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Abstract:

The narrowest inhomogeneous optical linewidth ever seen in a solid has been observed in Eu(OH)".
This transition is quadratically enhanced in a magnetic field and the results are explained completely in
terms of second order perturbation theory and the coupling of crystal field energy levels.

Optical coherent transients are reported here for the first time in this optically pure, stoichiometric
material. The optical dephasing time, T2 is shown to be greater than 2 microseconds for the 7F0-5D0
zero phonon transition.

Hole burning, attributed to optical pumping of nuclear— qua drupole levels, has been used' to measure
the qua drupole splittings in the excited, SD0 , state. Due to the small magnetic moment, conventional
magnetic resonance techniques have failed to make this measurement in all Europium compounds. The
new technique developed and used in these hole burning measurements yields the quadrupole coupling
coefficients, |P| = 11.6 MHz and |P| = 4.5 MHz for the 153 isotope and the 151 isotope, respectively.

The qualitative behavior of line narrowing in Doubly-resonant two—photon-absorption induced
four—wave mixing is explained in terms of the anomalous dispersion. The implications of this
dispersion regarding the measurement of the homogeneous linewidth and hyperfine levels hidden
within the inhomogeneous profile are discussed with regard to the particular example of LiTbF4.
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Abstract-

The narrowest inhomogeneous optical linewidth ever seen
in a solid has been observed in Eu(OH),, This transition is
quadratically enhanced in a magnetic field and the results
are explained completely in terms of second order
perturbation théory and the coupling of crystal field energy
levels. 3 '

Optical coherent transients are reported here for the
first time in this optically pure, stoichiometric material.
The optical dephasing time, T2, is shown to be greater than
2 microseconds for the Fof Do zero phonon transition.

Hole burning, attributed to optical pumping of nuclear—
guadrupole levels, has been umsed to measure the gquadrupole
splittings in the excited, DO’ state. Due to the small
magnetic moment, conventional magnetic resonance techniques
have failed .to make this measurement in all Europium
compounds. The new technique developed and used in these
hole burning measurements yields the quadrupole. coupling
coefficients, I[Pl = 11.6 MHz and IP| = 4.5 MHz for the 153

‘isotope and the 151 isotope, respectively.

The gqualitative behavior of line narrowing in Doudly-
resonant two—~photon—absorption induced four—wave mixing is
explained in terms of the anomalous dispersion. The
implications of this dispersion regarding the measurement of
the homogeneous linewidth and hyperfine levels hidden within
the inhomogeneous profile are discussed with regard to the
particular example of L1TbF4.




Chapter 1

INTRODUCTION

The rare earth ion, Eu3+. exhibits several properties
which make it interesting in a spectroscopic as well as a

practical sense. The well established ground state1 which

is dominantly a 7F0, J=0 state, is a_nonmagnetic singlet

electronic state. The singlet naturé of the electronic
state is also an attractive position from which to begin the
study of Thigher order interactions such as the hyperfine
structure. Because of the singlet =electronic state the
perturbations due to the crystal field can be described in a
more straightforward manner.

In general, there is practical interest in trivalent
rare earth ions for solid state lasers.  The rare earths
have narrow emission and absorption linewidths and a gquantum
efficiency near 1.0 for some transitions. These features,
and the fact that they can be easily incorporated into a
variety of host lattices, make them very attraétive as laser
materials. The -trivalent europium ion in a Y2033' host
lattice has &isplayéd laser aétion. Absorption line— widths
as smalt as 3.5 GHz have peen measured in EuPSOIO& at 1.6 K.

A general discussion of rare earth properties and some

of the particular <characteristics of the spectra are

o Py e e A Ay et 1




presented in Chapter 2. This is followed by a description
and explanation of two experimental techmniques used in this
study of Eu(dH)s. Optical hole burning is explained in
Chapter 3 and the measurement of optical dephasing using the
new method of optical phase switching is explicated‘ in
chapte£ 4. Experimehgai'details and the CW dye laser used
in this study are described in' chapter .5 before the
discussion of results in chapter 6.

Initiai interest in this work was' stimulated by
measurements of the optical 1linewidth of the 7Fc——5D0
transition in Eu(OH),. The measured value of 167'MHz full
width at half maximum, FWVHM, i; the narrowe;t inhomogeneous
width: ever observed in any solid. In chapter 6 the
experimental yinewidth and shape of the absorption profile
are discussed in detail along wi£h the possibility of the
first resolved optical isotope sﬁift in a solid.

One. of the major;contributions‘;f this work, is the

added wunderstanding of the dynamic change of the optical
‘g4

characteristics of Eu(OH)3; and other Eu compounds in an
external magnetic field. The gquadratic <change in the
oscillator strength and the small Zeeman shift are

experimentally measured and explained in terms of second
order perturbation theory in the second and third parts of
Chapter 6 respectively.

The measurement of an optical déphasing time in Eu(OH)s




3

is difficult because of the intrinsically small oscillator
strength associated with the 7FO — SDO transition in this
material. The development of optical phase switching as a
new technique fo; measuring coherent transients has renewed
the intereét in making measurements of this type in many
different  materials. A description of optical phése
switching as an experimental method and the expected results
of such a measurement are - given in Chapter 4. The
particular application of optical phase switching to measure
the dephasing time in Eu(OH)3‘and conclusions coﬁcerning
these measureﬁents are discussed in part four of Chapter 6.

The use of spectral hole burning to measure nuclear
hyperfine | splittings has only recently -been wused to
complement the results obtained by the use of the more
standard nuclear magnetic resonance and nuclea; quadrupole
resonance techniques; In Chapter 3, an explanation of the
hole burning process is presented with a discussion of some
of the previous méasurements. Measurement of the quadrupole
coupling <constants for each of the‘europium isotopes, and
the new technique used to make these measurements in:Eu(OH)3
is described in detail in the last section of Chaptér 8.

In. Chapter 8 a new explanation is given for a partic- -
ular type of four—wave mixing experiment along with fhe
potential use of this type of experiment in measuring hyper-

fine splittings and homogeneous linewidths.




Chapter 2
RARE EARTH SPECTRA

Typically theISPectfum of rare earth ions im a <crystatl
consists of groups of limes; these groups are separated by

approximately 1000 cm™ 1l and the sharp lines within a group

1

are generally s$pread over an emnergy range of about 200 cm™ T,

These groups are then labeled by the symbols of the dominant
RuSsell—Saunders component, In.fact; each group of statés
contains admixtures of states éharacteri;ed by a set of
gquantum numbers S, L, 'J; yet for each group, J remaigs a

relatively good gquantum number,

The ~sharp absorption  spectra of rareé earth ions in

ionic prystais were observed iong ag§.5 In many cases these
lines are as narrow as fhose observed ip4the.spectra~of free
atoms or' free molecules. ‘This means widths of 0.01 Ang-
strom, or 3 GHz, occur in the spectra of these materials in
solids at 1ow température. These na#row spectral"features
exhibited by the rare earfhs imply that, in princible, it ig
possible to study opticai interactions in a solid "with an
accuracy obtained with free atoms or ions.

The sharp spectra of the rare earth ions are a result
of'iaﬁthahide*cdﬁtraction;( The eﬁergy ;dd spatial extension

of the 4f eigenfunctions suddenly drops at the start of the




lanthanide series. The imperfect shielding of one 4f-
electron by another 4f—-electron also contributes to this
contractiﬁn. As one proceeds through the series with each
increase in nuclear charge and electron ﬁumber,'the
effective nuclear charge increases, which causes a reduction
of the entire 4fQ1 shell.‘ Because of this contraction the
f~shell behaves as an inne? shell and it is shielded by the
outer 552p6 closed shells of the xenon strﬁcture. As a
consegquence the rare earth ions do not interact appreciably
with the environment and the 4f electrons have little
tendency to participate in chemical bonding.

Free Ion

The elecﬁronic configuration of trivalent rare earth
ions in a solid consists of the xenon structure‘of electrons
with n electrons in the 4f shell, n=1 for cerium up to n=14
for lutecium. The Hamiltonian that determines the ﬁf enérgy

levels of an isolated ion can be written as

) JECN |
B = (-5%/2m) ¥ V3 -} z%?/r, +§ e2/xy5 +} E(x)5;°1;
i=1 i=1 i{j i=1

where N is the number of electrons, Zz%e the screened charge
of the nucleus, and §(r;) the spin-orbit coupling function.
The first two parts of the expression are spherically

symmetric and therefore do not remove any of the




6
degeneracies of the 4f electrons, The last two terms, the
mutual coulomb interaction and the spin—orbit interaction
respectively, are responsible for the free ion energy level
structure of the 4f electrons. Labeling thgse two terms as
Hé for the coulomb interaction, and H,, for the sbin—orbit
interactions, there are two limiting cases to be considered.
Hc >> Hgy in wﬁich Russell-~Saunders, 'or LS coupling applies,
or Hso 22 Hé' in whici the j=-j coﬁpling scheme can be used.
The rare earths fit into neither of these cases, so the
total Hamiltonian,
By = H,Z + H_,

must be diagonalized to determine the energy levels. This
approaci is called intermediate coupfing and usually starts
from a basis set of Russell-Saunders states. The general

energy level diagram for trivalent europium, as determined

by Dieke and Crosswhite,’ is shown in Figure 1.




Eu3*(4f6)

D1

Figure I : Energy level diagram for the trivalent rare
earth ion Europium.



Crystal Field

When the iom 1is introduced into a crystal the ‘ion
experiehcés an inhomogeneous electric potential produéed by
the charge distribution in the crystal. qualency and over-—
lap effects also contribute to the potential. These effects
are mod;Ied by a one electron potential called the crystal
field which removes some of the remaining degeneracy of the
free "ion. Fo? rare éafth ions, the splittings produced by
the crystal field have been shown experimentally to be
smaller tyan the energy separation of the free ion
multiplets. So the crystal field splittings are'obtained by
treating the crystgl field potential as ; perturbation of
the ffee ion, o ' .

fhe crystal field Hamiltonian is usually written as

i V = 2 ng qu (xi,yi,zif
k,q,1i
where the parameters, qu, are tieated as free parameters in
fitting the crystal fiéld energy levels., Before considering
symmetry, .as many as 27 complex constants would be needed to
specify  the crystal field potential. ‘With time - reversal
symmetry this is reduced ?o 27 independent constants which
must be real. The field for Cgy symmetry .is specified by
only four real parameters Byg, By, B60’ Bgg » dand the total

Hamiltonian for equivalent f electrons can be written in the

8
form




_ , 0 0 -y, 6
B = Hy + (BygVs~ * BaoVs * BgoVe  * BgeVe )

where Ho is the free ion'Hamiltoniaﬁ9 én& the qu~are poly-—
nomials of even degreé.10 |
Matrix elements of the crystal field operatoré qu can
be calculated wusing spherical temsor operator'methods and
the doubly reduced matrix elements tabulat;d by Nielsom and
Koster.lf fhen the crystal field énergies-are obtained by
using~ -basig statés éo:résponding”.to the ‘ free. ion
Hﬁmiltonian, HQ, and diagonalizing the matri& of H on a
computer.
Eu3* Zon in Eu(0H),
This was dome for Eu3% in Eu(0H), by  Conme and

Faulhaber.lz The fitted crystal field parameters are given

by the following four constants.

1 By =-71 % 8 ™!

Byo = 211 * 11 om”

Bgy = -54 + 3 om™1 Bés'; 617 + 30 om™1
In ;h; paper by Cone and Faulhaber, absorptioh transitions
between the ground state,7F0, and 5DO, the  lowest excited
state in the D manifold were not reported becguse that
transition isAforbidden and very weak. But they were able
to determine the position of the 5D0 absorption by comparing
the fluorescence from the _5D0 state at ' 4.2K with the
absorption from 7F1 to.SDO at 77K to within an accuracy sf

1

about 1 cm™ *.

The energy level separations, from the paper. by Cone
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12
and Faulhaber , which will be necessary in later
explanations of the phenomena observed in this crystal are

given as follows.

"Fg —TF, . u=0 = 1151 cm™?!
by — p;. p =1 - o= 1753 cm™1
by — °p, L =0 '_ = 1771 cn”!
by — b,  m=0 = 4230 cml

The cr&stél field matrix elements must satisfy the selection
rule Iz - J, = q. This implies a set of crystal gquantum
numbers p may be introduced such that Jz = p(mod q). These
crystal guantuﬁ numbers are used to label the states given

above. Also, complimenting these, are measurements made in

this work corresponding to the energy'level separations,

g — 5by, - w =0 = 17226.8 cm’l
TPy — TF; n =1 = 339 cm1
TPy — TF, g =0 = 440.5 cm™?t

The energy Qifferences, 7F0-—7F1 p= 0, 1 and SDO——SDl
pu= 0, 1, will be used in the second section of chapter 6 to
calculate the gquadratic increase of the absorption
coefficient as a function 'of the magnétic field. These
energy level separations will also be uséd to calculate the
observed Zeeman ‘shift of the 7F0 to'SDO transi}ion which
similarly varies with the sduar? of the- magnetic field
strength, |

In  a calculation of the expected nuclear quadrupole




11l

splittings, it 1is again mnecessary to wuse energy level
separations. For this estimate, the difference energies of
the 7F6 _ 7F2 and 5D0 ——-SDZ states are wused in the
calculﬁtion in Chapter 3. Although this <calculation is
just an estimate of the quad;upole splittings, it dpes
reinforce the experimental results given in the last section
of Chapter 6.

In itself, the existence of a transition-between the

7F0 ground state and the SDO excited state is interesting

because as pointed out by the Judd-0Ofelt theory,13 electric

dipole transitions between'the levels of the 4f% configura-

tions 'are all forbidden by the parity rule unless the 4£8
states have admixtures of opposite parity. The magnetic

dipole selection rules are still valid in first order and

explains the weak ' intensity for a J = 0 to J' = 0
transition. This transition in Eu(OH)3 is magnetic dipole
in character and consistent with the magnetic dipole

selection rules given in Tab}e 1 below.

Selection rules are of considerable importance, in
all specéroscopic techniques for transitions ©between two
energy lévels, and selection rules in crystal spectra are
directly <connected with the symmetry of the crystal wunder
consideration. The selection rules enable the exPerimenter.
to draw conclusions about the nature of the energy levels

between which the transition takes place. The mathematical

concept which deals with these symmetries is group theory.
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Group theory as applied to rare earth

originally developed by Bethe,14 but now

crystal

spectra

it is

available in tables for all of the different symmetries.15
The selection rules for Eu®+, with Cgji site symmetry,1*
Eu(OB)3 are shown in Table 1.
H'
P 0 3 -2 2 I -1

| 0 my e it ea eo m jt m Jt

I

| 3 e Jt mo m it mn €cr ea

J

I -2 ecr m Jt mcr ea e Jt m Jt

I

| 2 ecr m it ea mcr m Jt e Jt

I

| | mit eo e Jt m Jt m o ea

I

| - m Jt ea mijt e Jt eo mcr

Table 1. Selection rules and crystal quantum numbers

for even-electron ions in Cgjl symmetry;

m, magnetic dipole transition; e, electric dipole

transition.

was

readily

in
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Chapter 3

SPECTRAL HOLE BURNING

A short, general description of hole burning will ©be
given in this <chapter with a particular .emphasis on
saturation holes andllong lived ho}es in rare e;rth solids.
The latter parts of this chapter will focus on “an
approximate calculation of the_?arameters one would measure
in Eu(OH)3 using hole ©burning techniques and a short
description qf homogeneous line width measurements.

When a spectral line is inhomogeneously broadened, and
sufficient electromagnetic power is supplied at a- single
frequency to cause saturation, only those energy levels at
the resonant laser frequency will be saturated. A 'hole’
appears in the inhomogeneous line.

