortcoming is =tnat
coherence is limited to a single domain. The possible i1mportance
of dcmain walls is considered nexrt. That 1s. this pilcture
requires the magnetization of the entire domain to switcn wilthout
the presence of a moving comain wail.
3

4} The Domain Wall Passage Model

In the coherent switching mocel, magnetization within the
domain is required to rotate uniformly {(equation 42). It is also
possible to- the direction of the magnetization to change by
means ot passage of a domain wall through the material.

There are several different Xinds of domain walls, tor

. Q , . . . - .
example the 90~ wall where the direction changes bv 909, anéd the

(=

o) . ) )
80 wall between ftwo domains whose magnetizations are

. . . e} .
antiparallel. An example <containing a 1807 wall 1s shown 1n

~J

Figure 1.

t

The position and shape ot a domain wall 1s ceterminea 2y tne
inimizatlion of all the interaction en=2rqgie=s. in tnh> absencs <:
an appliea magnetic ti=ld. the domaln wails remain static. When

the domain waili movaes 1n such a3 wav

1]
w
U
jo]
y—
[
7]
[oW

a madnetic tield 1:
that the volume of the cdomain whose magnetization 1s parallsl =2
the applied field 1increases. Th2 static and moving acma:in wa..s
will be discussed next.

A} The Static Decmain Wall.

-

Within the domain wall, the directicon of M rotates whils 1%

10

(%]

magqnitude remains fixed at the saturaticn value M

[5}
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The fundamental equation of micromagnetics states that the

torque, Jiven by the vector product of the magnetization and the
total magnetic field, must vanish at every point 1n a medium

which is in magnetostatic equilibrium. That is,

(M x F) = 0. (48)
For an infinitely long sample. the H field calcaulated from
equation (37) is neglible. Since the magnitude of M remains
constant, the divergence vanishes. There 1s no normal component
of ﬁ at the surface of the sample, except either on taces which

are far removed in the z direction from the point of observation
or at the very small area where the domain wall meets the
surface. Theretfore, the contribution to F from the magnetostatic

field 1s simply “oﬁ by equation (37).

-

However, since M is not uniform within the wall. there is a
contribution from the exchange field. The easy direction ot
magnetization 1is taken to be parailel to the 2z axis. The

-
components of F are

1)
"

2k M2 a2y o2
< (2Ku/MS) Mx + L2A/MS) v Mx + qux {49a ]

2

Fo= (28/M%) vPM_ - u M . (43b)

o 2z

In this <case ¢there is assumed to be no applied magnetic
field, so that Happ = 0. The equation determining the spatial
dependence of M i1s obtained by substituting equaticns (42a) and

(49b) into equation (48),

o] TEN
v a A\ k (=9
— M — - M —5]- LM M =0
Mo\ oy TgyT Mo S x




of y only. The components of M may be written

M = Ms sin 4

=
n

2 Ms cos 8 ,
and the solution is found to be
+ tan(8/72) = exp (y/a)
where A is the well known wall-width parameter,
a = [A/K )1/2
u
One should note that the angle 8 is that angle
Figure 12.
The choice of sign in equation (52) indica
domain wall may have either a clockwise or an antic
sense associated with the rotation of M in the «x

components of M are

Mx = - Ms tanh (y/a)

M

. + Ms sech (y/4a)

B) The Moving Domain Wall.
In 1935 Landau and Lifshitz applied thelir equa
(2)1 to the case of the motion cof the stataic

structure described above. They assumed that, alt

the wall structure remained almest identica!l to
static structure {equations (54a) and (S4b)!. T
assumed a “rigid wall structure".

