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the degree of doctor of philosophy

ABSTRACT

The frequencies of the principal poles and zeros of the far
infrared, anisotropic dielectric response functions of the four
lightest tysonite lanthanide fluorides have been calculated

from the polarized, far infrared reflectance spectra of single
crystals of LaF, CeF,, PrF_, and NAF, measured from 30 cm”
to 600 cm~1 at Foom temperature and near the boiling points of

liquid nitrogen and helium. Low temperature (liquid helium)
transmittance spectra of these same materials, some doped with
other lanthanide ions, have also been measured. Four different
electronic transitions are observed below 100 cm~1 for pr3+, Na+
and Er3t ions in the tysonite host lattices. The electronic
transitions of Nd3* and Er3*t are associated with Kramers doub-

lets and have been Zeeman split in magnetic fields up to 70
kilogauss.

The group theoretical properties of the far infrared lat-
tice and electronic spectra are approximated fairly well by a
hexagonal P63/mcm (Dg; &gt;) structure in which the lanthanide ions
occupy six sites with mm (Coy) point group symmetry. The exact
selection rules are most consistent with a trigonal-hexagonal

p3cl (D354) structure in which the lanthanide ions occupy six
sites with 2 (C,) point group symmetry. The reported magnetic
resonance measurements can be reconciled with the trigonal P3cl

space group by assuming that the samples are twinned.

Spurious effects are measurable in the nominally m-polarized
reflectance and transmittance spectra due to a slight mis-
alignment of the optic axis with respect to the propagation
vector. One of these effects allows strong LO (longitudinal
optic) resonances of the dielectric response functions to be
studied in transmission as if they were weak TO (transverse optic)
resonances in the orthogonal component of the dielectric response
tensor.

Thesis Supervisor: Clive Howe Perry
Title: formerly Assistant Professor of Physics (M.I.T.)

presently Associate Professor of Physics (Northeastern
University)
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CHAPTER I

INTRODUCTION

The partially filled 4f electron shell of the lanthanide

(rare-earth) elements is so well screened from its external

environment that, when the ions are held in a suitable host

lattice, electronic transitions of the type 4f - 4f are expected

to give sharp spectral lines. Moreover, some of the known

4f -» 4f transitions lie within the far infrared region of the

spectrum. Consequently, there is currently strong motivation

to assess the potential of these lew energy transitions for use

in solid state, far infrared lasers.

Laser transitions have been observed in the near infrared

region of the spectrum between the LSJ levels of trivalent lan-

: (1,2)
thanide ions in tysonite lattices, , and the tysonite

lanthanide fluorides appear to have great potential as solid state

laser hosts. The materials are hard to scratch, (3) are insoluble

: (3,4) : oo

in most common reagents, have a thermal expansion coefficient

4~lose to that of pure copper, (4) have a volumetric concentration

of lanthanide ions almost as high as in the pure metals, and have

several other physical properties which are desirable and con-

venient. Moreover, although not all of the lanthanide fluorides

crystallize in the form of tysonite, up to at least one mole per-

cent of any of the lanthanide ions may be substitutionally con-

tained within the tysonite lattice of one of the four lightest



lanthanide fluorides. &gt;) Unfortunately the precise crystal

structure of tysonite has been in considerable dispute and only

a very few of the critical lattice frequencies have been unam-

biguously identified, in spite of the many near infrared spectra

reported for lanthanide ions in tysonite lattices.

Therefore, now that reasonably large single crystals of the

four lightest tysonite lanthanide fluorides are available, the

far infrared anisotropic dielectric properties of LaF, CeF.,

PCF. and NAF have been studied and are reported herein. Most

of the strong features of the far infrared dielectric response

can be explained in terms of the infrared active fundamental

phonon modes of the proposed P3cl @,.") crystal structure. Others

are associated with infrared active electronic transitions of the

lanthanide ions in a host lattice. However, several features

have been observed which can not be explained in terms of any

ordinary first order electromagnetic interactions. Some of these

require a slight reformulation of the traditional description of

the experimentally measured, first order dielectric properties

of anisotropic crystals, whereas others can be explained in terms

of second order phonon-phonon and electron-phonon interactions.

Several explanations are proposed to account for the reported

magnetic resonance results which are at variance with the proposed

P3cl crystal structure.

All of the far infrared spectra reported in this thesis were

&gt;bserved by means of Michelson interferometry and reduced to



physical parameters by conventional theoretical techniques of

solid state spectroscopy. The instrumentation used at the

Spectroscopy Laboratory and the Francis Bitter National Magnet

Laboratory are described in the first two sections of Chapter II.

Then, the dielectric response function, e(w), is discussed in

detail in order to delimit its applicability and to determine its

most useful and characteristic parameters. These parameters are

also related to the principle theoretical techniques of Kramers-

Kronig analysis and classical oscillator synthesis. Finally, a

discussion of the special experimental and theoretical problems

associated with measuring the dielectric response tensor of uni-

axial crystals reveals a weak coupling of the nominally transverse

material electromagnetic wave (mixed photon-phonon particle wave)

to the longitudinal optic (LO) frequencies of the orthogonal com-

ponents of the dielectric response tensor. Although it is a

general property of all strongly anisotropic crystals, apparently

“his effect has not been previously reported.

Chapter III considers the macroscopic properties of the four

lightest lanthanide fluorides which depend upon averages over

many unit cells of the tysonite lattice. The first four

sections review the published data on the general physical proper-

ties, X-ray and neutron diffraction, velocity of sound, Raman

scattering, and infrared dielectric properties of the tysonite

lanthanide fluorides. The next section displays the current far



infrared dielectric properties of oriented samples of LaF,

CeF.. PrF_. and NAF at room temperature, liquid nitrogen tempera-

ture, and liquid helium temperature. Spurious experimental

affects are identified which are due to the special problems

associated with the measurement of the dielectric response tensor

of uniaxial crystals, and the infrared and Raman results are

related to the group theoretical properties of the lattice space

group of tysonite. The P3cl (0) lattice space group seems to

be the most consistent with the macroscopic electric and mechanical

properties of the four lightest tysonite lanthanide fluorides.