On. the other hand, in a homogeneously broadened line,
all energy levels are affected immediately by the safurating
electromagnetic pbwer, the intensity falls throughout the
line, and no hole is produced.

The afoms ,or dioms in a liquid or solid interact
strongly with one another and with vibrational modes. Thus a
saturation hole disappears Qery quickly . because of the

relatively rapid relaxation rates frequently encountergd in

solids, The density which is obtainable in a solid is an
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advantage however, Nonlinear effects, such as hole burning,
scale linea&iy 'witﬁ the dehsify, which should mean an
increase iﬁ hole burning efficiency; These same nonlinear
interactions scale as the fourth power of the dipole moment
which is typi;ally much smaller in many solids than it- is in
gaSes. This combination,‘ and tﬁe rélatively rapid relaxa-
tion rates in many solids,'limits the use éf saturation hole

burning in solid materials. It does .not 1limit hole burning

in general, however, because a saturation hole is not the

onfy kind of hole that can be burned.

Hole ©burning in solids is a result of a variety of
different mechanisms, depending on the particular solid. A
list of some. of these mechanisms should include photo-

. . ) 17 . ' . 18 '
physical modification , photochemistry , metastable

L ' 19 i . 20 .
population storage R two level saturation |, and optical

. ’ . . 21 22 .
pumping of nuclear hyperfine populations ’ . In solids,
one or more of the above may be present but it is the last
one which is responsible for long lived holes in rare earth

materials..

Hole Burning in Rare Earths

Two 1level saturation hole burmning in rare earth solids
requires the use of two lasers, The strong pump laser

interacts with the tﬁo level system such that the population

in the ground and excited states depends on the pump laser

intensity as well as the dipole coupling between the levels

in the particular system. When a weak probe laser interacts
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with the same two 1level system it will feel the full
absorbing power of the inhomoéeneous profile unless it is
interacting with the ions that are also resonant with the
strong pump beam. In that case, the absorption is saturated
by +the pump beam so the sample appears to be more
transparent. A hole is then detected as the probe frequency
is scanned through the inhomogeneous absorption profilet
Saturated absorption spectroscopy -of this type can be used
to measure the homogeneous linewidth in rare  earth
compounds. These measurements and their limitations will be
addressed later in this chapter.

In the 1long lived hole burning process im rare earth
solids, pdpul#tion is selectively removed from the ground
state level " associated with an inhomogeneously broadened
transition, This selectivity is in most cases ﬁuch narrower
than the inhomogeneous width of the optical tramsition, and
the ground state hyperfine level population is redistributed
as a result of the optical pumping. As these resonant ground
state levels are depopulated, the nonresonant.1eve1 popula;
tions are enhanced by the transfer of population bgtween the
hyperfine levels during the pumping process. Now
transitions from the depleted regions in the spectral 1line
will show holes corresponding to }he ‘energy level

separations of the excited state hyperfine levels.

Simultaneously, antiholes or increased spectral absorption
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will appear at &energies corresponding to the sum and
difference combinations of ground and excited state
hyperfine splittings.

By wusing this method, spectral resolution within the
inhomogeneously ’broadened ;pectral line is achieved. This
is important, because the observed hyperfine splittings are
usuaily much léss than the Fultl Width at Half Maximum,»FWHM,
of the inhomogenéously broadened line. In other words this
is a solid state analogue of Doppler—free spectroscopy 1in
atomic physics.

Hole ©burning has been of particular interest in Eu3+
compounds because as Elliott23 pointed out there are some
major experimental difficulties in doing conventional
nuclear magnetic resonance, NMR, and nuclear quadrupole
resonance, NQR; experimdnt; on this ©particular ion.
Nuclear =resonance is wusually observed only in materials
which are diamagnetic or very weakly paramagnétic. In
paramagnetic ions, the internal field resulting from .the
electrons creates a field at the nucleus which may‘be of the
order of a million gauss. This is greater than any external
field that can be applied in a nuclear resonance expériment
and for this =reason no direct measurements :of  nuclear
moments by nuclear resonance hhvg been po;sible innthe rare
earths, as they do not form diamagnetic compounds.z‘ Nuclear
magnetic moments can be'determined from the hyperfine spfit~

tings measured in ‘electron paramagnetic resonance
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experiments, but moments determined in this way depend on an
estimate of the average <r 5>, where r is the radius of the
4f electron. -

Europium does have a non—-degenerate electronic ground

state which produces no magnetic field at the nucleus, and

1

since conventional NMR and NQR cannot be used because- of the
limited semnsitivity. The development of narrow 1linewidth,

(1MHz), tuneable lasers has provided’ another means for

making - these measurements. Ground and excited state
. . . 21 25" ' . 26 ‘ i

hyperfine splittings ’ s Stark’ effects » and: Zeeman

effects have all ©been measured wusing hole ' burning

techniques. Thréugh the use of hole burning, the hyperfine
structure of thetlD2 - 3H4 transition in P;3+:LaF321’25,
Pr3+:LaC13zs, and Pr3+:LaBr329 h;ve been investigated.
Since that-timef hole burning and optically Aetected ﬁuclear
qua@rqpole resonance, ODNQR, ‘techniques have been used to
measure the quadrupole. splittings in EuPsoloso and
YA103:Eu3f31 Since the rare earth optical ab;orption _lines

are so narrow due to lanthanide contraction, they are - the

most attractive candidates to detect the hyperfine structure

- by the use of direct spectroscopy. Except for two isolated

ethples this has not been possible. It is possible in Ho3+

because of the'luéky coincidence of three'things, a very

small inhomogeneous linewidth, h-very large magnetic nuclear

moment, and tﬁe:qxisfence of only one isotope, 16539;32 It
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3+

has also been observed in 0.01% CaFZ:Pr which has a large

hyperfine splitting constant of 2.7 GEz and a narrow

inhomogeneous width of 650 MHz.®®

Recently spectral hole burning has also been used in
EuV0434 to identify the hyperfine splittings of perturbed
sites in this material, and it has also shown a usefulness
as a -very sensitive identification of the particular
pefturbafions of some of the individual sites.

Hole ©burning measureﬁents of the hypé;fine splittings
in Pr3+ and Eud® rare earth compounds have complemented the
electron paramagnetic .resonance measurements obtained in
other materials. These. experimental measurements have also
added a great deal to ;he - understanding of the many
contributions which affect the magnitude of the quadrupole
tensor in the ground states and the excited states of  rare
earth materials, In europium compounds this is particularly
interesting because " of Elliott's predictionzi that the
ground state nuclear quadrupole tensor would be' anomalously
small,

Nucyear Quadrupole Hamiltonian

Thé large differqnce‘in magnitude of the quadrupole
tensor between 5DO and 7F0 states”’31 is attributed to the
contribution.to the electric field gradient of two important
mechanisms. 'Since no first order quadrupole coupling exists
for a pure J = O le;el, the observed field gradients are due

to’ admixfures of excited states into the 7Foland 5D0 wave




19

functions and a.- contribution caused by the. crystalline

'lattice{

The two cont;ibutipns to fhe qugdrupo;e splitting, are
of opposite si?n,ss’ss ﬁn& aré from the excited states of
the 4f6 configuration.. VThe contrfbufion for 5D0 which
results from £he 5D2 1evei,‘ with an.energy denominator ‘of
4230 cm~ 1 in the.perturbation expansion, is smaller thanufhe
contrigutiﬁn. to 7Fo from the 732 Staté which has an . energy
dqnominator of 1151 cm_l.' So the smaller ‘quadrupole
¢oupling for 7F0 is a reéult.of.the vlagtice .contr{butiQn
which mnearly. cancels .the contribution due to the 7F2

admixture.

To derive an expression for the different contributions

to the quadrupole tensor, - the quadrupole splittings are

first described by the spin H,amiltonian:24

o= PII2 - I(1 + 1)/3 + (L2 +1,.2)/3]

where each P is proportional to the respective gquadrupole
moment of each of the two enfopium isotopes. The asymmetry

)/ V

has a value betveen 0 and 1.

parameter, n = (Vix —

- Vyy .
For C3h site symmetry, as in Eu(OH)s, Vxx = Vyy and n = 0.
The spin Hamiltoniamn is then V

B = P[I,2 - (1/3)I(I + 1)]

her - S e o=, (D) (2)
where P=)P; =Pyl w2 4P, v Byt
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In the above expression, each of the contribﬁtions to the
total quadrupole coupling constant P will be explained in
the order in which they appear. P4f(1) is the first order
quadrupole term which is the dominant term observed’ in
nuclear electric quadrupole resonance experiments. qu is a
pseudoquadrupole interaction which is a magnetic effect
unrelated to the nunclear quadrupole moment., - This term is
proportional to the square of I'T, so experimentally it
cannot be distinguished from the 'qﬁadrupole effect.
Fortunately however this interaction is negligibly small in
Eu(OH)B. Plat is the contribution caumsed by the crfstalline
lattice. The external lattice charges tend to' induce a
polarization of the closed electronic shells which in turn
leads to an enhancement of the guadrupole moment. The last
te?m, P4f(2), is a result of the distortion of the elec-—
tronic charge cloud of the J=0 state with admixtures of the

J=2 states through interactions of the crystal field.

The first order 4f term is given by37

Pye’t) = - [3020/41021 - 1] (1 - Ry 37,2 - T(T + 1)]

x <r_3>4f<I||a||J>t .

The quantity <Jllalld> results from application of the
Wigner—Eckart theorem to evaluate the crystal field

interaction by an operator equivalent, and <r-3>4f is the

actual expectation value of .r=3 for 4f electrons in the ion.
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The expectation value of the quadrupole inverse radius
cubed, <r-3>Q, is given by

x73yq = (1 - Ry <=3,
where R is the atomic Sternheimer factor, This first order
term, P4f(1), is zero; because there can be no quadrupole
4

splitting for a J = 0 level.”

The pseudoquadrupole interaction comnstant, Ppé, has

been estimated by several authors to be less than 0.052
MEz®®+®" which is an entirely negligible contribution
compared to the last two terms in the sum.
The quadrupole coupling comstant can now be written as
the sum of just two terms
P= P, * Pyt
The important thing to notice is that these two parts con-—

tribute to the nuclear electric quadrupole coupling constant

with different signs.

Piap = —[3Q(1 - 7o) 4,01 / 121 - 1)

P4f(2)= [6e2QA20(r2>4f(1—62)<1‘—3>4f(1"RQ)

x1¢2001all00>121/1(21-1) (E5-Egg)

Here v . is the Sternheimer factor for the lattice. 1In
the ground state where the antishielding parameter 1y, is
large, Yo, = —80,36 the contribution from the lattice .nearly

cancels the second order contribution from P4f(2x' In the

excited state SDO, Yo, Should be small or even equal to 1,
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so tﬁat the quadrupole splitting wilt only be the result of
the second order contribution.
Estimate of Quadrupole Splitting in Eu(OH) 5
| Using parameters from Cone and Faulhabe;lz.and the v,
and Gy values; for Europium Ethyl Sulfafé,é7 whe?e
measurements of these  values ha#e been . made, one ;an
calculate an approximate quadrupoie coupling conétant P Afor
the £wo isotopes of Eu3+ where Each of the isotopes have a
nuclear spin of I‘= 5/2.

(3/5) A,0 <x2> £ By - Eyy = 101.5 om™l

A0 <22> = 169.2 cn”1

<r—3)4f = 7.41 a0—3

(1 - 0'2) = 0.27

4,0 <x2> (1 - o) = 45.7 em”}
4,0 = 193.4 cm™l a)72
(1 - vy,) = 81

1

For the ground state 7F0 this gives
Piat = —18.6-Q@ MH:z
(2) _
with Q, the quadrupole moment, in barns.

= (2) - =

Plat
which implies a P of -3.2 MHz for 153Euw and -1.2 MHz for
151Eu.

As a first approximation of the wexcited state, '5D0,

,
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quadrupole coupling constant one can assume 7y, = 1, so that

Plat = 0, With the energy difference

Byog = Ego = (21455 - 17225) cm™ !
= 4230 cm 1
= (2)
and P _‘?lat + Pyg
one obtains P=20+4.71 Q MHz = 4.71 Q MHz.

The guadrupole moment for 153Eu is‘Q = 2.45 barns and
for 151Eu.it is Q = 0.95 barnssf so the predicted qua&rupole
coupling constants are P = 11,5 MHz and P = 4.5 MH:z for
the 153 isotope and the 151 isotope requctively.

It should ©be noted that this is just an approximate
calculation because the parameters <r+2>,<r-3>4f,(1-7;).
and (1 - dz) are by no means the same in fhe Ethyl Sulfate
as they are in Eu(OHiS. This is especially true for y_, in
the excited state because no measurements or estimates
exist. The agreement is very good, hoﬁever, because as we
shall see fhe measured values for these two constants wusing
hole burning techniques afe P =11.6 MHz for 153Ey  and P
= 4.5 MHz for *51Ey as discussed in the last section of
chapter 6.

Hole Burning Measurement of Dephasing Time

Spectral hole burning can also be uséd to measure: the
optical dephasing time or transverse relaxation time>T2. In
this .method, the sample is prepared by irradiation at a
single frequency, which induces a polarization in the sample

with a width H, where H = 2(Awg+Awy). The observed hole
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width is then given by a convolution of the homogeneous
linewidth, Awg, and the instrumental linewidth, Awy. For CW
dye Tlasers the instrumental linewidth Awy is the ©bandwidth
of the laser itself, approximately 1 MHz. So for measure-
ments of holé widths greater'than 5'or 10 MH#, deconvolution
is not  necessary, -';nd the ,instrumengaf' width can Dbe
considered 'hégligiblé. The-deﬁhasing time is then given fy
T, = (ﬁAwﬁ)ml =(2/nH) . Thi's is strictly valid in the limit
wvhere the’,laser ‘power goes to zero, but it is often
difficult to make measurements which are‘feliable_ for th;
following reasons. - | |

In the low power limit, th; hole will still be slightly
power broa&ened and on[& in.the limit of zero power, no
light, willn the hole display the true homdgeneous width.
The most important difficulty, howevef, is the ‘broadening of
the hole by time deperndent interactions. Thi; is important
because specfral diffusioﬁ‘due to radiative and nonradiative
transfer will affgct fﬁe hole depth and width on time scale;
which may ©be faster than the time required to measure the
width or depth of a hole. One solution involves the use of
two lasers, one to burn the iole and the other to monitof or
read the gpectrﬁm‘as a function of time. In some 'casgsf

this technique has been successfulsé, .but in most cases, -it

only . gives a lower limit on the optical dephasing time T2.
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In any case, if a hole width,

(2/nH) is always true.

H, ' can be measured,

T,

>
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Chapter 4

OPTICAL PHASE SWIfCHING

Since the discovery of the photon echo®’ in ruby,
techniques such as free induction decay‘l. optical hole
burning‘z, laser frequency switch?ng‘a, and sample frequency
switching44 have all feen used to measure the optical
dephasing time in a variety of materials. With some
restrictions- these methods of transient spectroscopy can
all be used to measure the dephasing time in a rérefied:gas
where the optical dephasing time, Tz, is simply related to
the spontaneous emission time T1, T, = 2Ti. In
stoichiometric solids, however, the atoms or iomns strongly
interact with'neighbqring atoms or ions and the rest of the
environment. This affects the coherence or dephasing time
T2 such that, at low temperatures, it is ﬁsﬁallf much less
than the diagonal lifetime T,. So the interest in the
optical dephasing time is to |Dbetter understand the
interactions which can lead to ailéngthening or shorteging
of this coherence time. This understanding is an important

step in the development of lasers and optical devices in

general,
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Single Phase Switch

Optical pﬁase switching‘s is a mnew and powerful
approach to coherent transient spectroscopy. By rapidly
changing the phase of the laser light passing through an
absorbing medium, the phase of the laser polarization is
switched relative to the sample polarization which was
established in the sample before the phase switch. Once the
phase switch has taken place, the sample and the laser ar;
again at the original frequency and as the: sample relaxes
back into equilibrium, a transient signal is detected.