If the wall moves as a rigid structure. then

derivatives of M are detfined. If the wall moves

velocity, the time derivatives are defined as well

s e e - . . o men-
) A A L G e o A, Y R A S e 0L
4 . T, A Wt

m‘m [ 2 AL, gig gt Dy g ata 0%\ £ia 4w d' o g'adis 8'2 & aa'sB'adich o ' 8" b Bk’

was moving due to the influence ot the appliea ma
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-
which 1is an ordinary differential equation sinc2 M is a function

(51a)
{91b}

(52)

(53)

8§ defined 1in

tes that the
lockwise screw-

z plane. The

tion {eguation
dqomaln wall

hough the wall

the spatial
at a constant

. The probiem
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becomes algebraic and mav be solved at any convenient point, such

as the center of the dcmain wall. At the center o1 the domain
wall, M‘ = Ms and Mz = 0. The other assumprtion wnich tollows,
once a rigid wall model is adopted, 1s that the aniscotrcpy field
and the exchange field remain antiparallel to ﬁ in the moving
wall as in the stationary wall. Then cnly the applied field must
be considered.

The domain on the left in Figure 13A i1s magnetized in the
same direction as the applied field and consequently grows
through the motion of the wall to the right with velocity vv
This figure only shows ﬁ in the two domains and at the center of

the wall, assuming a positive screw-sense of the rotation. Here

only B7 enters into equation (37):

(dM_/dt) = y'M B S5a!
( y ) vt B, (
{(dM_/dt) = {y!AB . (EZh 1
z z
The damping constant, A, can only be aetermined
experimentally by ferromagnetic resonance {(FMR) on single
. . 3 . )
crystal, spherically-shaped samples. In general™, the dimension-
. ! . i ) -3
less ratio (A/Ms) has been found to be con the order ot 10 or
. . ~ -3 . .
less. Since 1A/MS) 10 7, equartion (%%a) 1s the more i1mpertant
of the two. This equation 1ndicates that the proposal that the
wall «can move forward uncder the influence of the apro.iax tiala

must involve the vector ﬁ developing a component 1n the cirecticn
of motion. It is not possible tc assume that the wall 1s rzallyvy
rigid and maintains exactly the same torm which 1t has when
stationarvy. As shown in Figure 13B, ﬁ must tilt by the angie »

to satisfy equation (55%a).

=)
m

1
®

At the center of the wall, tne components cof

-
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(56a]
{(56b)
(56¢)

Lancau ana

Mx = M cos ¢
My = M sin ¢
Mz = 0
In the original development of the
Lifshitz continued to assume that the contributions to F aue to
the

-
exchange and anisotropy fields remain antiparallel to M, as

when ¢=0. The component MZ is assumed to have the same form as
given in equation (54b). Then equation (37) is solved us:ing only
the magnetostatic field and the applied field.
-(dM_/dt) = 1yt sin ¢ {BM - Au M cos ¢ sin ¢! (57a)
X z''s o'’s
+(dM_/dt) = cos A - Au M  cos sin ¢) (575
( y ) vi ® [Bz"‘lS u Mg ® ¢ ] 575
- 2 N 3 1 =7
+(dM _/sde) = 1yl [ M7 cos ¢ sin ¢ + AB_! (87¢)
ya o's z
From this, one sees that domain wall motion may be visualized as
follows: as the wall moves forward, the vector M rotates abpout
V. Since M has constant magnitude and ¢ 1s constant for a
constant velocity, equations (57a) and (57b; are zero. The angile
$ is related to the applied field B_ through
sin 2¢ = (2B /u A) (e81
z' %o
Since a rigid wall has been zssumea, 3t the csnter o <he
wall
aM /4t = 1M /3y )(dysdt) = (M Al v . ol
z z Vy;(. y s %
which when combined with (57¢c) leads %o an expressicn 12r v .
- ; M2 i
gy = [lyta/ JIAB  + 4 M7 sin % cos 2| =
v z QO s
This gives the »picture of a comaln wall mov torwa.a  at o=
constant veloclity vV under the intfluence ¢of a constan: aoo..2g
tield Sz Ceoembining e2gquations (58} and (€Q), tne valocisvy 13




given by

v, = (lytaM/aitn + a2M2) 8 .