The microscopic electric and magnetic properties and the point

group symmetry of the atomic sites of the tysonite space- group

are considered in Chapter IV. Five sections are necessary to

discuss the significant research which has been done previously.

Unfortunately, an ab initio calculation is not yet possible for

the crystal field splitting of the LSJ levels of the 4f electrons.

Nevertheless, an experimental survey reveals three far infra-

red (below 100 aly electronic transitions for praseodymium,

neodymium, and erbium in a lanthanum trifluoride host lattice.

Based upon this survey and the published near infrared spectra

of other lanthanide ions in tysonite, polarized far infrared

spectra have been observed and are reported herein for

ce’? (LaF, only), prot, nat, sn”? (LaF, only), and grt in the
four lightest tysonite lanthanide fluorides. Zeeman split

alectronic spectra in magnetic fields up to seventy kilogauss



3+ 3+ :

are reported for Nd and Er in LAF, « The current experi-

mental measurements and much of the published data tend to

support the trigonal P3cl space group for which the lanthanide

ion occupies a site with C, point group symmetry which is

closely approximated by a twisted SI site. The apparent hex-

agonal symmetry observed in magnetic resonance experiments can

be most easily explained by a multiply twinned P3cl structure.

The final chapter summarizes the conclusions of this thesis.

“



CHAPTER II

EXPERIMENTAL AND THEORETICAL TECHNIQUES

Spectroscopy Laboratory: Instrumentation

All of the far infrared spectra reported in this thesis

were observed by means of Fourier transform spectroscopy using

far infrared Michelson interferometers. Several excellent

reports and books (see for example references 6, 7, 8, and 9)

have been written on the theory of Fourier transform spectros-

copy. Consequently, the theoretical details and the commonly

used data reduction techniques for extracting useful spectra

will not be repeated here. The basic far infrared instruments

at the M.I.T. Spectroscopy Laboratory and the Francis Bitter

National Magnet Laboratory and the associated sample holders

and cryostats are described in the first two sections of this

chapter. The remainder of the chapter is devoted to the

theoretical analysis and synthesis techniques used to extract

physical parameters from the observed spectra.

A modified R.I.I.C. (Research and Industrial Instruments

Company) FS-520 Fourier Spectrophotometer is the principle

far infrared instrument used in the M.I.T. Spectroscopy Labora-

tory to take the spectra reported in later chapters. A plan

2.1

view of the basic instrument is shown in Figure 2-1. For

-1 .
measurements up to 400 cm the source chamber contains a

mercury-arc lamp with a dimpled quartz envelope. From 250 cmt



Fig. 2-1: Plan view of the modified FS-520 Fourier spectro-
photometer
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-4 . ;

Eo beyond 750 cm a wide Globar source gives more satisfactory

results. The beam splitter is a sheet of mylar clamped between

machined metal rings. The detector is either a liquid helium

cooled gallium doped germanium bolometer (Texas Instruments)

or a Golay cell.

Figure 2-2 shows the relative beam splitter efficiencies

as a function of frequency for the thicknesses of mylar com-

monly available. Measurements are generally taken only within

the first loop of the beam splitter response--Yoshinaga filters (6)

are used to remove the unwanted radiation at higher frequencies.

Measurements taken with four different beam splitters and

their associated filters (8) vo reported in this thesis. A 1.0

mil (25.4 micron) beam splitter is used from 20 to 100 emt,

0.5 mil (12.7 um) from 50 to 250 on, 0.25 mil (6.35 um) from

150 to 400 — and 0.15 mil (3.81 um) from 150 to 750 cmt

The path difference sampling interval is eight microns

(f%= 625 cm~1) up to 400 om~t and four microns (f ox= 1250 cm 1)

For measurements beyond 400 at

Transmittance samples are placed either at focus Fl or

Eocus F3 shown in Figure 2-1. Reflectance samples replace the

mirror at focus F2. The instrument is reported to be approxi-

mately 70% polarized in the vertical direction. (6) Nevertheless,

in order to obtain more accurate polarized reflectance and

transmittance spectra, one of two different one-dimensional wire



Fig. 2-2: Relative efficiencies of mylar beam splitters as a
function of frequency and thickness
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grid polarizers is placed at either Fl or F3. A wire grid

polarizer with a grating spacing of 0.5 um on a Kel-F substrate.

kindly loaned to the Spectroscopy Laboratory by G. Bird of the

Polaroid Corporation, is used between 10 cml and 400 cr

Beyond 400 — absorption bands of the Kel-F substrate obscure

the spectra and a Perkin Elmer polarizer on a silver chloride

substrate is used from 250 em! to beyond 1000 cm™l. Both

polarizers must be used to study the reflectance of the tysonite

lanthanide fluorides.

A piece of black polyethelene is placed between the

sample chamber and the interferometer chamber in order to

filter out both visible and ultraviolet radiation from the

Hg-arc quartz lamp. The Yoshinaga filters are generally placed

at the output of the sample chamber and immediately in front

of the detector. The chemical composition of the filters

used in the Spectroscopy Laboratory are described in a review

article by C. H. Perry, R. Geick, and E. F. Young. (6) A Golay

detector with a diamond window can be used at any frequency

accessible to the FS-520. However, a significant improvement

(10-20 db) in the signal to detector noise level can be realized

below 250 — by using a helium cooled Ga doped Ge bolometer

manufactured by Texas Instruments (TI). A cold quartz window

and black polyethelene in the TI detector absorb all of the

radiation above 250 emt so that additional filtering is usually

rot necessary for the 0.5 mil beamsplitter. The Golay detector



is used for spectra extending from 150-750 cm. The filtering

for this high frequency region often consists of only black

and white polyethelene or a Perkin Elmer interference filter

with a high frequency cut off near 750 emt.