First consider the laser sample Iintéraction as a
preparation stage where the polarization of the sample is
driven by the laser. After the phase switch, the small
field gmitted by the sample propagates collinearly with the
laser beam at the same frequency. This results in homodyne
mixing of the sample signél with the laser beam which serves
as the local oscillaﬁor.

Genack et a1,45 in a calculation of thg sample response

to a sudden phase shift, expressed the laser field whose

phase is instantaneously shifted by an amount ¢ at t=0 as

E(t) = 2Esinfot+d(t)] = —i[Evel0t_g=emi0t]

with
E -, t<0

il
N
.
[y

EX
Eetid >0

One must then solve the optical Bloch equations for the

~
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sample polarization P-(t) corresponding to E=Zx(t). The Bloch

equations can be written as

P- (ziA-1/T2)pi + 2(p22i/M2)NWE+

2.2

NW  -N(W-W0)/T1 (E+P"+E'P+)h

where a single frequency component, of homogeneous width
1/T2. is off resonance from the driving field by an amount A
as shown in Figure 2. N is the density of molecules, W
describes the degree of population inversion, W= (P22-P11).
Wg is the equilibrium value of the inversion with no laser
field, and H12 is the dipole matrix element between the

ground and excited state.

Figure 2: The dashed line 1is a single frequency component
in the inhomogeneous line which is off
resonance from the laser field at frequency u
by an amount A.
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A Laplace transform can be‘used to solve equation 2.2.%°

The result is then integrated over the inhomogeneous line

profile to obtain the signal S(t),

47372 (wn/e)WyNL Y2/ [AG (142 T  T,) 1/ 21=5(0) , <0
8(t) 2.3

$(0)+473/ 2 (wn/c) (Wy/Ag) NLY*T; Tysin? ($/2) g (£) , >0

g(t)=(1/(1-5/2))exp(-2t/T,) (-e/(1-¢))exp(-2t/Ty)+

(e/(l—e)(2—e))exp(—f/T1),

for excitation at the center of a Gaus;ian line when the
inhomogeneous width, Ay, is much greater than 1/Ty. In
equation 2.3, X =2Ep,,/h is the Rabi flopping frequency, n
is the index of refractionm of the sample, and L is the
length of the sample; The off-diagonal element of the
. density matrix_divided by the diagonal element is giv;n by
the parameter & = (T,/Ty).

The change in signal when the phase switch occurs, AS=
S(0%7)-S(07), is proportional to the laser intensity squared,
X4, so this is 2 nonlinear effect and the linear pffécts
go to zero as AO——ém.

The change in the signal after the phase switch can
be written as ‘

AS = 473/ 2(wn/e) (Wy/Ag)NLPT  Tysin (9/2) (L) . 2.4

In general, the decay of the nonlinear signal 1is




30
complicated because it depends on both T; and T2. But in
the limit T,<<T7, or g—>0, g(t) simplifies to the
expression
g(t) = exp(~2t/T,)

and the signal decay is characterized by only one parameter,
To. The limit T, << T; is very appropriate in many.solids
at low temperatures and the signal decays at twicg the
aepha§ing rate llTé. The decay at twice the Qeﬁhasing rate
is a result of the two step process in phase switching. ‘For
a time when t<{0, the laser prepares the ground state and
optically excited state in a.coherent superposition. During
this time a saturation hole with the homogeneous width of
the transition, 1/T,, is burned into the inhomogeneous
profile. The phase shift then occurs at t=0, and for times
t>0 the laser probes the homogeneous hole burned in the
preparation stage. The relaxation rates add together, one
from preparation and one from probing, so the signal decays
at twice the rélaxation rate.“
Double Phase Switch

"An altermative experimental application of phase
switching, known as double phase switching41, involves the
application of a second phase switch of opposite polarity at
a time T after the first phase.switehf One can then obtain
the dipole dephasing time T,, independent of the ratio, g =

(T,/Ty). The functional dependence of AS, on the variables T

and ¢ is given by*’
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~

AS, (T, $)=AS;[[1-4exp(-2T/Ty) cos?($/2)1-2g(T) (1-2cos2($/2],
so by setting ¢= n/2, so that [1-2cosZ(¢/2)] = 0,
one then obtains
AS,(T,n/2)=AS;[[1~2exp (-2T/Ty)11. 2.5
By conside?ing the second phase switch transient
ASZ(T), where T is the time of the second phase shift of n/2
radians, one can visualize the eipected change in 'the
transient signal by regdrding twa extreme cases, First if
T >>Ty,T, the first transient responsé of the sample will
have decayed to zero and the second response will be as
shown in Figure 3 with'ASZ = ASq. This is because the
steady state is approached ina time Twhich is much greater
than T1 or TZ‘ The second limiting case is shown in Figure
4, In this example, the time of the second pha'se switch T
is much less than Ty or T,, T << Ty, Tp. On that kind of
time scale, the nonlinear polarization cannot be much
different than it was just before the first phase switch, so
A82 ~ -AS4, where AS{ is the change in the nonlinear signal

after the first phase switch.
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*(*)av(r)

Figure 3: Schematic representation of nonlinear transient
absorption. T, the delay between the two phase
shifts, is much greater than or

Figure 4: Schematic representation of nonlinear transient

absorption. T, the delay between the two phase
shifts, is much less than Tj or %2.
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From the last two Figures, it is easily seen that the
change in the nonlinear signal A82 changes sign so it must
go through zero for some intgrmediate time To = T. By
solving equation 2.5 for Ty = T when AS, = 0 one obtains an
- expression which relates the dephasing time to the time at
which a second phase shift of n/2 radians gives no change in
the nonlinear signdl;

Ty = (T,/2)1n(2) 2.6

With this method, one can measure the optical dephasing time

by varying the time at which a second n/2 phase switch

occurs. The time when the null occurs, T = TO' is then

simply related to the dephasing time, with T2 given by

T, = (2/1a(2))Ty(x/2).
An illustration of this is shown in Figure 5 where the time
of the second n/2 phase switch, T, is increasing from the
top of the figure to the bottom of the figure.

The power of the phase switching method lies in its
experimental simélicity and applicability in the measurement
of fast dephasing times.TZt The phase is switched by
applying a voltage step to an electro—optic modulator in the
laser beam, The amount of phase shift is prdportional to
the amplitude of the voltage step. Typically n radian shifts

may be achieved at 70 volts. Since the voltage step is not

large, it can be made very fast,
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NULL METHOD FOR MEASUREMENT OF T2

Figure 5 The transient absorption due to the third order
effect is illustrated for increasing delay
times between the first and second phase shift.
When null occurs in second phase shift

T = (2/1n2)T2.
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A velocity~-matched extracavity modulator is usgd to
switch the phase in a timg equal to the step rise time which
can be as fast as 300 picoseconds depending on the pulser
used to generate the voltage step. The light transmitted
through the sample is then momnitored, and a change in
intensity is detected when the phase switch occurs. This is
simfle in that there is no need to discriminate against the
preparation pulses as in the photon echo ﬁechnique nor is
there a'ﬁeed for the larger detection bandwidth of frequency
switching transients.

The method of optical phase switching is ideally suited

for the measurement of rapid transients, but it is also

valid on all longer time scales. The restriction which

plays an important role and sets the upper limit, is the
laser stability for the duration of the measurement, Most
CW dye lasers are actively stabilized to a 1 MHz bandwidth,
so the upper limit for a measurement of the debhasing time
is approximately 2 microsecondé. The reason for this upper
limit is thaé if the laser ffequency is changing, during the
course of the preparation and probing stages, described

earlier, then the decay of the transient signal at twice the

dephasing rate is no - -longer valid. In such a case the result.

will just display the frequency stability of the laser.
Two other conditions must be met when making
measurements with phase switching or double phase switching.

One, the expressions for the nonlinear, ‘transient response
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require an optically thin sample, aL<<1, where a is the
absorption coefficient and\L is the sample length, so that
higher order corrections to fhe nonlinear polarizability can
be neglecte& in the expansion of the nonlinear signal,
AS(t). The second condition is that X2T1T2<<1. If this is
true, power broadening is négligibie. and the transient
signal will decay at twice the dipole dephasing rate, but if
it is not true the laser will burm a hole in the
inhomogeneous profile which is wider than the homogeneous
width and this will result in a contributiomn to the
dephasing from different homogeneous packets and a faster
apparent dephasing time. If these two conditions, aL<<1 and
X2T1T2<<1,are maintained then phase switched transieﬁts can

be measured anywhere between 100 picoseconds and 2

microseconds with modern day CW dye lasers.
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Chapter 5

'SAMPLES AND EXPERIMENTAL APPARATUS

Different .samples of Eu(OH) 3 were used in this study to
eliminate thé ﬁossibility of studying a_‘single anomalous
crystal. A1l of the results reported in the following
chapters were observ;d in egch of fhree individual samplés;
A short description of the sémples is'folfowed bi a 'section
which details the laser system, the electronics, and the
dewars wused in this expgrimént. The lést two sections' in
this chapte£ respecfi?ely desdribe'the particular use of the
system in the hole burning aﬁd phase switchipg experiments.
Samples |

The Eu(OH)3 crystals used in'fhe experiments described

in the following chapters were grown hydrothermally by 8.

48 49
s

Mroczkowski with'a technique developed by H.E. Meisner.
The se crystals were obtained from Professor W.P., Wolf of
Yalg University. The samples are clear, colérless,
hexagonal vneedlé Ehaped cry%tals with typical dimensions of
2 or 3 millimeters long and a diameter of approximately - 0.3
millimeters. The europium ;ons in these crystals ha?e_cah
site symmetry and the threefold ¢ axis corresponds to the

needle axis of the crystal.
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Laser and general apparatus

A Coherent Radiation 599-21 CW dye laser, mounted on a
‘Newport Resea;ch' Corporation 4'xi6' optical table wifh
pneumatic vibration isolation; was used for all ‘the
experiments reported here.  This 1§§er consists of a 2 inch
solid bar of Invar which serves as the opticallbench‘for the
components of the dye laser. Ihe basic coifignration is a
‘tﬁree—ﬁirror cavitysq En'which the. pump beam is - focused on
‘the dye in ‘a dir;ctioﬁ that is.#ot collinear ﬁith the
cavity. This laser system has a linewidth of 1/4 X‘or 20 GEz
when used .with a three plate birefr;ngent filter. Thg
bandwidth 1is narrowed by the insertion into the cavity of
two etalons and by the electroﬁic control of a Brewster
intracavity tipping plate and.a  piezoelect;ically mounted
fold mirror. These last two elements control the length of
the dye cavity thereby controlling the frequency to within.1
MHz effective linewidth. The laser has a 30 GHz, 1 cm 1,
continuous scan range which can be controlled internally, or
equrnally through an iﬁpu; cénnector to the control Dbox.
Rhodamine.6G dye was used in the laser anduwas water cooled
to improve the stability, with typical output powers in the
range between 40 and 50 milliﬁatts at the wavelength of
interest.

‘Wavelength me;surements were made with a Spex #14018,

0.85 meter, Czerny—-Turner Double Monochromator, This

ﬁonochromatqr has two 1800 groove/mnm hoiographic gratings
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and it will be referred to as simply the Spex mogychfomator
in the following chapter. ' Also used in the Zeeman ;hift
measurements was a McPher;on Model #218 0.3 meter mono-
chromator with a 1200 groove/mm grating blazed at 5000 X.

In simple fluorescenge excitation experiments, light
from the monochromators was detéctgdlwifh a photomultiplier
tube and a Keithley 416 picoammeter, the output of which was
monitored and stored in a Northern Scientific 575 multi-
channel analyzer. The stored data could then be transferred
to the CRDS MF-211 (DEC LSI 11) computer for analysis. In
the hole ©burning experiments, the photomultiﬁlier tube
output current was monitored difeqtly by the NS-575 where
the data was stored and averaged.

In the phase switch experiments the signal was detected'
with a EG+G FND-100 photodiode. The 'Fy¢—>5D, transition
in Eu(OH)3 was initially identif{ed in the fluorescence
excitation mode with the crystal mounted in a three window
glass dewar by Pope Scientific. For all the experiments
reported here, however, the c¢rystal was mounted in a
superconducting solenoid dewar constructed in this lab., The
superconducting solenoid' was constructed Dby American
Magnetics, with a maximﬁm field rating of 60 kiiogauss or

6.0 Tesla.
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Hole Burning-Experimental Details

For the hole burning experiments, the burn—-read cycle
was a computer generated modulated triangular wave so that
the laser would repetifively burn and read a hole for signal
averaging purposes. The computer was dinterfaced to a
digital-to—amnalog <converter, and this output then scanned
the laser. The computer program which controlled the laser
is 1listed in Appendix I. ‘Tﬁis computer program also
controlled the acousto—optic modulator by generating a 1
volt output while the laser was burning, and generating‘ a
voltage between O ana 1 volt while the laser was reading the
hole. The amount of light in the read portion of the beam
being determined by the equation I=IOsin2(nV/2). A schematic
diagram of the experimental arrangement for the ﬁole burning
measurements is shown in Figure 6. Also shown at the bottom
. of Figure 6, is a schemati§ representation of the modulated
triangular wave used to drive the dye 1laser, and the
computer generated burn—-read pulses used in controlling the
acousto—optic modulator. Because of the lﬁng lived holes in
Eu(OH)g, to be discussed in Chapter 6, it was also nécessary
to erase each hole before making a new measurement. Appendix
IT is a liéfing of the computer program which was used to

erase a spectral hole.




Figure
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Phoronx/It'OliSr

Sample 13*

POP-11
computer

Schematic diagram of hole burning experiment.
Computer generated, scan of Dye laser, and
Acousto-optic modulator pulses shown at the
bottom. The iodine vapor cell used in the
Zeeman shift measurements is also shown.
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Phase Switching-Experimental Detaigg

A schematic drawing of the optical phase switching
experiment is shown in_Figure 7. The optical phase switch
was accomplished with a Lasermetrics, Inc. Model 3126A
phase/frequency modulator. This device <consists of a
lithium tant#late crystal og-diménsibn 0.5 mm x 0,65 mm x 25
mm, The end‘faces are polished énd antireflectioﬁ coated.
Golgd electro&és deposited oﬁ'the upper'and lower faces form
a parallel—-plate transmission liﬁe. The ratio of height
to width of the crjstal (0.65 mm to 0.50 mm) was chosen "so
that the ‘crystal appggr# to be a 50 @ ltransmission iiné,
given the microwave dielectric constant of Iithium,£antalate

1

(e=43).°" With correct impedgnce matching, this modulator is
a velocity matched device in which the rise time of the,rdc
square wave pulse islés fast as the transit time of 1light
through the cfystal. The phasp ;hiff’generated. by this
modulator is proportional'to. thg laser wavelength, the
length of the «crystal, the eigctro—optic index of the
crystal, and inversely proportional_ to th; thickness.
Therefore the gr&sta1 ié.chosen to:be:as thin as 'possiblém
The induced phase shift from manufacturer's :sﬁecifications

is 26.2/Ax -milliradians/volt which works out to 2.57°/volt at

the 7Foé——95D0 trépsition‘wavelength of 5805 K. A 10 cn

lens was wused to focus the laser beam through the LiTaO}

modulator. It was " then recollimated with another 10 <c¢m

lens. This resnlted in a waist in the modulator of 48
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microns, a 'confocal p;ramefer b =‘2nm62/k of 26 mﬁ, and a
beam diameter of 150 microns at the entrance and exit faces
of the <crystal. As a result of the smgll aperture, the
crystal must be aligned to within an angle of approximately
2 milli?adians and. positioned to_ﬁithin 100 microns to'avo;d
beam distortion. The a1ignmen£ of the modulator is érﬁbably
the most difficult part of Floi'ng‘ a phase sw‘itched
experiment. |

fo provide  the yoltage‘pulse‘,to the ‘electro—optic
modulator a Tektronix Modei 109 reed'reliy pulsér wiih 150
pico;écond rise time and’700 Hz repéfition'raté ﬁas used in
the initial experiments. In 1later experiments, it was
necessary to have longer pulses and cqntrol of the pulse
repetition rate. A pufser was then designed which could be
triggered externally. This pulser would provide pulses of up
to 80 'volts, using n-channel enhancemént—mode VMOS power
FETs in a push—-pull arrangement, with 10 nanosecond rise and
fall times. The' pulse length in this pulsér ~could be
varied by intercianging_digitalHdélaf iines in the circuit.