4

In conducting materials where eddy currents complicate

calculations, it 1is possible to derive an expression fo
domain wall velocity in terms of the product of a domain
mobility and the applied field, that 1is.

v = u B

The domain wall mobility is given by

2 -1

= oM h

He, (uo S )

the thickness o

where o¢ is the conductivity and h is

material.
this

From domain wall velocity, a tilz angle o

deduced. If ¢ developed to approximately 450.

sible wvalue. a significant amount of the meagneftization

might be transmitted to an adjacent material. However,
found that the passage of a wall at the surface transterre

on the order of 0.1 to 10.0 H

fapp
the mest 20 gauss. Excitation of single non-mag3netic sta
. . . 57 . ) ; .

steel foils enriched with Fe at this ievel tfailed to
sidebands. Thus 1t was concluded that thne wall passage

could not add significantly to tha transier o: an =ttect i
magnetisc to a non-magnetic foil at the lewvel ct magnitucge s
experiments.

In general, <c¢omputer anaivses of the staftlc 2Iomain
equations in conductors vield only sclutions in whica thne
tization remains parallel to the surtace A. Anaroni nz
axtensive analyses of domain walls in conguctiny materials

his solution tor

a uniaxial material is saown n Figur
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These analyses reinforce the conclusion that the eftects ot
moving domain walls in conductors are insufficient to transfer
excitation to the non-magnetic foil. The problem ot the transfer
of sidebands from magnetic to non-magnetic lavers lies at the
focus of evolving concepts for the next year, but 1t must be
recognized that such transfer leads to a relatively small erfect,
anyway. The largest effect, by an order-of-magnitude, 1s the
development of sidebands in a single magnetic foil and this seems
to be able to be described by the model synthesized from the

previous approaches as described in the following section.

5) Solutions to the Time-dependent Schroedipnger Eguatjion at a
Higl Level . At

A more tractable approach to the solution of the time depen-
dent Schroedinger equation discussed earlier was suggested by
Professor Paul Berman of New York University. It 1s similar to
some developed earlier but proves useful in more g¢enera. cases
for single foils.

In continued collaboration with Professor Berman, this
approach has been programmed for the Hewlett-Packard Series
9000/560 Computer and 1is in the process of checkout. This
approach combines the exact solution of the time dependent
Schroedinger equation for the system of the 57Fe nucleus 1in a
ferromagnetic foil with perturbation theory solution ot the
absorption of the gamma-ray photon.

Figure 7 shows the energy levels and angular momentum

. . L . 87
assignments of the Mossbauer hyperfine transitions 1n Fe. Be-
fore detailing the calculations, the matrix indices 5>f the wva-
b
T B A A AT SRR I B ISAATI A



rious states ¢t the

necessary complication ot

denoting a specific i1eve.l.

state and excited state

follows:
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6 15

The tota. Hamiltonian

in an rf magnetic tieiz 1is
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where Ho is tne nuciear

interaction. The
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the nuclear
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The matrix Vl(t) is given by

I M, ggM_é 0 0 0 0
St St Lt
Vl(tJ i -EHN 0 0 §3geMz 3geM_ 0 0 (67)
0 0 E3geN+ geMz 2geM 0
0 o i 0 2g M, -9 M 3gM
i 0 0 ; 0 Q 13_<;e“+ -SQeMz J
The geometry is the same as shown in Figure 8. If M(t) has no z
component, the diagonal elements of Vl(t) vanish. The compo-

nents of g(t} in the plane of the foil are

M- Mo , V- *ig(t)
M, Mth) + 1 My(t, Ms e . {68)

The time dependence ot the angle ¢(t) is determined trom the
rechniques described in Sections 3 and 4.

The coupling of the gamma ray field to the nucleus is given
by Vz(tJ. The selection rules for nuclear magnetic dipole trans-
itions (M1 transitions) are aJ = 0, 1 and AMJ = +1.,0. The

matrix V,(t) has the torm

)
0 0 ! K13 K14 KIS 0
[}
0 0 0 K X5 K,
R T NS TSI (69)
“ Ky4 o 70 0 0 0
. - ’ |
K14 K24: 0 0 0 0
- * R
KlS KSS: 0 0 0 Q
L[]
*
0 Kaar 0 0 0 0
L ob: J
where K‘x is the matrix element ot the gamma ray abscrption
operator,
XK. . = 7tV cos w tlk> . 170)
1k Y ¥
The rime depencent Zchroecdinger eguation,
i (darsdet) = 4 a . {71