A block diagram of the interferometer signal processing

system is shown in Figure 2-3. The radiation from the far infra-

red source 1s modulated by a metal chopper with either three

or five blades. For all of the spectra reported herein, the

chopper motor is powered by a fixed frequency, 60 Hz line.

The 15 Hz or 25 Hz output of the detector drives the input of

a remote preamplifier from a PAR (Princeton Applied Research)

HR-8 lock-in amplifier. The amplified and demodulated DC out-

put of the HR-8 drives a chart recorder for monitoring the

interferogram and an R.I.I.C. 12 bit analogue to digital con-

verter. A Moire fringe system is used to monitor the position

of the movable mirror which moves at a constant speed. Every

8 um of path difference (or 4 um for double photocell sampling)

the Moire fringe detector sends a pulse to the A-D converter.

The A-D converter then samples the value of the interferogram

at that instant and quantizes it into a three digit hexadecimal

integer which is punched by an ADDO punch into three columns

of an 8-level paper tape (7-level paper tape is now standard

for the Solid State Spectroscopy Laboratory at Northeastern

University, Boston, Massachusetts).

1 7



Fig. 2-3: Block diagram of the Fourier spectroscopy data
processing system.
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Selected portions of the resulting punched paper tape

are fed through an IBM-047 punched paper tape to punched card

converter, which punches the hexadecimal integers into standard

830 column IBM cards in the standard IBM-360 FORTRAN-IV FORMAT

(2024), or the hexadecimal integers are read from the paper

tape by a small computer, translated into decimal integers, and

recorded onto IBM compatible magnetic tape in the standard FORTRAN

FORMAT(161I5). The punched cards or magnetic tape are then processed

on an IBM-7094, IBM-360, or a CDC-3500 computer, which takes the

Fourier transform of the interferogram and calculates the percent

reflectance or transmittance by dividing the sample spectrum by

the current background spectrum. Currently, the spectra are plot-

ted on the line printer rather than on the Cal-Comp plotter. A

copy of the CDC-3500 FORTRAN-IV program written by the author which

accepts hexadecimal or decimal integer data on either punched

cards or magnetic tape can be obtained from Professor C. H. Perry,

Northeastern University, Boston, Massachusetts.

2.2 Francis Bitter National Magnet Laboratorv- Instrumentation

All of the equipment and supplies used at the Francis Bitter

National Magnet Laboratory were kindly loaned to the author by

Richard W. Stimets, Benjamin Lax, and Kenneth J. Button. The

basic far infrared Michelson interferometer is built by Grubb-

Parsons. Rather than scanning the movable mirror at a constant

| A



speed as done in the FS-520, it is stepped forward at integer

multiples of five microns and the value of the interferogram is

measured and quantized while both mirrors are stationary. The

Hg-arc quartz lamp source is powered by a DC supply and chopped by

a metal blade chopper. The modulated output of the interferometer

is focused into a gold-plated brass and stainless steel light

pipe which channels the far infrared radiation horizontally over to

and then vertically down through the center of an electromagnet.

The detector is a pumped liquid helium cooled doped-germanium

bolometer placed at the end of the light pipe below the electro-

magnet. The output of the detector is preamplified by a Tektronix

122 preamplifier, and amplified and demodulated by a PAR lock-in

amplifier. The DC output of the lock-in amplifier is sent to

either a chart recorder used to monitor the interferogram during

alighment or to a Hewlett-Packard integrating digital voltmeter

connected to a Tally paper tape punch.

After the step-drive system has located the movable mirror

the selected integral multiple of five microns from the previous

position, the system waits one second for mechanical and electrical

transients to decay and then sends a pulse to the integrating

digital voltmeter which integrates the noisy DC signal for the

desired length of time. The value of the interferogram at that

point is quantized into a four digit decimal integer which is

punched into four columns of an eight level paper tape with a

space code between each four digit integer. The resulting punched



paper tape is then processed just like those generated by the

FS-520 with due regard for the changes in data format.

The reflectance and transmittance samples are placed in the

vertical portion of the light pipe near the center of the magnet.

The detector is located several inches below the sample and out-

side the core of the magnet. The entire lower portion of the

light pipe, including the sample and the detector, is immersed

in liquid helium contained within a double glass dewar system

in which the outer dewar is filled with liquid nitrogen. The

liquid helium is pumped well below its lamda point, consequently

all of the joints in the light pipe are sealed with gold O-rings

in order to prevent the light pipe from filling with superfluid

helium. Typical operating temperatures for the liquid helium

bath, and presumably also for the detector and sample which are

separated from the helium bath by only a thin brass wall, are

between 1.0°K and 1.7°k.

Due to the lattice bands of tysonite, the transmittance

samples absorb radiation between 100 cmt and 600 cm™T. Conse-

quently the 1.0 mil (25.4 um) beam splitter with a black poly-

ethelene filter is used for all transmittance measurements. The

sampling interval is 40 microns (fx 125 cm) in transmission.

However, for reflectance spectra up to approximately 200 cmt,

the 0.5 mil (12.7 um) beam splitter, black polyethelene, 1.0 mm

of fused quartz, and a 20 micron (£ _ = 250 cm 1) sampling

interval is used.

1
|“— )



Two different electromagnets, 2P and 2S, were used at the

Francis Bitter National Magnet Laboratory. Each of them generates

approximately 6.8 Gauss per Ampere. For magnetic fields up to

70 Kilogauss only one of the four generators is used. However,

for the high intensity fields used to study the PrF, samples, one

half of the generator facilities (almost five Megawatts) of the

laboratory are in use

2.3 The Dielectric Response Function

Many of the interactions of electromagnetic radiation with

natter can be expressed most concisely in terms of a linear di-

electric response function. Consequently, when studying the

properties of a solid by means of its interaction with electro-

nagnetic radiation, it is © instructive to delimit the applicability

of the dielectric response function, e€(w), by deriving it from

Maxwell's equations and auxiliary conditions. Such a procedure

will show that it can be applied to the processes of reflection,

transmission, absorption, and elastic scattering of electro-

magnetic radiation, but it can not be applied directly to those

processes in which the frequency of the scattered radiation dif-

fers from that of the incident radiation, as in Raman scattering.