In the ©phase switching experiments, the 1ase¥ was
scanned betwee;'_each averaged shot. of the bhase switched
transient. This - was déne, as in tﬁe hole  burning
experiments, 'by driving the lasér externally with the CRDS
MF~-211 (DEC LSI li).cbmputer in the laboratory. The scan was

accomplished by generating a triangular wave. The computer

program ‘which - drives the dye laser during a phase switch
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experiment is pgiven in Appendix III. This program is
essentially the same as the program for hole ~burning,
Appendix I, except the burn pulse was very short, 2-10 psec.
Since the rise time 6f the D/A converter was not fast enough
to be used on these time scales, a pulser was constructed
from 74121 monostable multivibrators. With this pulser the
. A/O fulse and the phase switch pulse had fast rise times anﬁ
could be controlled independently. The light kransmitted
through the crystal was monitored with an EG+G FND-100 >PIN
photodiode.witﬂ 90 volt reverse bias aﬁd a rise time of less
than 1 nsec. The transient signal, due to the ©phase
switch, 'was stored and averaged with a Téktroﬁix 7912AD
transient digitizer which was interfaced to the computer to

transfer the averaged data.




LiTaO3

Dye Acousto-optic phase PIN
Laser modulator modulator! diode
Sample 1.3K
v(t) T| L Pulse Transient
generator digitizer
; I PDP-11
For >> T2 the homodyne signal
following the Phase Switch is: JVK_ | computer
S() @ TjT2SinA(<d)/2)exp(-2t/T2) display |
Figure 7: Schematic diagram of Phase Switched transient

experiment in Eu(OH)g
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Chapter 6
EXPERIMENTAL RESULTS

Linewidth

The first experiments on Eu(OH)3 were performed in the
fluorescence,exciéation mode in a glass dewar at 1.3 K. In
this mode the laser was scanned through a frequeﬁcy range
containing the absorption transition 7F0——%5DO while the
fluorescence was monitofed for the transition from 5D0 to
7F1 u=+1., This identified the transition which showed £hree
fluorescence excitation lines in a 25 GHz freguency range..

It iswell known thét if local sites are perturbed, due
to defects, impurities, or dislocations in the crystal, thisﬁ
can lead to a perturbation of‘the rare earth site symmetry.
When this dccurs, more than one transition will appear in
the fluorescence excitation spectrum. The fact that there
were three lines obse?fed in the spectrum then impiied that
the europium site symmetry can be ber%urbed in several
different ways, but observations in EuV0434 indicate that
there are at least 30 different ways to disturb the site
symmetry in that casé. The small gumber of extra lines
indicates that our crystals were of very high quality. This
initial identification of the 7F0——95D0 transition

indicated that all three lines were extremely mnarrow,
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ranging between 167 MHz and 670 MHz full width at half
maximum, FWHM, y

Typical line widths in'many rare earth compounds are
between 15 GHz ;nd30 GHz wide. In Eudt compounds however
the 7F0¢——95D0 trans;tion is usu;lly narrower than for other
rare earth tfangitions. Previ&psly, the‘nargoyest known
inhomogeneous Qidth for this ffansition, 3.5 GHz, was
measured in the EuPSO10 compoun'd.s2 This narroﬁ inhémo—
geneous profile can be understood.in first order because the
ground state electrohic’level isfﬁdn;magnetié. Thus the {=0
ground state is not gagn;tically éff;cted by its nearest
neighbors or next mnearest nei;hﬁprs as a magngtic ion wounld
be affected. The narrowest of.fygse lines,'167 MHz wide, is
exceptionaliy narrow comﬁared-fo>pransitions iﬁ:bfhér rare
.earth materials.r | |

To investigate‘this furthgr!'several different crystals
were taken to ﬁhg IBM‘REsegrqh_Laboiatpry forfgxpgrihents i#
oollabor#éion wifh Réééf ﬁ@oférléne} Bqﬂ”Sﬁelby, and Gary
Bjorklund. Gary.ijrki;éd has dev;loped a technique ca11e¢
FM spectroscopyss capable of Qegsu;ing very weak absofption.
in psiﬁg thi§ techq;que tﬁqwtgser beam is frequency
modulated.  TH§ 15;§rwféam siée-b;#d_f;éqﬁﬁncies will
normall&:be of tﬂe sém;'intensity; but as thé laser scans
into an absorption profile, one éidebaﬁd becomes weaker than

the other. Heterodyne detection of the beats between the-
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modulated and unmodﬁlated portions of the laser beam, allows
the detection of vetry weak ébsorption lines; "This
experiment did not show any absorption, ﬁhicﬁ means that the
7F0——95D0 transition in Eu(OH)3 absorbs less than one part
in one thousand of the light.in the laser beam. Although
this experiment did not add aﬁything new to the information
on this transition i'n Eu(OH)s, it did reconfirm the fact
that there weré three‘transitions i; the neighborhood,  and
the n;rrowést of the three was 167 MHz FWHM,

Isotope Shift

By measuring the quadratic depeﬁdence of the absorption
strength, as discussed in the next section of this chapter,
it was possible to determine that the narrowest line, 167
MHz FWHM, was the intrinsic Fine associated with an
unperturbed axial site in the Eu(OH)s crystal. This narrow
line is most interesting because it shows strﬁcture which
could be associated with the superposiiion of two different
lines. Since the 7F0 ground state and the SDO excited state
are each singlet states, this apparent splitting can be the
result of several different perturbations, The first of
these to be considered would be perturbed sites or strains
in the crystalline lattice. The observed quadratic
dependence of the oscillator strength on the magnetic field,
as discmssed'ih the following section; makes thi; an
unlikely explanation for the structure however. Anofher

possibility is a nuclear splitting of the electronic ground
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stater On £he basis of the hole burning measurements in the
lastvsection ;f this chapter this can also be eliminated a;
the cause of structure in the inh?mogeneous profile.
Finally, the structure may be associated with an isotopq
shift of the §pectra1 line, There ar; iwo stable europium
isotopes, 15384 and 151Eu, with abundances of 52.18% and
47.82% respectiveb?. Isotope 'shifts in solid state
materials ﬁave never been seen in a clearly‘regolved way
becausg these shifts are smail c;mpared 'with the
inhomogeneous‘linewidth of the optical transitions, Because
" the 7F0——95D0 transition is so narrow inm Eu(OH)S, it may be
the first time in which-there is clear evidence of an
isotope shift. It may also provide the first clear chance
to measure this shift and compare .it with the fheoretical
estimates that exist. —

Figure 8, shows the experimental line shape in
fluérescence excitation for the 7F0-—95D0 transition in
Eu(O0H)3. The FWHﬁ of this line is 167 MHz and the best fit
for the superposition of the two gaussian peaks is shown in
Figure 9., These two gaussian lineseach.have.EWHM $f96 MHz
w;th the low energy peak on the left accounting for 54% of
thé total area and the high energy peak on the right
accounting for 46% of the total area.

Although this is not a perfect match with the

isotope abundances, it does provide some motivation for
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further experiments to measure this shift and compare the

. 55 . 54
results with current measurements and theories.
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Figure 9: Best fit superposition of two gaussian peaks.
Peak on the left, high energy side, 54% of
total area. Peak on the right 46% of total
area. Isotope abundances, "Eu 52.2%,

151Eu 47.8%.
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Quadratic Magnetic Field Dependence

Optical transifions in the immediate vicinity of a
crystal field transition can be interpreted in Atermg of
defect sites adjacent to the optically active rare earth
ion. The defect sites create a local &istértion and thereby
a different <crystal field. This small change in the
crystalline field +then 1leads to a change in the -energyk
levels of the perturbed site.

A distortion of the crystalline field due to a defect
will affect the ;ymmetry ass;ciated with the crysfalline
potential. For some 5ymmetries,56 an odd harmonic term can
exist in the crystal field expansion. If these terﬁs exist,
forced =electric dipole optical- transitions ©between the
crystal field levels are  possible. ' .Experimental
measurements have shéﬁn that the 7F0‘é—-9 5D0 tr#nsition of
the Eu3t ion often appears when it is allbwed.by-the site
symmetry.57 The intensity Qf forced electric dipole
transitions are in manyAcasés-the’samelorder”ofLmagnitude as
allowed magnetic dipole transitioﬁs. This makes it very
difficuit t6 identify the intrinsic crystal field transition

in many crystals.




Enhancement
‘It was realized, with the help of Dr. Cone, that if one
of these transitions was the dintrinsic transition, an

appliéd magnetic field would enhance the magnetic dipole

transition strength ;hrougﬂ the admixture of the nearby 7F1‘

states into tﬁe 7F0 ground state (see Figure 1), This
admixture of J=1 states into the J=0:state would then result
in an oscillator strength for the 7FO—5DO transition which
should vary as the square of the ﬁagnetic field strength,
Experimentally this enhancement was easily identified.
One Eu(OH)3 crystal was mounted in the superconducti;g

magnet dewar with the c—axis of the crystal parallel to the

magnetic field axis. The beam was focused to a diameter of -

60 microns and was placed in the sample along a 1line
perpendicular to the c—axis of the crystal. By monitoring

the fluorescence excitation signal as a function of the

magnetic field, it was obvious that there was a very

dramatic effect when the magnetic field was changed. With
the photomultiplier &oltage.adjusted for a full scale
deflection at zero field, a number 2 neutral density filter
was inserted in front of the Spex monochromator imn of&er to
keep the signal on scaie"with a.magnetic field of 20 kG. At
50 kilogéuss the fluorescence excitafion signal had changed

by almost three orderé of magnitude and a number 3 neutral

density filter was used to avoid saturating the

photomultiplier tube.
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This phenomenal change as a function of magnetic field
implied that the 'Fg-—> Dq absorption could be direct ly
detected. This was easily done by monitoring the laser light
transmitted through the crystal with an EG + G FND-100 PIN
photodiode. The result, shown in Figure 10, demonstrates
the change that occurred. The transition could only be
detected in fluorescence excitation at zero magnetic field.
There was no detectable absorption at zero field. In a field
of 50 kilogauss, however, this 300 micron thick crystal

would absorb almost 45% of the laser light.

500 MHz/div.

Figure 10: ~Fq --- > "Dqg absorption profile of Eu(OH)g
crystal at 1.3 K in a 50 kgauss magnetic field.
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Although this did demonstrate a lafge physical change,
further measurements were made in order to be sure this
change was quadratically dependent on the field strength,.
The absorptién profile was recorded as a function of
magnetic field strength. The raw data was transformed from
transmitted intensity into absorption coefficient, a(w),
using Beer’'s law

I(w)=10e—a(w)L
which implies
a(w)=1n(I;/I(w))/L

where e(w) is the absorptiomn coefficient in inverse
centimeters, IO is the laser intq:lsity; I(w) is the
transmitted laser in£ensity, and L= 0.03 cm, is the crystal
thickness. A plot of the result for 5 kG increments from
10 kG to 50 kG is given in Figure 11. Plotting the~maximum
absorption éoefficient‘as a function of th; magngtic field
th;n gives the result shown in Figure 12. This is é log-
log plot and the line through the data points has a slope of
2.0. This ;hen establishes the quadratic dependence of the
absorption coefficient, or oscillator strength, on.the
magnetic fjeld strength.

As a further check, this was repeated by measuring the
absorption coefficient with the magnetic field perpendicular
to the c¢—axis .of the crystal. This also varies as the

square of the magnetic field as illustrated in Figure 13

with a(w) at each field plotted in Figure 14,
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Two things should be not;d in the last four figures{
From Figure 12 and Figure 13 th? maximum absorptibn
coefficient at 50 kG is 17.0 cm~ ! for B Il ¢ in Figure 12

and 28.6 cm 1

for B L ¢ in Figure 13. From perturbation
theory, one would expect the change to be proportional to
the inverse of the energy difference. Since the 7FO ﬁ=1

energy level at 339 cm 1

is closer to the ground state- than
the_7F0 p=0 state at 440.5 cm—l, it make; sense that the
absorption,éoefficient is larger for the admixfure'with the
p=1 energy leﬁél; The othéf ;hiﬁ; to notice is tﬁai in
Figures 11 and 14, the-absorptiop profile is plotted with
frequency on the horizontal axis. This;frequency shift as a
function of field canﬂbé‘balculfted from ée;ond or&er 

perturbatidn'theory also, and will be discussed in detail in

the Zeeman shift section of this chapter.

Oscillator Strength o -
| Frﬂm the absorption data, fhe oscillator strength or f
number can also be calculated. This cal?ulation is
important because this number h;d been calcui;ted on a
computer by Dr., Cone, and a comparison of the twé numbers
would indicate the accuracy of the igterpretation concerning
this magnetic field dependent‘admikture of the J=1 cryst#l
field states into the J=0 state.

For the computef caléulation,'the magnetic moment

operator in the Russell—Saﬁpders coupling case, was

!

transformed into the intermediate coﬁpfing'represéntatiqn
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using the free ion wave function# of Carnall and
Crosswhite;f8 This gave the intermediate coupling magnetic
moment operator between the 7F1 and 5D0 states. From this
the oscillafor strengfh could be calculated using standard

. 59
techniques

fup = (8nZmc/3he?) k l(-e/2me)<FyIL+281Dy4> [2n

fyp = (4.028x10711) x n I<F i lLv2siDgp> 12

where k is the transition energy in wavenumbers, k=1.6785cm_'1
and n is the index of refraction, n = 1.5. The computgr
result for the transition 7F1——95D0, was’
1<FyglLe2sipgg> 12 = (0.201)2
This results in an oscillator strength of fup = 4.09x10" 8
for the 5DO-—7F1 transition and b& including the admixture-
factor of (0.0032)2, the resulting oscillator strength for
the °Dg—> 'Fy transition at 15 kG is
fyp = 4.1 x 10713
The equrimenfal oscillator strength can also be .
calculated by standard techmiques
fyp = (2meeg/ne?n) (1/0)(1/Ny) [a(w)de
fup = 4.00x109/N0)fa(9)dw |
From fhe'lattice constants.a = 6.32 A aﬁd c = 3.63 A®? the
number density of europium ions ca#‘be caiculated,
Ng = 7.965x1021 ions/om’

and the integration df-fhe absorption coefficient over the
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experimental préfile gives

/a(w)dm = 0.705 cm™ ! GHz .
This implies an experimental osciliator strength of

fyp = 3.54 x 10713,
The computer calculation of the oscillator strength is
depgndent on the small admixture coefficients of states
which result in nonzero matrix elements of the magnetic
~dipole operétor, L + 28. This means the magnitude of the
caléulated oscillator sfrength can easily vary by an order
of magnitude. éonsidering this, the agreement between the
measured and calculated oscillator strengt#s is excellent.
This agreement, with the quadfétic dependence, is another

confirmation of this admixture process in Eu(OH) 3.
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Electronic Zeeman Shift

As mentioned in the previous chapter, perturbation
thepry predicts a correction to the grouna state '‘wave
function and energy. This change appears as a Zeeman shift
in the energf which is proportional to the square of the
magnetic field strength. Because the inhomogenéous line
width is so mnarrow, the following calculation démonsfrates
that Eu(OH),4 presents an ideal opportunity té measure the
calculated -intermediate coupling matrix element. o

From any quantum mechanics 1':_ext62 the second order
correction to the energy is given bi

AE = <FoolH IFg0> + 1<FoolE; IR > 12/ (Egg—E ()
where FOO and Ejg are the ground state wave function, J=0
and p=0, and enérgy, E00=0, respectively, and where the
wave function of the J,p crystal field level is denoted by
FJH’ and the energy by EIu' The perturbation Hl has mno
diagonal matrix élements, so <F00|H1|F00> equals zerb and
the energy shift, or Zeeman shift is thei
AE = I<F00|31IF10>|2/(EoofEio)
where Hq 1is the Zeeman term in the.Hamilgonian which-can be
written |
_.\—\.—\
H; = (e/2mc)B*(L+28) = ppB(L,+25,)

and pg = eh/2m¢ is the Bohr magneton. B is the applied
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magnetic field, B = B and (Lz+ZSz) is the magnetic moment

z’
operator. In LS or Russell-Saunders coupling the

. ' . ) 59
matrix element is <F00|Lz+gssle10> =2.00232.