R I RN A

SR L R S R R NN
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is written for this system as
i (da/dt) = (H_ + V,(t) + Vy(£)) a . (72)
The problem can be divided into two parts. First, the time
dependent Schroedinger equation is solved exactly for the Hamil-
tonian, H = HO + Vl(t). Then the solutions are used to treat
V2(t) as a perturbation of the system.
First, the state of the system is transformed 1into the

interaction representation,

a = o UHt/M) g (73)
Explicitly,

a, = b, for k = 1,2 (ground state) '

a = (e 9oty by for k = 3,4,5,6 (excited state).

When equation (73) 1is substituted into equation (72), the

equation for (dg/dt) becomes

i¥ (db/dt) = (Vi *+ V5) b (74)
where the V' matrix is defined by

v QUIHGE/H)  -(iH e/¥) (78]
or

Ve elivg;t) (76a)

iy = (E; - Ej)/H : (76b)

Since Vltt) does not have matrix elements between the ground
state and the excited state, V'l(t) = Vl(t).

However, Vz(t) does have matrix elements linking the greound

state to the excited state. The non-zero matrix elements of V;
are
~lw t _ L, % .
(V2)13 K13 e o) LV2)31 (77a)
Slw_t L, % )
(V2 14 K14 e o~ = LV2)41 {77b)
{ 'f I- I;I.'f~f%-'sf “" LR '- ", A\.f- % 0 e, € \. \\ ' AT TN g' LA e -_._ \ ST ._:.\'_._;-\:.Q_:.-:'.._:..‘-.‘.' s _; .
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(V5o = Ky @ %% = (V8. (77¢)
(Vy),, = Kpy & 29" = (v}, (77d)
(Vy)ys = Kpg € 795 = (U35, (77e)
(V56 = Kpg © "%° = (V503 (771)
The gamma ray interaction may be written as
V, =V cos wt = (1/2) V celeyt « eTi9ty (78

The rotating wave approximation consists of neglecting all of the

terms which contain the sum of the frequencies, t(wy + wo), in

the exponential time dependence. In this approximation, the non-

zero matrix elements of Vé become
(Vé)IS il [Vy)IS eiAt (Véjgl (79a)
(V3)y, = (V) ' = vy, (79b)
(V3 = (V)5 e8F = (v)g, (79¢)
(V3)pq = (V. 3, %0 = V)], (79¢)
(Vidgs = (V)55 e18F = V)5, (79e)
(V) = (V.)pg ™% = (V215, (791)

where the angular frequency A is defined by
A w - ow . {80)
Y (o]
The matrix U(t) is defined as the V‘2 matrix in the rotating

wave approximation as shown in equations (78a) through (79f)

above. In the rotating wave approximation, equation (73} 1is

rewritten,
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ik (db/dt) = (v, + U) 5. (81)
Furthermore, the vector B may be written as the matrix product
t
b = exp((i/K)| V,(t’)dt'] c = T(t) c . (82)
0

The equation of motion for the matrix T(t) is

ik (dT(t)/dt) = V, T(t) (83)

1
with the initial condition, T(t=0) = 1, the unit matrix.
The equation of motion of the vector E is now given by
i¥ (dc/dt) = U'(t) ¢ (84)
where U’'(t) is defined by
U'(e) = T UCe) T . (85)
The matrix U’(t) has the same general form as Vé shown above
in equations (79a) through (79f). The ground states and the
excited states are now mixed as a result of both V1 and V2. The
relaxation effects of the natural decay of the excited state are
now added into equation (84),
(dc/dt) = (-i/K) U’(t) € - (1/2)y ¢ (86)

where the matrix y is defined

[0 0:0 0 0 0]
0..0:.0..9..0..0.
y = [0707 Y000 (87)
0 0:0 v 0 O
0 0: 0 0 ¥y O
0 00 0 0 v