Moreover, by considering e(w) to be an analytic function, the

following derivation makes explicit the characteristic parameters

of the dielectric response function, which can be completely

~~
[o



specified by a scaling coefficient and the locations of all of

the poles and zeros of the function in the complex frequency

domain. It is also shown that upper and lower bounds can often

be placed on the estimates of the characteristic frequencies of

c(w) based upon the experimentally determined values of e(w).

From Maxwell's equations:

D(r,t) = E(r,t) + 4mP(r,t)

If one is working with "small" electric fields, P and D may be

approximated by linear functions of E. Using the most general

form for the linear operator Log (r,t;r',t") :

+c
3

- 3 ~~ — —_

d_ (r,t) = 2, dt dr’ L_ (r,t;r',t")E (r',t")
q= a all space q

3

where D(r,t) = Zh s D_ (r,t) S= 9

and (r,t;r ',t') is an element of the general linear operator

relating D(r,t) to E(r ',t! ) . Moreover, since one must work with

physically realizable quantities, that is, since all of the

physical quantities are bounded in both space and time, the spatial

and temporal Fourier transforms of D. E, and P must all exist.

Therefore, one may define:

+o 1

= _ -2 3 - o -D (r,t) = (21) | | d k L®,w) exp (ik.-r - iwt)
— 0 x all k

similarly

0



+

— 3 — —- —

 (r,t) = (2m) 2 dw J d k &amp; Eu) exp (ik-r - iwt)S —
— all k

vhere it is necessarv that

(Kw) = J (Fw) and EE.) = E* (Row)

in order that D (r,t) and E_ (r,t) be REAL functions.

If one further assumes that the material being considered is

aniform (not isotropic) and does not have any spatial or temporal

boundaries, a rather lengthy and not very instructive proof by

~he author (10) will show that:

» 3 - .

J (k,w) = EL Lo Ew) Eo (Row)

here

4-00

A (k,w) = at | a&gt; T Ker + igq (Kw) = t r Leg (r,£:0,0) exp (-ik-r + iwt)

and {gq (kw) = Lo (Kw)
in order that D(r,t) and E (r,t) be REAL functions.

Note that k and w are merely parameters in the equation

relating the Fourier transforms of the electric field and the

electric displacement. There is no way to change the direction,

the wavelength, or the frequency of an electromagnetic disturbance

within the linear dielectric material. The introduction of a

spatial boundary allows one to change the direction and wavelength

of an electromagnetic disturbance. If the change is discontinuous

1



in a plane, Fresnel's equations describe the interaction between

the different values of k most conveniently. However, there is

no way to mix different frequency components unless Lo changes

as a function of time (as in the Doppler shift generated by a

moving spatial boundary) or unless terms which are nonlinear in

E and D are included in the expansion. Thus Leg (k,w) and the

resulting e¢(w) defined below, together with appropriate spatial

boundary conditions, will describe ordinary reflectance, trans-

mittance, and elastic scattering processes but will not apply

to nonlinear interactions such as harmonic generation or Raman

scattering.

The rest of this derivation will be restricted to propagating

electromagnetic disturbances in nonmagnetic materials for which

Maxwell's equations put very severe limitations on the fre-

quencies, w, associated with a given wavevector, kK. For iso-

. . 2 2 _ 22 r =tropic (or cubic) materials: k“ = wc" (k,w) and k is an

implicit function of w. In this case; the isotropic dielectric

response function e¢(w) is defined as the value of L (XK, 0) such

= 2,2 2 CL :
that x (k,w) =k /w cc . A similar but much more complicated

expression can be defined for the general dielectric response

function tensor, Eo (w), but the discussion may be limited to

the isotropic dielectric response function, e€(w), without loss

in generality.

For an isotropic material, the Fourier transforms of E and

D may be replaced by functions of frequency only, the wavevector



Jependence is implicitly contained within e€(w). Since E. (w)

and LZ (w) are physical quantities which can have no essential

singularities in the complex w-plane, €(w) can have no essential

singularities. All of the poles and zeros of e(w) must be iso-

lated, and in order that e(w) = e (-w), they must be symmetrically

distributed about the imaginary axis of the w-plane. Conse-

quently, a pole or a zero of e(w) must either lie on the imagi-

nary w-axis or be paired with a complementary pole or zero of

s(w). In other words, if there is a pole or a zero of e(w) at

0, = w_ + iw, there must be a complementary pole or zero at

Ny = = w_ + iw, . Moreover, the poles and zeros of E, (w) must

occur at frequencies such that the magnitude of the time dependent

term E, (w)exp(-iwt) is either constant or exponentially damped.

Therefore, the imaginary component of the frequencies of any

poles or zeros of E must be less than or equal to zero. The

same conclusion holds for the imaginary component of the fre-

quencies of any poles or zeros of ALT. Consequently, because of

the multiplicative relationship, all of the poles and zeros of

s(w) must also be in the lower half of the complex w-plane and

s(w) is analytic in the entire upper half plane.

DN
Since the relation between Ec and res is reciprocal, one

nay write:

N
»

wl Jw) = ew) &amp; {w)

- rr

22



-1

ow) =e iw) = nw Hw).