1 above the ground

The 7F1 u=0 energy level is 440.5 cm~
state 7F0, and the Bohr magneton is pp = (1/21.42)cm™ ! per

kilogauss, so the change in energy is

AE = —(2pBB)2/440.5$m‘1
=—(2/21.42)2(cm‘1)2/(#G)2(1/44o.5cm‘1)32
=—(1.979x10 %cm™ 1/ (x6) %) B?

AE = -(0.59374 MHz/ (k6)2) B2

This implies a total Zeeman shift of only 1484 MHz for a
field of 50 kilogauss. Thi§ is an'éxtremely small change in
energy, and if it were not for the fact that the limewidth
for-this transition in Eﬁ(OH)3 is 56 small, 167 MHz, it
would be impossible to measure, Tﬁis lucky cﬁincidence,
narrow ‘linewidth, means_that one has an ideal §pportunity to
check the interpretation and understanding of this adﬁixture
process.

Measuréments of this Zeeman shift, which will be

described-in'detail presently, gave a total energy shift of

1265 MHz + 30 MHz. To COmpare‘the'chlculations with this

number, the elements for the LS coupling case were
transformed into thé intermediate coupling representation
and this calculation resulted in a new value of the matrix

element,

CFool(L,+25 )1F > = 1.965.
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One must also realize that an external magnetic field also

causes an admixture of J=1 states into the J=0 excited

state, SDO. A similar calculation for the excited states
gives a matrix element,

Dgol(L,+28,)ID o> = 1.280,

-for the excited state admixture. So the energy shift for f

the excited state is in the same direction but much smaller

because the 5D1'p=0 excited state is 1771 cmfl higher in

energy than the SDO excited state.
_ 2.2 -1 -1
AE=(1.280/21.42)“B“(30,000MHz/cm ~)/(-1771cm )
AE = -151 MHz at 50kG

Since each of the energy levels‘isldepressed as the magnetic

field strength increases, the measured Zeeman shift will be -

the difference given b&

AE = (1433-151) MHz = 1282 MHz

which compares very -well with the measured Zeeman shift of

1265 MHz +30 MHz.
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Magnetic Eield Parallel to ¢c—axis

To measure an energ& shift this small, two things are
required; one that has already been mentioned, is the very
narrow inhomogeneous width of the 7F06——95D0 transition in
Eu(OH)3. The other is an absolute frequency calibration for
the laser. This is necessary bécause the 599-21 CW-dye
laser is only stable to within +100 MHz[]zour' aﬁd a
measurement of the Zeemaﬁ shift can only be completed in a
one to two hour time period. The time is necessary to change
the magnetic field in 5 kilogauss incremenfsy 'becaus?
recording the frequency shift at each field takes about one
minute. To avoid frequency drift between scans, the Zeeman
shift measurements were made by simultaneously recording the
" fluorescence excitation signal from tﬂe Eu(OH); sample, and
the fluorescence excitation signal from a 10 cm glass
cylinder filled with iodine vapor at a pressure of
approximately 100 millitorr. The schematic diagram of this
experiment was shown in Figure'6, where two different inputs
of the multi—channel analyzer recorded the spectrum from the
sample and iodiné cell simultaneously. An example of this
is shown in Figure 15, where the Eu(OH)3 absorption spectrum
at 50 kG is- shown in-Figure 15(a) dand the absorption
spectrum of Izhvapor is shown in Figure i5(b). -This gives
both a felative and an absoluge calibration of‘the frequency

.as a function of field. The result shown in Figure 16 is
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the Zeeman shiftof‘the 7YFO tosDovabsorption‘atS kilogauss
increments between 50 kilogauss and 10 kilogeqss. This 1is
plotted on a log—-log graph, again showing the quadratic
dependence on the magnetic field strength. More accurate
measurements cam be made by moﬂiforing the fluorescence
excitatiqn sigﬁaL because in that case tyere is adequate
‘sensitivity to record the signel riéht down to zefo‘magnetie
‘field. The measureﬁent.for the fluoresceece excifation is
’shoﬁn in Figure 17, ffqm which the Zeeman shift of 1265 MHz
‘1‘36 ﬁHz was quoted, for the magnetic field parallel to the

c—axis of the crystal.




Absorption

500 MHz/dlv.

Simultaneous absorption spectra of Eu(OH)g and
12 vapor.
(a) Absorption spectrum of transition

in Eu(OH) in a magnetic field of 50 «aG.
(b) Absorption spectrum of 12 vapor
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Electronic Zeeman shift of fluorescence
excitation signal corresponding to g " Dq
transition. Bile, total shift 1265 MHz.
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Magnetic Field Perpendicunlar to ¢-azxis

A check of the. intermediate céupling matrix elements
can be obtained by calculating and Qeésuring"the Zeeman
shift with the magnetic field perpendicular to the c—axis of
the crystal, In this case, everything is the same, except

the admixture is with the 'F; p= 1 state which is 339 cm 1

away_from‘£he ?FO gréund state. Siﬁ;e it is-1Q1.5 cm;¥
closer to the ground ' state than the 7F1 Q=0 state it wifl
give a larger Zeeman shift. The le p= 1 state is also
closer to the--sbolgtaﬁe than the SDl'p=0 ;taie but only
19 cm—I closer, so the totallmbasure& Zeemﬁn shift is
larger. In each case the calculated;integmediate coupling

matrix elements,

1.965,

it

(FgolL,+28,Fy4>

(DygolL,+28, 1D, ;> = 1.280,
are the same, and the Zeeman shift at‘Sd kilogauss is
AE = (1.965)2(50)2/(21.42)2(339)
AE = 1863 MHz
for the 7F0 ground state.
The chgnge in energy for the 5D0 éxcited state 1is
AE=(1.2803)2(50) 2/ (21.42)2(1752)
AE = 153\MH2¥
Thus, the total Zéeeman shift is

‘AE = (1863 - 153) MHz = 1710 MHz.

Again this is a confirmation of the calculated intermediate

coupling matrix elements and the interpretation as a whole,
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because the measured value is'1734 MHz + 30 MHz, This value
was determined from Figure 18, which is the measured .Zeeman
shift taken from fluorescence excitation data, Also‘shown

in Figure 19 is the Zeeman shift of the absorption line,

which is not as accurate because the change in energy can

only be monitored between 10 kG and 50 kG,
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Measurement of Optical Dephasing Time
The phase switch measurements of "the transient
relaxation time were -first done on iodine - vapor to
characterize the response time of the system and check the

) 417
results against measurements already made by Genack et al.

and measurements made by the use of 6ther techniques.sa. The
response time or rise time was measured by using an EG+G
FND-100 photodiode with less than 1 nanosecond rise time to
monitor the homodyne signal from the sample. The pulse to
the LiTaO3 electro—optic phgse modulator was generated by ;
Tektronix model 109 reed relay pulser with 150 picosecond
rise time. This pulse was 32 nanosec&nds long, ~determined
by the length of charging cable,and the amplitude of the
pulse was 70 volts, The signal from the photodiode was
monitored directly with a Princeton Applied Research Model
162 Boxcar Averager with a Model 163 Processor Module using
a Tektronix fype S-2 Sampling Head with 50 @ input
resistance. This boxcar averaéer has a rise time limited to
100 picoseconds by‘internal timing uncertainties.

An example of this type of measurement in iodine vapor
is shown in Figure 20. This figure also shows a schematic
representation of the electro-optic modulator pulse for the

sake of reference. The experimental result, shown in Figure

20, <consists of two parts, the initial change in signal,
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marked by T*, is the linear response of the'samfle which is

related to the imverse of the inhomogeneous linewidth of the
transition. The rise time of "the =electro—optic phase
modulator is approximately 300 picoseconds, and the measured

rise time of this linear portion is 500 pidoseconds, which

is probably the intrinsic response of the FND-100 photo-

diode. ‘ The s?cond part, 'mark;d b& TI,TZ, is the nonlinesar
response of the sample which depends on Tl and'Tz. Iﬁ the
limit X2T1T2<(1, this'rESpopie is just a fun;tion of . Ty,
and .the: inverse slope.plott;d.on a semi—log plot is just
Ty/2- A measurement of thislslope gives a relaxation time
of 15 nanoseconds, ©but more’importanfly it establishes fhat
the time response of the system is 500 picoée?onds, ‘and it
is able to measure ;ransient relax;tipn times _accurately

from the subnanosecond into the microsecond range.

U I N S
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Figure

20:

(2)
(b)
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Elecco-opcic
modullacor
pulse

Transient signal following a phase shift
of n radians in iodine vapor.

Schematic representation of 70 volt

electro-optic modulator pulse, 32 nsec
long.
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Dephasing Time in Eu(OH),

The first measureﬁents in Eu(OH)3; were done in the same
manner, with the experimental arrangement‘éhown in Figure 7.
The Tektronix Model 109 pulser operates on a free run basis
with a repetition rate of 700 Hz. Because of this frée run
operation, it was not possible .to gate the yight with the
acousto—~optic modulator. This resulted in long continu&us
exposure times.’ When the saﬁple is exposed to resonant
radiafion for ‘a time longer than the diagonal relaxation
time, Tl' the laser frequency jittgr may prepare states with
a bandwidth wider than the homogeneous linewidth. The
preparation of more than one homogéneous packet then results
in a measured relaxation time which is not related to the
dephasing time T2° Exposure times much greater than Tl can
burn 1long lived population holes in the inhomogeneous
.profile. The decay of a long lived population hole will
also result in a measurement of the wrong T2.

This situation was corrected by building a pulser which
could ©be triggered externally, and programing the éomﬁuter
to scan the laser over the inhomogeneous profile Dbetween
each phase switch. It was then possible to eliminate, or
erase, a population hole in the profile, but it allowed\a
"saturation hole to .be burnt because the computer could
generate an A/0 modulator light pulse which was continuously
variable between 200_nséc and 200 msec. By changing_ the

time delay ©between the beginning of the A/O pulse and the
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phase switch pulse, and monitoring the signal strength it
was easy to determine that there was no advantage to
delaying the phase switch more than 10 psec into the A/O
pulse. The time response of the Eu(OH)3 sample was in the
500 nsec to ﬁicrbsecoqd range and shots were averaged using
a Tektronix 7912AD transient digitiier which could ;verage
up to 64 shots intérnally.' A typical average of 16 shdts
for Eu(OH)3 is shown in Figure 21. In Figu?e 22, the
nonlinear response is plotted on a semi—log scale with an
inverse slope of 974 nsec. This implies an off diagonal
relaxatioﬁ time of T, = 1.95 usec. A homogeneous lineyidth
of 163 kHz, corresponding to a 1.95 microsecond dephasing
time, is of the same order of magnitude as similar
measurements in other Eu3+
variation of the signal was such that averages'at the same
position in the inhomogeneéus prpfile gave results that
varied unsystematically by as much as 200 nsec.

Inconsistent measurements at the same location within
the inhomogeneous’profile are an indication of an
instrumental 1limit, To confirm the fact that the
measurement had reached its upper iﬁstrumental limit at 2
psec, the same experiment was repeated in 0.05% Pr3+:LaF3.
This material, where éhe dephasing {ime, Tz. is 5.6 pusec,
has been the subject of much study in recent years.64. The

result of that experiment was the same as that for the

Eu(OH); experiment, implying that the laser frequency jitter

compounds. But the shot to shot
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82
was contributing to the measured decay time. One éanlunder—'
stand this in a very simple way by considering the genera—
tion of the phase switch sigﬁal by the homodyne mixing of
the sample polarization with thellaéer beam af a new phase. ’
If a single homogehebﬁs packet is exﬁited in the burn phase,
after the phase switch,.it will decay at a rate 2/Té. But
if th? hoﬁogeneous wié?h is less than the laser Iinewidth
more .than oné.§ingle h;moéénéods paékeétwill be excited and
-the decay time will be dete;mined by'the interfg;ence of
more than one isochromat decaying §imu1tane6usly.

The variation of the pha;e switch signal oﬁ a shot to
shot basis was such that one could observe the shorter decay
time, gpnerafed ﬂy the laser jitter, on every third or
fourth shot. Thfs, togathqr with results in othe; Eu3+
systems, indicates that the real transient ;elaxdtion tiﬁe'
for Eu(OH)3 is probably in the range between 2 microseconds
and 5 microseconds, but in order to’measure_it,using an
optical phase switching techniaue, the 599—Zi dye laser
would have to bé stabilized more than the present 1 MHz
linewidth, down to the 10 kHz range. This could be done
with the correct eqﬁipmenf, bﬁt it is not poSsible'in this
laboratory on any reasonable time scale.

Sevéral mechanisms must be considéred to account for
the homogeneous width in Eu(OH)s. The ultimaté limit to the

optical linewidth, set by the optical excited state

lifetime, is 573 Hz, corresponding to a lifetime of 278
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psec. This 1is insignifica#t compared to a homogeneous
linewidth of 60 kHz or more. Hyperfiﬁe dephasing is also
expected to be small because both the ground and excited
states are J = 0 states. There was experimental evidence to
support this, as the measured relaxation time apparently did
not change as the external magnetic field was varied between
10 k6 and 50 kG. The_1§ng lived holes burned into the
inhomogeneous profile, to be discussed in the next.section,
also support the conclusion that hyperfine induced dephasing
does not contribute to the hoﬁogenéous linewidth; Phonon
assisted energy transfer couid account for some of the .
residual linewidth but it is unlikely to be more than 1 kHz
at a temperature of 1.3 K. Temperature dependent studies of
the dephasing time would determine this contribution. The
most likely explanation of the remaining residual linewidth
is a result of the weak coupling of Ehe Europium nucleus to
hydroggn spin flip—£flops. The.fluctgation of the local field
caused by the nearby hydrogen ions can have an effect on the
optical linewidth as demonstrated by nﬁclear spin decoupling

°*  An actively stabilized laser,

measurements in Pr3+:LaF3,
of 10 kHz bandwidth, would allow one to do both of these-
.experiments in Eu(OH)3 and determine sp;cifically the-
contributions to the homogeneous linewidth.