-1
The quantity vy has the dimensions (sec ) and 1s defined as the
inverse of the natural lifetime of the excited state, y = (1777,

The net absorption of the gamma ravs is proportional to

‘.am(t)l2 for times t >> (2/y). However,

nMD

3

T e e et e e e . s
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6 ” 6 - 6
z fa_(t)1™ = T b (t)!™ = L tc (¢t
m=3 n m=3 n m=3 a
since Ho and V1 are Hermitian. The components of
oy 2 t . ‘
c.(t) = (-i/H) T Ur. ey ety ANt
] N ik k
k=1 0

For t »> (2/vy), the absorption is proportional to
& 2
{ Xz Ick(t)l > ,
k=3
where the time average i1s taken over the time res
detector. This completes the formal solution.

If the decay of the excited state into the gr

neglected, then to the zeroth order in V,(t),

€ o ck(O) k = 1,2
since Vz(t) does not couple the ground states, 1
first order. Furthermore, since HO ana V1 are H

amplitude ck(t) for the ground states may be writte
ck(t) = ck(O) = ak(O) for k = 1,2

The ground state splitting is small comparea to

energy at room temperature, so that the ground stat

populated. Thus,

a, (0) = (1//2) for k = 1.2

The absorption spectrum then becomes the r
computational steps.
Step 1: To determine the Vllt) matrix given by e
equation (68) may be expanded to
Mt = Ms ( cos (%) * 1 sin olt) )

The output ot the program written for the conher

P PPl - e g et S T ettt
WA Ty T N e AL A T e N e e N
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L2 ,
) (88}

-

ctt) are given

') dt’ . (89)

ponse ot the

ound state is

(907
ana 2, 1n the
ermitian, the
n

(91

the thermal

es are equally

2suit ot S1X

quations (87

£33)

er.t switching
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model described above 1includes the Fourier decomposition

amplitudes An’ B_, An' and Bn' where

n
x®

cos ¢(t) = nEO[An cos nwlt + Bn sin nwlt] (94)
x

sin ¢(t) = nEOfAn cos nult + Bn sin nwltl ) (95)

These amplitudes may be used as inputs which specify Vl(t).

Step 2: Step 2 is the numerical solution of equation (83) for
the matrix T(t) subject to the initial condition, T(t=0) = 1.
Equation (83) 1is a first order differential equation for the
matrix T(t). Since the elements of the matrix (dT(t)/dt) are
known, the elements of T(t) are integrated numerically from the
initial values specified at t=0.

Step  3: With the elements of T(t) tabulated as a function of
time, the elements of U'(t) are calculated as a function of time.
The matrix U’'(t) = ™ UuT (equation 8S5) is formea for a given
gamma-ray f{requency w,

Step 4: The integral of equation (89) is numerically computed as
a function of time, the magnitude squared. and then the summation
over the indices of the excited states is taken. The calculation
of < k§3 Ick(t)|2> as a function of time 1is taken tor
this valu; of w,

Step 9: This summation is averaged over a time comparable to

several natural litetimes.

[L47]

tep B: Steps 1 through § are repeated for another value of W,

until the spectrum has been covered.

-y =



A program which performs steps 1 through 3 has been written
and 1is in the process of checkout. Since these equations are
quite complicated, a simple case was chosen which could also be
verified without resorting to numerical analysis. This is the
static case where ﬁ(t) = MS ;x or ¢ = 0°. The magnetization lies
in the xy plane, so the diagonal elements of V1 vanish.