For materials which are not electrically isotropic, Meg WW) is

the tensor inverse of © sq (w). The poles and zeros of e¢(w) lead

to solutions of Maxwell's equations which may be described as

Eransverse (Dxk # 0) or longitudinal (Dxk = 0). A pole of

e(w) and a zero of n(w) occurs whenever there exists a frequency,

W, called a transverse optic (TO) frequency, such that
© ;

C S (wy) = 0 although 3 (wy) # 0. Likewise, a pole of n(w) and

a zero of e(w) occurs whenever there exists a frequency, W,

called a longitudinal optic (LO) frequency, such that LO (w,)=0

although E, (w,) # 0.
Once the poles and zeros of the dielectric response function

have been located, it may be expressed in terms of a product of

complementary poles and zeros. For single mode behavior:

. Ww) =e (w-w,) (W=-(-w,%)) / (w-w,) (w-(-w,_))

Z 2 2 2

Letting w “ Be lw,| : [ = -21mlw, J], We, = lw] , and

BR 2 2
 = -2mmlw,] se) =e (Ww, - w - iw 7) /(w, °- wl- iw 7)

vhere €, = €(W = «) and all of the coefficients are both REAL

and POSITIVE. This latter formula can also be written as:

cw) =e (w= 0,2) — dw =) / we wie sw 7) +oe
1

vhich is analogous to the expression commonly derived for a

7



damped classical oscillator, except that the numerator of this

expression (the classical oscillator strength) can be complex

if I # [pe

Jsing the above expressions for e(w), one can conveniently

determine limits on the imaginary components of the frequencies

of the poles and zeros. In order that the magnitude of a plane

wave propagating through a dielectric medium either remain

constant or be exponentially damped with respect to time,

imle(w))] &gt; 0 and Imln(w)] &lt; 0 for w &gt; 0. Therefore, for single

node behavior: Imfe(w)] &gt; 0 as w —» ©» or w =» O

sw) TZ en (wri M0) Jd Mp) 72 eu (Le (T= Tp) /w)

Therefore, since e_ is REAL, M - Pr &gt; 0 or Pe &gt; [Me

Similarly, ce (w)5=p c,, (0° - iw r.) / (wo - iw Mn)

2
e(w) =» Ce (Wp fw) (1 + sw (17/0, - row?)

2. 2 EE
— &gt;Therefore, RV" [L/w &gt; 0 or | vA | LW

2

For a general dielectric response function which is expressed

as a product of N complementary poles and zeros:

N 2 2 2 2
2 {w) = Il - -i . — - i .)).Ww % (lw. Ww -iw ID (Wp — w= dw I)

As the necessary conditions for a physically possible component

of the dielectric response function, all of the above relation-

ships generalize to the following: 1) in order that e(w) be



bounded as ww —» 0 and Ww = «©, there must be the same number of

zeros as there are poles; 2) the imaginary parts of the frequency

oN

3)

1)

all poles and zeros must be smaller than zero, i.e.

| &gt;0
 TT—

11d 4 O

N N

Z Ls zo Io and finally

2

2 rs &gt; z, J

If one measures a dielectric response function exhibiting

single mode behavior, the value of 0, and I, can be estimated

from the behavior of the Im[e(w)] = e€'' and o° and [", can be

estimated from the behavior of -Im[n(Ww)] = -n'"'. There is a

peak in the value of €¢''(w) in the neighborhood of woe Similarly

there is a peak in the value of -n''(w) in the neighborhood of

N.- The following proof shows that for single mode behavior,

9 lies between the frequencies of the peaks of w-e¢''(w) and

c''(w)/w. Likewise, wp lies between the frequencies of the peaks

of -w'n''(w) and -n''(W)/w. I. and I are measured by the half

widths of the peaks in the functions defined above.

The peak in w-e''(w) occurs when place) = 0. Evaluating

“he frequency derivative of this function at the frequency wo:

2(w-e"") | = 2¢_ w_( I - 717
Z

'

HY 1

D



Therefore: a &gt; 0
w=

for all allowed values of ly and I

Z
1 1 .

w, Sw) p&gt; o&gt; Mp 2 0

because

as shown above for single mode behavior. In a like manner,

evaluating the frequency derivative of e¢''(w)/w at the frequency

No

(c"/w) 2 2 2 4 2EA = 20, (Ty Pp) / y= 0 ug) Ing)
W=W mn

Therefore:

d(e"/w)l &lt; 0
ow =

w=w

for all allowed values of I and I. The peak of wee" (Ww)

occurs at " if " = I and the peak of e¢"(w)/w occurs at

2 2
. if = - th i ’ iyo I. (w_ /0 ) r Otherwise w,, lies between the peaks

of these two dielectric functions. If wy is defined as the

frequency at which the peak in e€"(w)/w occurs and Ww, is defined

as the frequency at which the peak in w-e" (Ww) occurs, then

I) - w_ PJ W,

: : : ~-t :

for single mode behavior. Moreover, since M(w) = ¢ (Ww) inverts

the behavior of w_ and Ww, it can be easily shown that

1)
3

 Ww 4)
A



for single mode behavior, where ws is defined as the frequency

at which the peak in -n"(w)/w occurs and w, is the frequency at

which the peak in -w-'m"(w) occurs Ww. = Ww, if [’ = ( 2, 2 I”
whi Pp nN . 1 3 1 We Wm T

_ ’ I

and w. w= w, if mo = | me

In addition, the above relation for w, and Ww, may be

expected to hold approximately for nearly isolated modes in =

multimode dielectric response function. In this case eis

replaced by an effective high frequency dielectric constant

which incorporates the effects of all modes at a higher frequency

“han the desired pole-zero pair. e (effective)

y

~N

1 ? %) £ h ti11 . w__. or the m-tnsmmel WL / TJ mode

The following section shows that if the dielectric response

Function is accurately approximated by the classical oscillator

model, then the upper bounds upon Wr and Wy, namely w, and Wy,

are the most accurate locators for the TO and LO modes. That

is, Ww, and wy can be located by peaks in w-e"(w) and w-n"(w).

oe and [; can be measured by the half widths of the peaks.