It should be noted that optical phase switching is an

accurate and simple technique for the measurement of optical
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transient relaxation times. The simplicity and the ability
to measure very fast transient signals make optical phase
switching a very attractive method to be used for the
measurement of dephasing times in solids as well as liquid

and gas phase materials.

It has been shown that the homogeneous FWHM for the
7F0 = 5DO tr;nsition in Eu(OH)3 is less than 163 kHz.
This correspo#ds to a dep£asing time, T2, greater than 2
microseconds, An estimate of the dephasing time on the

basis of the shot to shot variation of the phase switch

signal implies a homogeneous.linewidth between 150 kHz and

60 kHz,
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Bole Burning in Eu (OH) 5

The experimental schematic for hole burning in Eu(OH)3
is shownﬂin Figure 6 with th? computer‘driven burn and read
cycle for the CW-dye laser and A/0O modulator shown at the
bottom of Figure 6. Variable burm times- ar; available,
between 500 pgec and 30_seconds.in 500 psec increments, and
the read time 6ouid be varied between 64 msec and 1 second,
eack controlled independently through‘the computer. A fiber-—
optic bundle was used to transmit the fluorescencé emission
from the Eu(OH)3 crystal to a photomultiplier located some
135 meters from the magnet and cryostat. The flupréscence
emission to the 7F4 and 7F2 low lying excited states from
the SDO optically excited state was separated from the
exciting laser radiation by using a Corning 2.61 filter.
The signal from the photomultiplier tube was fed directly
into a Nofthern Scientific 575 signal averager which was
triggered by the computer, just as it began to generate the
laser 'read’ frequency sweep.

It was possible to burm holes in Eu(OH)s with exposure
times as small as 20 milliseconds, but’by‘recordiné both the
.read and the burn cycie. as shown in Figure 23; it was
determined that the deepest hole would burnm on a time scale
of about 100 milliseconds with‘no improvement of signal to

noise for longer burn times, For this reason the burm time
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was always between 100 and 300 milliseconds. Fast scan times

are necessary because broadening of the hole by time

dependent interactions results in a loss of detection
sensitivity. The scan time was 456 milliseconds for a 400
MHz scan. In this way the tuning rate was fast enough, ~1

MHz/msec, that the read cycle made only a small perturbation

of the level populations.

50 msec/div

READ <BURN

Figure 23: Read and Burn cycle for hole burning near
the center of the inhomogeneous profile.
Fluorescence intensity increases toward the

bottom of the figure.
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Quadrupole Splitiing;

Much can be learned frqm hofe—burning but the most
effective use of this technique is the determination of
splittings hidden within the inhom;geneously 5roadened line.
These hyperfine éplittiggs, which are usually much less than
the inﬂompgeneous broadening, can‘be defermined by measuring
'the energy separations sf the side Loles ﬁnd the Qﬁtiholés.
‘An example of the spectral output with an average Qf 16 buzrn
and read cyﬁles is shown in Figure 24, Aﬁpendix I describes
the compufer control éf read-burn cycief This can be
compared with Figure 25, thch is a simple averagé of 16
scans in which the fas@r-was controlled by the computer
program in Appendix IXXI. The fluofes?ence excitation‘signal‘
in Figure‘ZS was obtained after.the burn-read signal shown
in Figure 24£ By repetitively scanning the laser back and
forfh across the inhomogeneous line for 5 or 10 minutes the
hgle which had previously been burant into thé line was
erased. Figure 25 was then recorded by averagiﬁg-16
'successivé scans, each 400 Mﬁz wide.

We introduce a new technique which gives the necessary
experimental resolution to see the side holes and antiholes
corresponding td the eneréy splittings of the quadrupole
leQels. Comparing Figures 24 ;nd 25, it is easy to see the
hole burni into the inhomogeneous line, 5ut the side holes
are very weik, or absent, and only one antihole shows up

with enough resolutioﬁ to be distinguishable.
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500 MHz/div.

Figure 24: Average of 16 read scans of 400 MHz.
Burn time 100 msec.

500 MHz/div.

Figure 25: Average of 16 read scans of 400 MHz.

No Burn time. Fluorescence excitation signal
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By taking the ratio, or dividing the data in Figure 25
into that in Figure 24, one obtaimns the experiﬁental
resolving power mnecessary to measure ‘the frequqncies
corresﬁonding to the energyisplittings of the quadrupole
levels. An example of the improved resolution using this
new technique is shown in Figure 26. By using this new
procedure, of taking two data files and dividing to resolve
the side holes, one can map out the hole frequencies,
quadrupole‘energy splittings, as ; function of magnetic
field. | |

In zero magnetic field, the effective spin Hgmiltonian,

B = PII,2 - 1(1+1)/3 +a(1,.% - 1.%)/31,
describes the splitting of the quadrupole levels for each
isotope. Measurements at zero field allow the determination
of the quadrupole coupling farameters, P, for each isotope.
In Eu(OH)s, however, the transitions are too weak for hole
burning in zero field. Furthermore, in the axial limit the
spin Hamiltonian is
B = PlI,2 - I(I + 1)/3]

and the zero field nuclear eigenstates are |im1> where +my=
+1/2, +3/2, +5/2. Optical transitions between these levels
shoulad sati§fy the selection rule Amy=0, which implies.that
redistribution of populafion among-the quadrupole levels
would not be expected, and hole burmning would not occur.
Thus hole burning, if - it is observed, is presumably the

result of a small admixture of the nuclear eigenstates,
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lmI>. Cne can attribute'thg observed hole>bu;ning to two
possible effects;: one, a departure from true axial symmetry
so that o # 0, or secondly, the application of a magnetic
field where the field axis is not parallel to the crystallo-
graphic c—a;is.

An anal}sis of the  hole bﬁfning characteristics in
Eu(OH)3 proves that it is the latter Ffject, and n?t‘thé

former, which is responsible for the admixture of'the

nuclear eigenstates. -This is done by intentionally aligning

the crystal.so -the c—axis was not parallel to the applied
field diréction. This last progedﬁre‘woulé enhance the hofe
burning procegs and lead to deeper holes, which was exactly
what was observed. Also, it was not possible to burn hole;

in zero magnetic field.
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in Figure 24 divided by data shown in
Hole intensity increases toward the

figure. Antihole intensity increases
bottom of the figure.
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Magnetic Field Effects

The spin Hamiltonian in an axial limit, wherg n =0, is
B = P[I 2 - I(I + 1)/31.

~To obtain the parametérs of primary intergst. the quadrupole

coupling parameiers, P, one woﬁld'like to burn holes in zero

ﬁagﬁetic field where the holes.would show a splitting of 2P,

4P, and 6P for each isptbpe. Since it is bnly-pbssible to

burn holes in Eu(OH)s when there is a magnet1c field, the

nuclear Zeeman effect must also be included in the effect1ve

"spin Hamiltoﬂian.. Writing the Hamiltonian as,
. \ . . A
H=P[I,“-I(I+1)/3] - (yun/I)I"B,

it is easy to discern that the effect of the nuclear Zeeman

interaction is to'split each energy level into a pair of

levels. Thié.complicates the spectrum significantly because

14 side h&les, 7 for each isqtdpe, c;n appear bn eack side
of the laser burn frequency. A furthei_complication is the
fact that the holes move as a function of the magnetic field
strength,.crossing through‘each other before the Zeeman
term, YHNﬁz/I, gets as large as the quédrupole coupling
parameter,’ P. l

The nuclear momént,'YpN, that should be usea in fitting
the experimental data depends on the‘pa¥ticular crystal

field level involved. The reduced nuclear moment plays an

important role in the ground state, 7F0. but it is not

expected to affect the 5D0 nuclear moment.because the 5D1

energy level is much further away ( ~1753 qm_l). One can.
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assume the bare nuclear magnetic moments as given by Fuller

and Cohen,‘s

yun=((1.53)/(5/2)) (0.762MHz/kG) = 0.466 MHz/kG

for 153Eu, and
yun=(3.46/(5/2))(0.762MHz/%kG) = 1.055 MBz/kG
for 151Eu;

The validity of this assumption can then be checked by
comparing tﬁe eiperimental data ana the fitted'constants in
two different cases.

In one case, with the magnetic field perpendicular to
the crystalline c~axis, it is also possible to burn holes.
Because the effective splitting does not vary as rapidly as
a function of the field strength, at Lea;t for the isotope
153Eu, it is easier to make measurements with the magnetic
field perpendicular to the crystalline c-—axis. .The
gquadrupole splittings also show the same zero field limit
given by 2P, 4P, and 6P. In this case the bare nuclear
moments are used in fitting the gquadrupole coupling
constants.

In the other case, with the magnetic field -axis
parallel to the crystallime c—axis, omne can check the

quadrupole coupling constants and the nuclear moments used

to fit the first case.
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Magnetic Field Perpendicular to c—axis

To measure ;he value of the quadrupole coupling
coefficients, P, one can measure the hole locations as a
function of field for the crystallographic c—axi; perpen-—
dicular to the applied'field direction. This also leads to
a nuclear Zeeman splitting; the Hamiltonian describing this
splitting 4is given by the matrix'below. This matrix
equation can~be golved in the clearest manner by first
dividing by the quadrupole coupling constant P, and then

diagonalizing for each value of the parameter YB/P.

5/2 3/2 '1/2 -1/2 -3/2 -5/2

| (10/3)P v5/4yB 0 0 0 0 |
: ¥5/4yB  -(2/3)P V2yB 0 -0 0 ‘
} 0 Y2yB  -(8/3)P 3/2yB - 0 0 }
" } 0 0 3/2yB  ~(8/3)P V2yB 0 %
i 0 0 0 V2¥B -(2/3)P- y574yB E
! |

0 0 0 0 ¥5/4yB  (10/3)P

The resulting'eigepvalues can then be piotted as a
function of th; dimensionless_parameter YB/P as showq in
Figure 27. Just as in the case with the magnetic field
parallel to the crystalline c—axis, Figure 27.shows that the
quadrupole splitting phrameter P can be determined by
monitoring the relative frequencies of the holes as a

function of the magnetic field.
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Figure 28 shows the experimental results of

measurements made with the magngtic field axis perpendicular
to the qrystéllographic c—axis., The vertical b;rs, which
are 2 MHz wide, mark the location of side holes for
different fields between 2 kG and 10 kG. The solid lines
through thq hole positions are the emergy splittings
described by the eigenvalﬁes of the diagonalized Hamiltonian
~shown in Figure 27, This fit is obtained with a value of
IP| = 11.6 MHz and the.bare nuclear‘momqnt ofy0.466 MHz/ kG
for the isotope 153Eu.

The 151.Eu isotope h;s a gquadrupole moment Q@ = 0.95
barns which is smaller than the quadrupole moment for 153Eu,
Q = 2.45 baranus. The magnetic moment for 151gy is 3.464
nuclear ﬁagnetﬁns, gy, and for 153y it is 1.53 nuclear
magnetons. In a magnetic field, the energy ievels of the
isotope 151gy change more rapi@ly as the magnetic field
increases, and fﬁe nuclear eigenstates admix faster:. The
same geometry was used for the measurement of P for the 1351
isotope, but b;cause the holes ;re so close to the central
hole ahd the admixture takes place éo rapidly, it is more
difficult to get an accurate reading of hole position all
the way from 2 kG up to lb kG, The data d&es convincingly
providg the quadrupole coupling constant Ilpl. = 4.5 MHz,

however. The solid tines in Figure.29 are calculated with

the value }P] = 4.5 MHz and a bare moment of 1.055 MHz/kG

for the 151 isotope of europium.




MHZz

kG

Figure 28: Nuclear Zeeman quadrupote splittings in a magnetic
field perpendicular to the crystalline c-axis,
Blc Isotope |153Eu; Ipl = 11.6 MHz
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Figure 29:

C axis. Isotope I51Eu; |p| = 4.5 MHz.
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Magnetic Field Parallel to c—axis

Sho%n;ig,Figure 3b are fhe mehsﬁred frequencies of the
side holes relative to the burn frequency of the laser with
the magnetic field paraliel to the*crystafliné c-axis. This
data corresponds to méasurehenté made -ét féur different
magnetic fiélhs from -5kG to 20kG, Since holes dd th burﬁ
‘in zero magnetic fiéld, there is no datg o; fhe leff axis,
With the two values, |[P] = 11,6 MHz for isotope 153 and |P]
= 4.5 MHz for isoﬁopq 151, all the holes shown in Figure 30
can now be attached to a farticular hyperfine level and
isotope. Each quadrupole levei splits as a function of field

and the splitting is shown by the solid limnes in Figure 31;
153Eu

with [Pl = 11,6 MHz and ypy =0.466 ﬁHz/kG'for

Figu?e 32 shows'the measure& hole pgs}tion as a
function‘of field for the magnetic field parallel to the ¢
axis of the_grystaL. This”plbt_is for the 151Eu'i§otope
with quadrﬁpole coupling coefficient, lpl = 4;5 MHz, and a
bare nuclear moment of 1.055 MHz/kG.

The results in this cﬁapter represent the measured
gquadrupole splittings in fhe 5D0 excited stéte of Eu(0H)3,
They correspond to a mgasuremen£ on iomns in complete‘axial
symmetry. The splittings are entirely comnsistent withk
measurements made by Macfarlane ?t 91; in'EuP501430 and

YA103:Eu3+31 but the P values are more than a factor of four

smaller,
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Figure 32: Nuclear Zeeman quadrupole splitting of *~*Eu in
a magnetic field parallel to the crystalline c-axis,
Bi lc. Pl = 4.5 MHz. YHn= 1.055 MIIz/kG.
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A way to check the validity of the measurement is by
comparing the ratio of the quadrupole coupling parameters
with the known ratio of the quadrupole moments

01537151 = 5 5812 + 0.0010.
This can be compared to the measurements in this work,
153p/151p = 11.6/4.5 = 2.58 + 0.5,

again confirming the accuracy of the measurements.

Although antiholes do éxisg, and it should be ﬁossible
to measure the ground state, 7FO; hyperfine splittings, the
ground state splittings seem to be so smaltl, 1es§ than 4 MHEz
as shown in Chapter 3, that no attempt was made to measure
them with this experimental technique. It is most likely
th;t these measurements could best be carried out using an
optical rf double—resonance _technique22 available in other

laboratories.
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Hole Lifetimes and Linewidths

A complete study of hole lifetimes and hole widths
versus time was not attempted. Hole widths as.small as 1-2
MHz were measured, but from the phase switching data, it'was
already known that the homogeneous Qidth was less than the
laser linewidth. It-was observed that the spectral hole
bu;nt into the inhomogeneous profile“got-wider as a function
of the time‘delay betﬁqen tﬁefﬂurn anq read cycle but this
was not pursued further because the change_in the hoie width
wés not dramatic eno;ghﬂto make an accurate measurement, and
an explanation of the dynamics doés not exist at this

66 : . L
time. It was also observed that the hole 1lifetime was

greater than 1/2 hour depending on the burn time and the

position within the inhomogeneous profile, Holes on the

high energy.side of the transition would burn much easier
and deeper than holes on the low energy side. By delaying
the read cycle, it was hetermiﬁed that these deep'holes
would last at least 30 minuteé and possibly much longer.
Thege long lived holes imply that hyperfine dephasing is not
important, at least on a time scale on’the order of minutes,
in the explanation of the transient relaxation time in the

previous chapter.
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Chapter 7

CONCLUSIONS

We have studied the intrinsic 7F0 > SDO transition
of the Eu3% ion in axial sites of C3y symmetry in Eu(OH)S; A
variety of 1limear and nonlinear techniques were wused to
measure and characterize the interaction of this ion with
the crystaliine environment in Eu(OH)gj. This sgudy has
identified several novel effects in Eu(OH)gj. These mnovel
effects will also occur in other materials that contain this
trivalent rare earth ion. To our knowledge, this is the
first time that optical hole burning has been 1used to
measure the gquadrupole splitting of an ion in an axially
symmetric crystal field potential.