With V1 given, and the splittings ot the ground and excited
levels given by

g M = - Hog (96a)
ge“NMs = + hue . (96b)

the differential equations for the elements of T(t) are

i le = lwg/2) Ty, (97a)
i Ty 7 e s2) T, (97b)
i TBj - @¢6/2)ue Ty; (97¢)
i +4j = 0/3/2)0, Ty * we Ts; (974d)
i ?Sj =g Ty V3/2)w, Te; (97e)
i fej = @/5/2)we T . (97f)

The elements of the T matrix in this special case are found to be

T11 = cos Kgx = T22 (98a)

T12 = i sin Kgx = T21 {98b)
T33 = (174} (3 cos Kex + cos 3Kex} = TSS r38c¢)
Taq = ("1/8)8/3) ( sin K_x + sin 3% _x] = T,, (98d)
Thg = (1/78)0/3) (- cos K _x + cos IK x| = Tg, (38e)
T36 = (+i/4) (3 sin Kex - sin 3Kex] = T63 (9812
T44 = (1/4) [cos Kex + 3 cos 3Kex] z T55 r28g)
T45 = (i/4) [sin Kex - 3 sin JKex] = T54 {98h)
Tye = (1/74)0/3) (- cos K_x + cos 3K _x] = T, (981

..................
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= -3 b [ &3 ¥ + ] 1 = T { ’
; TS6 ( 1/4)&/5) [sin X x sin 3ex. T'ss (983}
where, in terms of the parameters of the computer program,
X = wlt (29a)
= : I o= : QAR
Kgx [wg/Zwl)[wlt, lwg/Z) {9%h)
X = /2 ( = ( 2 . (399
o ¥ (we wl]Lwlt) Lwe/ ) 32¢)
All other Tij = 0. That T is symmetric in this case is aue o
the choice M_ = M_ = MS. This 1s not the usual property of T.

The matrices T(t) and U'(t) have been calculated and
compared with the functions above. There is very good agreement.
Discrepancies are oscillatory in nature and do not seem to build
up in time. The worst case deviations of U'(t} are about 0.3%.

Work continues on this approach with the next step

being the checkout of each computational step.

RN, P P SR P A T R o
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SIGNIFICANCE

To dress an isomeric state requires a certain arrangement of
nuclear _levels that would make them undetectable to conventional
techniques of nuclear spectroscopy. Our method of FMS 1is the
only means found to date that can be used to search for this
combination among the 29 best candidates.

In order to advance the theory of FMS during the <current
reporting period we have generated a computer program to 1integ-
rate the Landau-Lifshitz equation for the foil geometry. Also we
are 1in the process of completing the checkout of the program
described in section 5 which theoretically predicts the sideband
amplitudes when the time dependence of ﬁ(t). given by the solu-
tion of the Landau-Lifshitz equation, 1is known. Since this
program is rather general, it can also be utilized to predict the
Mossbauer absorption spectrum of other nuclear species embedded
in the ferromagnetic foil, for example a Sn nucleus embedded 1in
Fe. Further modifications of the program are clanned to extend
its capacity so that more general motions of ﬁ(t) may be incorpo-
rated.

The successes to date of the new MG apparatus tor nuclear

spectroscopy indicate that a much higher resolution, by perhaps
six orders of magnitude, can be achieved through a reasonable
upgrade of the apparatus. It the range ot tunability does extend

to the ferromagnetic spin rescnance (FSR) frequency, then 1t wiil

be possible to construct a swept frequency device <capable of

11

continuously tuning over a range of 10 linewidths, an enormous

improvement in the state-of-the-art of nuclear spectroscopv.
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Figure 12. The magnetization
M in a static Landau-Litshitz
180° domain wall. When the
magnetization lies 1in the
plane, there 1s no surtace
divergence (ﬁ~ﬁ) except over
the small region where the

domain wall cuts the surtace.

Adapted trom Kigure 2.2 ot

Ferromagnetodynamics by 1. H.
0'Dell>.
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Figure 13A. C(Coordinate system
tor a "rigid® domain wall
motion under the intluence ot
an externally applied tfield

Bz. Adapted from Figure 2.4 ot

Ferromagnetodvnamics by T. H.

O'Della.
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Figure 138B. Coordinate system
tor domain wall motion 1in
which the magnetization 1s
tilted slightly out of the xz
plane. Analysis shows that
the moving wall must develop a
component ot ﬁ which i1es
along the direction ot mo -
tion. Adapted trom Figure 2.9%
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Figure 14, The magnetization in a wall region ot a permalloy
tilm 0.1 wum thick. The computation ot the exact behavior ot
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