2.4 Kramer s-Kronig Analysis

Fresnel's equations governing the reflectance of electro-

magnetic radiation from a plane dielectric surface show that

the experimentally measured value of the reflectance is equal

to the magnitude of a complex number. In other words,

*

Rev = (re-exp(iv))- (r-exp(i®)) . Taking the principal complex

YC



logarithm of both numbers, 1ln (Rexp) = 2 ln(r) and

In(r-exp(i®)) = 1In(r) + ip = %ln (Rosen) + ip. Since, based upon

the information in preceeding section, it can be shown that

r-exp (ip) is nonzero and analytic in the upper half of the

complex frequency plane, the real and imaginary parts of

Iln(r-exp(i®)) can be related to one another by a Hilbert trans-

form. (11) The special case of the Hilbert transform used to

analyze reflectance spectra is called the Kramers-Kronig trans-

form and states that:

-r 5 5

w) = wm | (In(R(Q)) - In(R(w)))/(Q - w )dqQ.
0

N

The largest contribution to 9 (Ww) usually occurs in the

region where 0 is approximately equal to w, so that the experi-

mental reflectance, R(), does not actually have to be measured

from zero to infinite frequencies in order to accurately estimate

p(w). Nevertheless, the experimental reflectance, R(Q), must

be extrapolated to a constant value at both very high and very

low frequencies in order that the wings of the integral make a

negligible contribution. One of the more conveniently mechanized

evaluations of this integral is attributed to E.A. Guillemin. (12)

The logarithm of R(Q1) is approximated by straight line segments

connecting R(Q, ) at Q. with R(Q; 41) at Qe This piecewise

linear function is then integrated by parts twice to yield a

summation expressed in terms of the amplitude of the

-



Jiscontinuity in the first derivative, DTWO (QC. ) , of In(R(Q,)).

1) = - 272 DIWO(Q,) ((w+2.)1n |w+a,| + (w-0,)1n |w-q,|)TT 9

Once the phase angle, ®(w), has been evaluated, various

formulas (13-16) can be used to calculate the real and imaginary

parts of the dielectric response function. For the two reflec-

tance channels of a cubic or isotropic material, the formulas

: (16) : :

derived by D.W. Berreman are convenient. Letting

r-exp (iv) = (Z-1)/(Z2+1) one can solve for Z and substitute into

the appropriate formula in terms of the angle of incidence 6:

2 2 2
s(W) = 2 cos OB + sin 6

for the electric field perpendicular to the plane of incidence,

ana

2 (@) = (2°/2c05°8) (1 +(1 - (4 cos? sin6)/z°) )

for the electric field parallel to the plane of incidence.

Jnfortunately, there is an ambiguous sign in the second formula

and a mechanized solution for e(w) may not always yield the true

solution. However, the first formula is unambiguous and also

corresponds to the most convenient experimental setup. A copy

of the Kramers-Kronig program for calculating the dielectric

response function from the reflectance measured with the

electric field perpendicular to the plane of incidence can be

obtained from Professor C. H. Perry at Northeastern University,

Boston, Massachusetts.

20



The absolute accuracy of the resulting e(w) depends

rather strongly upon the absolute accuracy of the experimental

measurements. However many of the useful parameters of e(w)

can be determined rather accurately from the shape or functional

variation of e(w). As shown in the preceeding section and dis-

played in Figure 2-4, the poles of e¢(W) can be located rather

well (usually better than + 2ecm™7) by peaks in the imaginary

part of w-e(w) and the zeros of €(w) can be located by peaks

in the imaginary part of -w-n(w) = ~w.e tL (w). The half widths

of the poles and zeros, and thereby their distance from the

real frequency axis, can be measured by the half width of the

corresponding peaks. The resulting poles and zeros (corres-

ponding to TO and LO resonances) can then be used in conjunction

with an effective high frequency dielectric constant to synthesize

the reflectance spectrum as described in the next section.

2.5 Classical Oscillator Synthesis

Perhaps the most accurate formula for synthesizing the

dielectric response function, and thereby the reflectance and

transmittance of a material, is the complex pole and zero for-

mulation derived earlier. Usually only a single complementary

pair of poles and zeros (two complex frequencies or four para-

meters) are required for each reststrahlen peak and the summa-

tion restrictions on the damping constants are not especially

Ce : : (17)

difficult to satisfy. Dwight W. Berreman and F. C. Unterwald

i



have used this formulation to synthesize the reflectance spectra

of LaCl, and Prcl, with excellent results. However, they do

find that the addition of an extra pole-zero pair very close

together and rather far from the real frequency axis improves

the fit between the synthetic and experimental dispersion

curves. Presumably, this additional, rather weak, and moder-

ately damped resonance in the dielectric response function

represents a weighted average of many higher order absorption

mechanisms near the lattice modes of the real crystal. This

area of investigation appears ripe for additional discoveries

and should be pursued further. However, the remainder of this

section will examine the relationships between the more. accurate

pole-zero formulation and the classical dispersion formulations

derived for resonances in the electric susceptibility.

There are several, conventional, theoretical derivations

relating the macroscopic dielectric response function to

harmonic resonances in the microscopic electric polarizability

and thereby resonances in the dielectric response function.

Single mode behavior results from a single harmonic resonance

in the microscopic electric polarizability. For single mode

behavior : (18-20)
2

s(w) = ce +5°/ (wn, - w?- iw [7

where all of the parameters are both REAL and POSITIVE. S is

the electric dipole strength of the resonance, Ww, is the trans-

verse optic frequency of the resonance, and i. is the

)



phenomenological transverse damping constant. A simple

algebraic transformation shows that the single mode classical

oscillator formula can be rewritten in terms of a product of

complementary poles and zeros.

-

EA Ww) = e_

2
(Wy + s/e.) - ww - del)

Ww, -w -iw/)

By inspection: Wp = Wo + S /€_ and / L = = Thus the single

mode classical oscillator formula corresponds to the single mode

general dielectric response function for which I. = I and

5 &gt; Wo the other parameters are unrestricted as long as they

are both real and positive.