Narrbw‘Linewidth

An excep£iona11y narrow inhomogeneous linewidth of 167
MHz FVWHM has been measured for the first time for the 7F0
_ 5D0 transition in Eu(OH)g. Compared with all other
stoichiomet;ic solids,l this is the_narrowest inhomogeneous
- width ever measured for an optical transition.

Isotope Shift

Line shape fitting of the 7FOG——95D0 transition
provided an indication of an isotope shift. The apparent

measured isotope shift of ~85 MHz is about 1.5210°3 ecm™ 1
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per unit mass. This shift is approximately the order of
magnitude that is expected for rare earth materials,ss but
it 1is apparently the first case in which it may be clearly -
resolvable in the solid state. Further measurements
including ODNMR, Optically Detected Nuclear Magnetic

Resonance, and the acguisition of isotopically pure samples

are planned to clarify this further.

Electronic Zeeman Shift

Measurements of ‘the electronic Zeeman shifts of the
fluorescence excitation' line and the absorption lime are
completely explained in terms 6f §econd order perturbation
theory. The measured shift of 1265 MHz + 30 MHz agrees
exactly with the second order perturbation theqry calculé—
tion of 1282 MHz. With the magnetic field peipéndicular to
the c¢-—axis, the Zeeman shift of 1734 MHz + 30 MHz also
agrees with the predicted change of 1710 MHzf. This also
provides a check of the calculated electronic Zeeman m;trix
'elements,

1.965,

(FoolL+28IF o>

(Dgg lL+281Dq 4> = 1.280,
for each of the exaited J=1 states with éhe J=0 states.-This
is the Highest resolutioﬁ qlectronic Zeeman effect measured
in any rare earth solid.

The same matrix elements lead to an understanding of

the admixture which results in the dramatically increased

oscillator strength;' The three order of magnitude quadratic
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variation of transition probability with magnetic field
strength <can be very useful in future work with rare earth
materials and lasers.
Qu;dratic Enhancement

The quadratic "enhancement of the intrinsic tfansi—
tion, whicﬂ we pioneered, has alfeady been used fy others in
‘two materials, EuV0434 and EuAsO4,67:as a sensitive detector
to distinguish (unperturbed) intrinsic site; from.defect‘and
dislocation sites commonly foﬁnd in spectroscopic samples.
This effect is applicable iﬁ both triVaient Europium and
isoelectronic divalent Samarium coﬁﬁounds presentlynand has.
played a major role in ;he gated hole burning expe;iments of
Macfarlane and Shelby. The quadratic enhancement may also be
useful in a-practical way for optical switching and energy
transfer,

Dephasing Time

While it was not.possible to make an exact measurement
. of the off diagonal depha#ing time, Té,' it was detefmined
that it is in the range between 2 and 5 pusec. This is
surgrisingly ‘long in that stoichiometric materiéls usually
have very fast dephasing times because of the interactions
befween ioﬁs which lead to energy transfer and . a 1loss of
phase memory. The residual width, not accounted fof by the
population relaxation rate,'1/2nT1 = 573 Hz, is probably due

3+

to the reduced nuclear moment of the ground state Eu ion

and the fluctuation of local fields which modulates the
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local environment and causes dephasing.

Quadrupole Splittings

Excited sta;e nuclear gquadrupole measugements are
reported for europium ions in an axial field. Using optical
hole burning as a seﬁsitive detection technique for
overcoming 'inhﬁmogenéous broadening, we have measured the
quadrupole splittings of each of the stable isotopes of

trivalent europium.

151g, lp] = 4.5 MHz + 0.5 MHz
n = 0.0

1535, [Pl = 11.6 MEHz + 0.5 MHz
n =20.0

These - meésurements agree with the predicted ’second order
contribution to the quadrupole coﬁpling parameter. This is a
distorfion caused by tﬁe crystalline electric field and
proportional to the nuclear "electric quadrupole moment.
'Qonsidering Erickson's nuclear electric guadrupole ratio of
153Q/151Q =2.58

the measured fatio of quadrupole coupling parameters in this
study,

153p,151p = 2.58 + 0.5,
is in exact agreement. This implies that in the SDO excited
.state only, the distortion of the electronip charge cloud
caused by admixtures of J = 2 étates into the J = 0 state

dominates the nuclear gquadrupole interaction parameter P.




109

Chapter 8

FOUR-WAVE MIXING AND HYPERFINE SPLITTINGS

IN LiTbF, AND Tb (OH),

4

INTRODUCTION

Four—wave mixing has be;n of <considerable interest
recently becguse of its general usefulmess as an experi—
mental techniqﬁe and the possible practical applications.
Four—wave mixing has been used in measurements of Doppler—
free two—photon spectra,sé_ and in solids four—wave mixing
transient—-grating _spectroscopy‘9 has been‘ useful in
characterizing exciton—iransport properties. Interest 1is
also evident in proposals c&ncerning the use of four-wave
mixing as a means of generating a phase conjugaté image
wave.’° to overcome phase distortion in an iﬁhomogeneous
medium.. Four-wave mixing has alsoldemonstraied a potential

' 71
usefulness as a narrow—-band optical filter. Doubly

Resonant Four—Wave Mixing in particular has shown some

imporiant new properties in the study 6f Tb3+ compounds in
our laboratory. An explanation of these new results and
their potential dimportance willﬂ be discussed in ~ what
follows.

Studies of hyperfine splittings in LinF4 and Tb(OH)3

were undertaken fortuitously im trying to understand results
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obtained by D. A. Ender,"z R. L. Cone, and M. .S. Otteson,73

from Doubly Resonant Four—~Wave Mixing experiments in these
materials. The originél emphasis in this work was to
understand the 1line .narrowing observed in the four-wave
mixing signal, This line narrowing has several possible
explanations,7{ and all but one of these can be eliminated
‘by the obsefved phase matching angle dependence of the four-
wave mixing signal shown in Figure 33.

This neﬁ, "additional explanation is developed by
including the diépersion due to the index of refraction and
its effect on the phase matching conditions. The anomalous
igdex dispersion has been ignored in other treatments
5ecause there is mnegligible contribution in Nonresonant
Four—VWave Mixing. But in the following, a Doubly Resonant
Four-Wave Mixing process is considered, and the anomalous
index dispersion must be considered in all four—wave mixing
experiments where single or double resonances occur.

Schematically, a four wave mixing experiment is shown
in Figure 34(a)._ The three input beams, at frequencies wq,
CPY and W3, generate a coherent fourth beam at frequency Wy
where

w4 = 04 f Wy — W3,
The ©beam at frequency wy is, unlike degenerate four-wave
mixing, both spatially and spectrally distinct from the

other three. The sample.polarization P(m4) is related to




INHOMOGENEOUS Fwhm

Figure 33: Four-wave mixing signal in LiThF~. Signal
shown is at frequency w*r = 2w” - wn for
different crossing angles, 9. Uig=17422 cm *.
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SAMPLE
CU=Q+ U2- U3
PCHM)ax " (-u4.u,.CR--U3) E(U] E(U2) E(U3)

K4 =Zkl-K3
Figure 34: (a) Schematic diagram of four-wave mixing
experiment.
(b) General three beam phase matching

diagram.
(c) Two beam phase matching diagram with
beam crossing angle 67g.
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the input laser fields E;(wy), Ej(w,), and Eg(wz), by the

third order electric susceptibility X(s)(—w4,m1,w2,—w3).75
Plogpe X3 (-0 —w3) Ej(wq) Ey(wy) Ejlwg). 6.1
4 4°®1,0.7003) Ejleg) Byluwy) Ezles). .

Tﬁe possible resonances which occur in X(3) can be Dboth
single and double photon resonances, but in nonlinear mixing
experiments; whenever there ére singie or double photon
resonanceé,' ﬁhase ﬁatching _indﬁced frequency se}ebtivity
plays a major role in the interpre£ation.14' The inadequacy
of existing theories in accounting for the phase matching
induced frequency selectivity was the original 'reason for

this study.
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Theory and Experiments

In the terbium coppounds, LiTbF, and Tb(OH) 3, multiple
resonanc;s .occur, but for the purpose of analyzing the
experiments here it is sufficient to <consider a single
.inhom'ogeneously.broadened.reso'nance."\'3 Also without loss of
generality, tﬁe simplest phase matching condition can Dbe
‘assumed{ with k1=12 and the beams parallel to each other.
In this geoﬁetry, the phase mdtghigg'condi?ion ig set by the
choice of wg and the angle 913,'as shoﬁn.in Fiéure 3;(0)..

Wy = 204 = g | ' 6.2
The more geneial case is shown in Figure 34(b). |

Two photon fluorescence excitation studies by Comne . and
Freidmann, Figure 35, have located the excitediSKs. 5K5, and
P minifolds of the 4£% electromic configuration, in the
vicinity of éwice .the 7F6——95D4‘ energy. _5K8 is <close
enough, ~68 qm—l, to yield multifegonant enhancement to'X(32
but far enougﬁ‘éway to show no structure when wq is scanned
over 5 or 10 wavenumbers.

In any four—%é&e mixing exp;riment, the observed‘signal
is prbportional to thé product of | X(s)JZ and a . phase
matching factor which takes into account the inte;fgrence_df
coherently_ genefated‘ waves at different points alogg the
optical path. A change iﬁ the.frequency " w; causes an

individual wave vector to change in the manner shown in

equation 6.3.
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3G6 B 5K =G6 a=Ks
2u,— -39,900 cm*
38,800cm-" 57 4754
4f75d and (?)
charge
[Nof to scale, transfer
Spacing -68cm *1between
twice 34 (Zul) and 3Ka]
301 TL 20,568.8 cm*l  5D4 =3 - j 20,538.3 on*
0JI(TT) 0JI(TT)
BI1=-5 oo 7FBJ1=-S- Ocm-
418
LiTbhF4 Th(OH)3
() (W
Figure 35: Excited states identified by two photon

fluorescence excitation.
(a) LiTbF4; (b) Tb(OH)3
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Aki/ki = Awi/(ﬂi + Ani/ni 6.3
Over -the narrow linewidths in thesé materials, 0.35 cm™1
FWVHM for LinF4, 0.8 Cm—l FWHM for Tb(OH)3, Awl gives

negligible changes in kl. So changes in n; must provide the

Ak =‘2n/L which is necessary for phase matching selectivity.
The terms: in equation 6.4 can be rew;ittenl‘using
k;, = niwi/c, as

Aki‘='(ni/c)Ami.+ (mi/c‘)Ani : 6.4
where it is easy to see tHat the dominanf term off resonance
will be uthe term (ni/c)Awi.‘ But on resomnance .thg other
term, (w;/c)An;, will be dominant.

In the plane wave'approximation, which is applicable in
these experigents,. oné can intégrate along the path 1¢ngth
and obtain an expression for fhe four—-wave mixing 'signal
intensity. This intensity‘is proportional to the square of
the thj;d.order susceptibilitf and a phase matching factor
G(Ak) .

T v(3)]2
I,, (e =l x312 e(ar) o | 6.5

A general form the phase matching factor canm be written in

the following way.

I+exp[-(2a1+a3fa4)Lj-2exp[-(2ai+a3—a4)L/2][cosAkL]'

G(Ak)= )
[Ak]2 + (2a1+a3—a4)2/4

In the‘éxperiments described here, w3 was tuned away from

any electronic or raman resonances such that ¢3 = @y = 0,
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and with ¢ = ey = a, ,
1+exp[—2a(m1)L]—2exp[—a(wl)L]cbs(AkL) 6.6

G(Ak)= :
[Ak1% + [a(w)1?

Two things should be noted in this factor G(Ak). One, it
reduces to the familiar form sincz(AkL/Z) as a(w) gées to
zero, and secondly, ‘G(Ak) depends on only‘two parameters.
- One being af(wg) L~ and the other the .line>'sh;pe. ~ To
understand tiis dependence on line shape, one must determine
| how Ak depends on the freqﬁeﬁcy ©q . |

This is easilyidone b§ expressing the phase maféhing

condition in terms of the law of cosines.

T2 _ 2 w2 _ .
k4 = 4k1 + k3 4k1k300$613 . 6.7
Now for phase(matching at W10 Ak = 0, within the resonance
line.
> — 2 2 _ C ,1/2

where k3, 923’;k10’ and k40 are constants fixed for a given
resonance profile.
k4 = k40+ Ak4 = k40 + ((040/0)An4 + (n40/c)Aa)4
An4 "= 0 for the small scan range used in these experiments,
~5 cm—l, and from equation 6.2, Awy = iAwl for fixed 0g .
Then
kg = kg (2n40/c)Aw1,

and in equation 6.7 with k1 = klO + Akl,
— 0 2

kg = kg0 + 24k; = kgqo + 2w10/¢ Any + 2n3¢9/c Awg
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Ak = k4 - £4 =(2(!)10/C)A!11 +(2Aw1/c)(n10—n40) .

The final result is

' Ak ~ (2(010/C)A211. 6.10

This result implies that as the laser scans through an
intermediate resonanc;, th; signal will diﬁplay a width
characteristic of the dispersive change in.the index. This
change ‘in index, dni)dml, is relafed to the hémogeneous
ﬁidth of the transitionm in some cases. This also leads to a
phase ﬁatching condition which is over a thousand times more
selective than in the case of nonresonant four wave mixing.

As an qxample of this, consider again the experimental
four—-wave mixing signals at different phase matcﬁihg angles
shown imn Figure 33. Aslthe phase matching angle increases
the value of k; which satisfies the phase matching condition
gets smaller, and the signal broadens-as it moves away from
line center. Then by increasing the angle to 3.0° the signal
moves io the high energy side of 'the 1line, where phase
métching occurs for smaller index. By increasing the angle
more, the signal is aédin driven toward line center, where
the index change is steeper and the signal gets mnarrower.

To undersfand this dependeﬁce on the ‘anomalous
dispersion and the phase matching angle, one must know thE

absorption ¢éoefficient and the dispersion for the <resonant

transition. To that end, very thin samples of LiTbF, and
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Tb(OH)3 were polished using diamond polishing techﬁiqnes.
With patience, a Tb(OH)3 sample was ﬁolished to a thickness
of 26 microns, and a LinF4 crystal was polished 'to a
thickness of 78 microns.

The 'ngOrptioﬁ profiles Wére ébtained using a pressure
scanned dye laser with 1 GHz bandwidtﬂ. Thé result of tﬁis
experiment for LinF4‘is showﬁ in Figure 3&, where standard
techniques have beén u§ed fo -convert fhe transmittéd
intensity‘intd absorption coefficient using:Beer'srlaw. The

asymmetric shape and apparent structure in this absorption

profile are important, but the discussion will refurn_ to

that iater.




120

(cm-1J
, . a.A=355cm"™
t | | | | | | | | | | 1
-1.0 -0.5 0 0.5 10
WAVE NUMBERS
Figure 36: Experimental absorption coefficient LiTbF4

crystal 78 microns thick.
FWHM = 0.35
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Simulation Studies

Using ghe plasma diSpersion function, or Voigt profile,
this experimental profile was fit to an approximate gaussian
line shape, with a FWHM of 0;35 wavénumbers,‘IO.S GHz. Then
by wusing the absorption coefficient and index profiles
obtained from the fitted complex plasma dispersion fﬁnction,
one can calculate the four—wave mixing signal which is shown
in Figure 37. This fit shows the same type of behavior as
was observed experimentally as a function pf phase matching
angle. It shows tﬁe chgraqteristié line narroWiﬁg also, but
it does nét show the line narrowing that was observed

experimentally, 0.056 cm 1, 1.68 GHz, which was the

© narrowest signal detected in LiTbF,.