The classical oscillator model can be generalized to a sum

: 20,21N independent resonances. ( 21)

2

N 21
| = (w 2 wiiw I )

T TJ

It is trivial to show that when there is more than one resonance,

A i . 2 2 2

it is not necessarily true that w_. =w_. + S. /e and
Lj 7 J =

.. However , 1t can be shown that Co &lt; &lt;&lt; Ww,lp “ind — ¥r — Tj+1

ind

N N

&gt; I' . = 2 [as long as the parameters are real
i=1 LJ 4=1 TT]

and positive. Moreover,

2 2 2
limit (Ww - ww Jew) = - 8, /(w. ."°-[" .“/4)

b-y T7 1 TJ T7

h
1



is REAL. Thus, the multimode independent classical oscillator

formula corresponds to the restricted multimode general dielec-

tric response function for which

N N

I , oN.=2I.fri 2% = ¥en 0 42) Tn 7 5T  n

and the amplitude of the pole at w = J is REAL.

Unfortunately, A.S. Barker and J.J. Hopfield (22) have shown

that the classical oscillator formulas stated above are not

adequate to synthesize the reflectance of BaTiO, SrTiO, and

KTaO,. For these high dielectric constant materials a system

of mechanically coupled harmonic oscillators must be used to

approximate the electric susceptibility. Two harmonic oscil-

(22,23)
lators coupled by a dashpot yield:

4
&gt; i) ) ~e_ 4

2.2 2 on | 2.2 2 oo
5, (w_-w —iw ( 2tY15))-21iwy; 8;8,+5, (W)-w -iw( 17127)

2 2 2 2 | Z 2

(w-w"-iw(7+v;,))(w)-w—iw(7+yq5))+wY.,

If Vy 0, this formula reduces to the sum of two independent

classical oscillators. With some laborious algebraic manipu-

lations it is possible to show that this formula can be written

as a product of two pairs of complementary poles and zeros for

which:

2 2 2 2 2 2 2 2

Vg Wp TW UW, 0, FW, SW Hw, TY

1nd

21



71 2 HY

Likewise:

- ; r - 2 2 2 2 2 2
 at f 2 = tm? por Wp1 Wpo = (Wy +87 Je )(w, + 8, Je.)

2

(s.8,/¢,)
1d

4 2 2 ‘ 2 5 &gt;Wo. + Ww = + + + €Ll 12 Wr © Yoo S, / 2 [Se

Using a matrix formulation, these results can be extended to

more than two coupled modes and the equality between 7 IL

and =) lps can be proved for an indefinitely large number

of coupled modes. Moreover, it can be shown that

limit (W-w_.)°e€(w) is not necessarily real if vy a 0. -Although
NW Tj TJ 1
it has not been proved by the author, it is reasonable to

expect that @ . &lt;w_ . &lt;w_. for this formulation. Thus, the
TJ] — Lj — Tj+1

multimode coupled classical oscillator formula corresponds to

the restricted multimode general dielectric response function

N No
for which 2J [ = 2, |". and the amplitude of the pole at

j=1 Lj j=1 TJ

N= Wong is COMPLEX. The imaginary parts of the complex ampli-

tudes are also subject to a summation restriction by the system

of coupled algebraic equations.

All of the classical oscillator approximations of the

dielectric response function stated above require that

N N

&gt;I = 1m.
j=1 LJ I1=1  T]

whereas causality conditions require only that

")



N N

&gt; MM &gt;= Mn
j=1 LJ 7 j=1 TJ

Only by allowing loss mechanisms which are implicitly frequency

dependent and thereby have different cummulative effects on the

TO and LO modes can the full generality of the physically

possible dielectric response function be realized. It remains

to be seen whether the restricted or unrestricted formulation

is more appropriate for real crystals. It may be heuristically

justified to use the restricted (equality sign) formulation, at

least as a first approximation, until the assumptions implicit

in the classical oscillator models are found to be inadequate.

2.6 Measuring Uniaxial Dielectric Response

The effective, experimental dielectric response function

for each component of the uniaxial dielectric response tensor

of tysonite is calculated from a Kramers-Kronig analysis of the

reflectance measurements using the Fresnel formula appropriate

for a crystal aligned with the desired axis precisely parallel

to the incident electric field and perpendicular to the plane

of incidence. The infrared active TO (transverse optical)

frequencies are associated with the poles of the dielectric

response function (| oj # 0, | E] —» 0) and located by peaks in

p-e"(E = e' + ie”) which is proportional to the electric con-

ductivity, 0 = w-e"/4m. The infrared active LO (longitudinal

optical) frequencies are associated with the zeros of the



dielectric response function (|p| - 0, | E| # 0) and are located

by peaks in wen" (871 = 1 =n' + in" , nN" = - e"/|¢] ). The half

widths (damping constants) of the modes are measured by the

half widths of the corresponding peaks in the dielectric response.

Typical spectra of w-e" and w-n" are displayed in Figure 2.4 for

the low temperature reflectance of NAF, in both the m -(E] | )

and o-polarizations (E|c) .

The principle poles and zeros of both components of the

dielectric response tensor of tysonite were identified quite

satisfactorily using the above procedure. Since the reflectance

was measured at low angle of incidence (approximately 7.5°), the

location of the TO frequencies and the lower LO frequencies did

not change significantly when the Fresnel formula for normal

incidence was used to analyze the Kramers-Kronig transform of

the reflectance measurements. However, the frequency of the

highest LO mode appears to be five to ten wave numbers higher

than its true value if the incorrect formula is used. As the

angle of incidence is increased, the apparent location of an LO

mode can move from its true location (| el = 0= n = 0) to as

. Cs (24-26)

high as the Christiansen frequency in a vacuum (n=l).

For the lower frequency modes the difference between these

frequencies is small, but for the highest frequency mode the

difference can be quite large. In addition to this rather

obvious effect of using an incorrect Fresnel formula to analyze



Figure 2.4: Infrared active TO and LO frequency locators for

NAF, reflectance spectra.
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the experimental data, there are also measureable effects in

both reflectance and transmittance due to a slight misalignment

of the crystal axes from the ideal position assumed in the above

analysis. In order to understand the nature and the magnitude

of the effects of this misalignment, it is instructive to solve

a special case of the reflectance and transmittance of a uni-

axial single crystal.