It was then necessary to reconsider the 'absorptién
profile. If bne believes that there was reall& structure
hidden witﬂig the Hinhoﬁogeneous line, omne is forged to
consider the possibility of hypérfine levels, with a
splitting on thg Qrdér of the inhomogeneous wi@th for each
individual hyperfine component. This would a1s6 exp?ain the
asymmetric shape of the absorption line, because this data
was taken at 1.3 K, -where the higher energy hyperxrfine
components would have a reduced population proportional to
the Boltzman distribution exp(—-E/kT).

The original experimentai absorption profile, Figure
36, was then fit with a Superpositioh of 4 gaussian 1lines

with inhomogeneous widths of 0.08 cm™1, 2.4 GHz, - and
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hyperfine splittings of 0.106 cm™ 1, 3.18 GHz. This f£it
Which took 'into account the temperature depemndence of the
hyperfine level populations is shown in Figure 38. This
superposition gf four hyperfine energy levels within the the
ground state absorption profile reproduces the experimental
data almost exactly.

The complex plasma dispersion function which resulted
from this fit was tﬁén used tol'generate the‘ modél’
simulations'of the four;wave mixing signal. ' An exémpye of
the simulated four—wave mixing signal is showﬁ in‘Figure 39.
This simulation reproduces the line narrowing observed in
the experiments, and it also displays the cérrect behavior
with respect to phase matchiné .posi;ion within  the
iﬁﬁomogeneous profile. |

Comparison of the inverse FWHM of the four-wave mixing
signal for each of the two cases is shown in Figure 40. For
the curve marked (a), the inverse FWHM of the four;wave
mixing signal is ploftéd for the gaussian fit to the
absorption profile. | The c¢urve (b) is fhe éame thing
plotted for the fit of four hypeifiné_domponents, ﬁhere the
inhomogeneous width ‘of.each:compoﬁént is 2.4 GHz and the
splitting between components is 3.18 GHz; As this. figure
shows, the signal is a factor of four narrower in the latter
case. Thisl factor of 4 narrowing is.exactly the aﬁount

needed to duplicate thexexpefimental results ‘shown in Figure

33.
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INTENSITY

0.5 IX
WAVE NUMBERS

Model simulation of four-wave mixing
as a function of phase
gaussian fit to the
function.

signal
matching angle for a
complex plasma dispersion



124

[lell]
WAVE NUMBERS
Figure 38: Superposition of four gaussian lines, -each
with an inhomogeneous width of 0.08 cm

with hyperfine splitting of 0.106 cm ~.
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WAVE NUMBERS

Model simulation of four-wave mixing signal
as a function of phase matching angle
Complex plasma dispersion function fit to
superposition of four gaussian lines.
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170  [wave numbers]
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WAVE NUMBERS

Comparison of inverse Full Width

Maximum of four-wave mixing signal.
(a) Single gaussian.
(b) Superposition of four

at Half

gaussian lines.
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The important point to be made in these simulation’
"studies, is that the four—wgve mixing signal, which was
simulated, depénds on only two experimenthl parameters.- One
is‘ the absorptioﬁ.coeffiéient, a(wl), which was fit 'to
duplicate the experimental abgorption-profile, and the other.
is the dispersion profilé. This iast .parameter, which
detgrmines line shape, was fit with in a range of ;alues t6
duplicate the ‘structurb a#d width "of the inhomogeneous
abs&rbtidn profilé. _Thus.tﬂeré are no free parameters . and
the resulting fit gives an accurate-simulatibn of the signal
observed exberimeﬁtally. This implies that one caﬁ obtain.a
great deal of information by analyzing'the_four—wave mixing
signal in terms of its phase matching- dependence and
narrowing. For example, thé fitted paraﬁéter for the
hyperfine splitting was 3.18 GHz,‘ writing the Thyperfine
Hamiltonian in the fami}iar form with no externa} magnetic
field. *

E= Ap(T-T)
The splitting‘between hfperfine IEQQis for Tb3+ is then
. AE = 6AJ.

where J=6 and I=3/2;’ This implies a value AJ = 530 MHz in
LinF;. " In’ chécking ‘pfeviousi measurements, it was
discovered. that this is the exact valme obtained by

11, ) . L .
Bleaney, in measurements in rare earth salts, wusing

electron spin resonance techniques.
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Conclusions -

The most interestiné and useful application of four-
wave mixing may be in the measprement of the homogeneous
linewidth. These studies indicate that the phase matching
restrictions will approach the~fun§amental limit imposed by
the homogeneous linewidth. If that holds, the homogeneous
linewidth «could be measuréd by doing a four—wave mixing
experiment . and me#suring the linewidtﬁ of thé narrowest
signal as the phase matching éngle was changed.  To real&zé
this, one must have a sample that is ?ig enough'tﬁ produce
the narrowing mnecessary to reach this fundamental 1limit.
Buf this is not a severe,restriction. because the oscillator
strength also plays a role, since the important parameter is
a(w) L. The simulated signal shown in Figure 41 is the
four—wavé mixing signal from a crystal one centimeter thick,
yith the same fit parameters as the L;TbF4 cry;tal discussed
previously. The extreme #arréwing of the signal and the
signal strength both scale %ith the thickness dimemnsion, so

thick crystals with strong absorptiohs will oproduce - very

strong and very narrow ‘signals limited only by 'the
homogeneous linewidth in the particular material, Although
3+

oscillator strengths for Tb f-f transitions are gquite
small, 9x1077 for the 'F, ¢=—> D, transition in LiTbF,,
many rare earth materiais have oscillator strengths yhich

are larger by 2 or 3 orders of magnitude, These . materials

may be prime <candidates for testing this hypothesis and
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reaching the homogeneous limit of the material transition.

Further simulations, which have not been .done in

detail, have demonstrated that the_fundamental.limit is the
homogeneous liﬁéwidth. By varying‘the crystal Iength iﬁ the
simulation l and varying the homogeneous width of the
inhomogeneous profile, - the simulations pfediét tﬁat, as
expecfed, the homogeneous width is.thelfundamental limit in

this Doubly Resonant Four—Wave mixing. This prediction will

have to wait for experimental verification, but it will have

far reaching implications and many practical applications in.

future four—wave mixing experiments, if it is confirmed.
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INTENSITY

WAVE NUMBERS

Figure 41: Model simulation of four-wave mixing signal
as a function of phase matching angle.
L =10 cm.
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APPENDICES




#ineclude
#ineclude
#include

main() -
{
int
int
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APPENDIX I

/% HQOLE BURNING PROGRAM TO REPETITIVELY
SCAN LASER IN BURN-READ CYCLE:X #/

<std.h>
<rti11.h>
"da,c®

scan,rdly,volt,hbtime{
i, j,k,1,m, s,t;

/% SET HOLE BURN TIME #/
putfmt ("Hole burning time, integer\n");
getfmt("%i\n", &hbtime);

/% SET SCAN SPEED %/
putfmt("scan speed, ramp 1ncrement\n") {
getfmt(®"%i\n", &scan); .
putfmt("ramp delay\n");
getfmt ("%i\n", &rdly);
/% SET ACOUSTO-OPTIC MODULATOR VOLTAGE #/
putfmt ("voltage, A/0 modulator, 1843<=voltage<= 2047\n“),
getfmt("%i\n", &volt);

- /% NUMBER OF SCANS TO AVERAGE &/
putfmt("How many scans do you want?\n"),
getfmt ("%i\n", &j); ‘ »
/% SET SIART POSITION #/ -
putfmt("™ 0 => nid freq., 1 => low freq.\n");
getfmt ("%i\n", &m) ;

if(m ==

{DR!

for(s=3071;s>=2047;se=16)4

}

{

putvolt(2,2047); "

putvolt(0,s);
}

-/% START SCAN &/
putfmt("hit return key to start\n“),
getfmt("\n"),
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for(k=1;k<=j;k+=1)
{
for(s=1;s<=zhbtime;s+=1)
{
putvolt(0,20L47);
/% SET A/0 MODULATOR VOLTAGE TO 1 VOLT TO BURN HOLE #/
putvolt(2,1844);
}
for(i=2047;i<=3071;i+=16)
{ .
putvolt(2,2047);
putvolt(0,i);
} o
putvolt(1,1024); . '
for(1=0;1<=25;1+=1){} - /% TRIGGER PULSE #/
putvolt(1,2047); ‘
/% LASER SCAN VOLTAGE ¥/
for(s=3071;s>=1023;s~-=scan)
{
putvolt(0,s);
putvolt(2,volt);
for(1l=0;1<=rdly;l+=1){}
}
for(s=1023;5<=2047;s5+=16)
1 |
putvolt(2,2047);
putvolt(0,s);
} .
}
for(s=20473;5<=3071;i+=16)
{
putvolt(2,2047);
putvolt(0,s);
}

putvolt(0,3071);

putfmt("done\n");
}
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APPENDIX II
/% PROGRAM TO ERASE HOLE IN THE INHOMOGENEOUS LINE ﬁ/

#include <std.h>

#include <rt11.h>
#include "da.c"
main()

{

int scan, rdly, volt;

int Jyk,1,myn,s; "’

/% INITIALIZE ALL D/A OUTPUTS TO ZERO %/
‘putfmt("Should scan be initialized? 0 => yes \n");
getfmt("%i\n", &n);

if(n == 0){
putinit();
}

/% NUMBER OF SCANS TO ERASE HOLE #/
putfmt ("How many scans do you want?\n");
getfmt("%i\n", &j); '
/% SET SCAN SPEED #/ .
putfmt("scan speed, ramp increment\n");{.
getfmt ("%i\n", &scan);

putfmt("ramp delay\n");

getfmt ("$i\n", &rdly);

/% SET ACOUSTO-OPTIC MODULATOR VQLTAGE #/
putfmt ("voltage, A/0 modulator, 1843<=zvoltage<=2047\n");
getfmt("%i\n", &volt);

/% SET START POSITION #/
putfmt("™ 0 => mid freq., 1 => low freq.\n");
getfmt ("$i\n", &m);
if(m == 0){ .
for(s=20U47;s<=3071;s+=16)
4 '
putvolt(2,2047);
- putvolt(0,s);
} .
}
/% START SCAN #/
putfmt("hit return key to start\n"}; -
getfmt ("\n"); ‘
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for(k=1;k<=j;k+=1) .
{
putvolt(1,1024);
for(1=0;1<=25;1+=1)1{}
putvolt(1,2047);
/% LASER SCAN VOLTAGE i/
for(s=3071;8>=1023;s-=scan)

{

putvolt(0,s);
putvolt(2,volt);
for(l=0;1<=rdly;l+=1){}
: }
for(s=1023;5<=2047;s5+=16)
' {

putvolt(2,2047);

putvolt(0,s);

} .
putvolt(0,2047);
putvolt(3,1535);
putvolt(3,2047);

for(s=2047;s<=3071;i+=16)
{ .
putvolt(2,2047);
putvolt(0,s); ‘
}
-}
putvolt(0,3071);
putvolt(2,2047);

‘putvolt(3,2047);

putfmt ("done\n");
}

/% TRIGGER PULSE #/
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APPENDIX IIT

/#PROGRAM TO SCAN LASER AND ACCEPT PHASE SWITCH DATA
TEKTRONIX T7912AD TRANSIENT DIGITIZER #/

#include . <std.h>
#inelude . <rt11.h>
#include - "da,c"
main()

( .

int IBUP();

int . Wwrite = 0;

int read = 1;

int remote = 4;

int + local = 5;

int digitizer = 1;

char #comd1l; '

char foomd2;

char *comd3;

int lenst1;

int lenst2;

"int lenst3;

char strip[3]; ,

unsigned char array[1024]

long sumaray[512]

int three = 3;

int size = 1024,

int two = 2;

int one = 1;

int bit9 = 2563

int i, j,k,1,s;

int scan,rdly,volt;

int shot = 1;

char filnam[20];

FIO fio

int shots, save;

putfmt("What is the name of the data file?\n");
getfmt ("%p\n", filnam);
if(!fcreate(&fio, filnam, 1))

{

putfmt("Error: can't open %p\n", filnam);

return; '

}

FROM
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/% NUMBER OF SHOTS TO AVERAGE #/
putfmt("How many shots do you want?\n"),
getfmt ("%Zi\n", &shots);

comd]l = "DIG SA,\0";

i= itob(comd1+7,shoﬁ,10);

comdi1[7+1] = '\0';

comd2 = "READ SA \0";

comd3 = "MOD TV\QO";

lenst1 lenstr(comd1);

lenst2 lenstr(comnd2);

lenst3 = lenstr(comd3);
feall(IBUP,2, &remote, &digitizer);
fcall(IBUP,4, &write, &digitizer, comd?l, &lenst1);

/* SET SCAN SPEED #/

putfmt("scan speed, ramp increment\nm");{
getfmt ("%i\n", &scan);

putfmt("ramp delay\n");

getfmt ("%i\n", &rdly);

/* SET ACOUSTO OPTIC MODULATOR VOLTAGE #/
putfmt("voltage, A/0 modulator, 1843<= voltage< 2047\n");
getfmt("%i\n", &volt);

/% START SCAN #/
putfmt("hit return key to start\nm");
getfmt ("\n");
for(k=1;k<= shots;k+=1)
{ .
putvolt(1,1024);
for(1=0;1<=25;1+=1){} /% TRIGGER PULSE #/
putvolt(1,2047); -
/* LASER SCAN VOLTAGE #/
for(s=3071;s>=1023;s~=scan)
{
putvolt(0,s);
" putvolt(2,volt);
for(1l=0;1<=zrdly;l+=1){}
}
for(s=1023;s<=2047;3+=16)
: {
putvolt(2,2047);
putvolt(0,s);
}
putvolt(0,2047);
putvolt(3,1535);
putvolt(3,2047);
for(s=2047;s<=3071;s+=16)
-
putvolt(2,2047);
putvolt(0,s);
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}

shots = shots + 1;

fcall(IBUP,4,&write, &digitizer, comd2, &lenst2);
fcall(IBUP,Y4, &read, &digitizer, strip, &three);
fcall(IBUP, 4, &read, &digitizer, array, &size);
fcall(IBUP,4, &read, &digitizer, strip, &two);

putfmt("SAVE? 0 => YES\n");
getfmt ("%i\n", &save);

if(save == 0)
{ .
shots = shots-1;

for(i=1;i<T7;i+=1)
¥ : ;
.array[159+il=(array[157+1i] + array[163+1i])/2;
array[251+il=(array[247+i] + array[249+1] +
array[257+1] + array[259+i])/4;

}

for(j=0;j<512;j++)
{

sumarayl jl = sumaray[j] + array[2%j]1®%bit9 +

array[2%j+1]%one;

}
}
fcall(IBUP,4,8write, &digitizer, comd1, &lenst1);
} .

putf(&fio, "$\n");

for(i=0;i<64;i++)

{ .

putf(&fio, "4+\06041 £+\06061 %+\06061 %+\06061
%+\06061 %+\06061 %+\06061

Z+\06061 Z+\06061\n"

(long)(8%#i),sumaray[ 8%i], sumaray[8%i+1], sumaray[8%i+2],
sumaray[8%#i+3], sumaray[8%i+4], sumaray[8#i+5],
sumarayl[ 8%#i+6], sumaray[8%i+7]);

}

fclose(&fio);

putvolt(3,1535);

putvolt(3,2047);

fcall(IBUP 4, &wrlte &dlgltlzer comd3, &lenst3);
putvolt(O0, 3071),

putvolt(2,2047);

putvolt(3,2047);

fcall(IBUP,2,&local, &digitizer);

putfmt ("done\n");

}
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