[n a uniaxial crystal (€_ = c, # e,) electromagnetic

radiation splits into an ordinary wave and an extraordinary wave

which propagate in the same direction but with different phase

velocities. If the direction of propagation of incident radia-

tion is normal to the crystal-vacuum interface, the ordinary

and extraordinary waves inside the crystal propagate in the

same direction as the incident redinbion. Letting © be the

angle between the incident electric field of a linearly polarized

beam and the projection of the optic axis (c or z axis) on the

2
crystal face, it can be easily shown that: R = R,sin © +

2 , 2 2 :

R cos pp and T = T Sin $ + T, cos © where R and T are the effective
e 4

normal reflectance and transmittance coefficients of the crystal.

Rr Tyr Ry, and T, are the normal reflectance and transmittance

coefficients for the ordinary wave and the exlraordinary wave

respectively.
2

If ©o = 0, then R = R, + (R= R_)sin © ~ R_- Since
; ; , 2 Cy

R.- R,| &lt; 1 and in practice sin © &lt; 0.01, it is clear that one

10



can measure the extraordinary reflectance coefficient within

an additive error of less than 1% reflectance. Similarly, if

p R 90°, the ordinary reflectance coefficient can be measured

within 1% reflectance. Likewise it can be shown that the

ordinary and extraordinary transmittance coefficients at normal

incidence can be measured within an additive error of 1% trans-

mittance. As a result, the errors introduced in the measurement

of the reflectance or transmittance by a slight error (less than

five arc degrees) in the orientation of a plane polarizer with

respect to the optic axis can either be conveniently ignored

or be eliminated by small corrections based upon measurements

in the orthogonal plane of polarization.

Moreover, since at normal incidence R, = (1-1 )/ (1+8,) 2

and ignoring interference effects Ty ~ (1-x,) 2 exp (-a.d) , Where

A = we), d is the thickness of the crystal, and

x= 2TTW mln], one of the components of the dielectric response

tensor, namely c can be calculated directly from Rs and To"

Unfortunately, e can not be calculated directly from R,

and T . Indeed, R, = (1-A_)/(140) 2 and ignoring interference

~ffects

I
2

- (1 - rR.) exp(-a_)

vhere
1

A _ A 2

n_ = c/v = (ue)

&gt;A 1 2mw Iml n_J



at 27)

where

2 2 2 , 2
7. Vv cos § + v sin ©

2, A 2 2, A
: Jue, FV =c JAE

and 6 is the angle between the optic axis and the plane of the

crystal face. Rewriting the formula for the phase velocity, v_

. . . . » \

in terms of an effective dielectric response function, €

-1 2 -1 , 2 -1
T= (€, cos 0 + c, sin ¢)

By inspection it can be seen that as long as 6 # 0 or 90° then

3 must have zeros at all of the zeros of both c, and e

independent of the precise value of 8. However, the strengths

of the zeros, as measured by n" = ¢ w/e) , and the resulting

locations of the poles of e both depend very strongly on the

value of 6. A simpler form of this relation can be expressed

in terms of the reciprocal of the dielectric response functions.

: A A-1
Letting n = ¢

ALA 2 ro 2
Ne = M,c0s + Mn sin 0

Again by inspection it is clear that there must be poles of

A at all of the poles of both n, and n_. Moreover, the strengths

of the poles of Ne (zeros of e) in terms of the strengths of

the poles of n and n_ depend upon 6 in a very simple wav.

The crystals used in this study were cut and polished with

the optic axis parallel to the face of the crystal within an

astimated five arc degrees, so that sine ~ a2 &lt; 0.01. Therefore,

AD



A A ANA 2 -% 2A A A

n= n_ (1 + (¢,/¢ -1)sin 0) on, - 0 n_(e,- €.)/2¢,

1S
2 A

tong as |6 /e | &lt;&lt; 1l. Under these conditions

R R, + 26° | /(1 - ci ( Le
- 1A

T fs (1 -R) ~exp(- a d)

vhere

R= (1 -n8)/1 +n)

snd

X
=

2 A
a, - mw Im[ (6 /¢ )n (ec =e)

2 4 7. Z x

A

ar = 21W Im(n_]

2
Clearly, even when 0 &lt; 0.01, there is no assurance that

the difference between R_ and R, or between T, and T, must be

less than 1% as is the case for a slight misalignment of the

polarizer with respect to the optic axis. In fact, whenever

one approaches an LO frequency of e that is whenever one is

near a zero of e or a pole of Mer significant features may be

expected in R, and T,- In a low dispersion region of c_ in

which Re (n,) = const. = n, and Im (0) = 0, then

shd

vhere Tn 11

2
~~ 2 A
rR. + K (8 /]el)

0, . 1"TN:

imfn_] and
3

K, = mn_ /u and where K; may be

IRPp



evaluated from Ry and Rye Consequently, even in regions where

: is approximately constant, there will be a weak peak or dip

in the reflectance and a moderately strong minimum in the trans-

. 2 :

mittance proportional to 6 whenever the observational frequency

approaches an LO frequency of e_. By orienting the crystal so

that 0 ® 90°, minima in the extraordinary transmittance due to

the LO frequencies of e, can be observed for radiation propagat-

ing almost parallel to the optic axis.

This weak coupling of the nominally transverse material

slectromagnetic wave (mixed photon-phonon particle wave) to

the longitudinal optical (LO) frequencies of the orthogonal

components of the dielectric response tensor apparently has not

been previously reported although it is a general property of

all strongly anisotropic (le_- e| &gt;&gt; 0) transparent crystals.

The existence of this effect makes it possible for some longi-

tudinal dielectric resonances (zeros of the dielectric response

function) to be studied in transmission as if they were weak

transverse resonances as well as identifying intrinsic but

otherwise spurious absorption and reflection bands which are due

to a slight misalignment of an anisotropic crystal with strong

longitudinal resonances. An observation in transmission of the

lowest LO frequency of the €_ component of the tysonite

lanthanide fluorides is reported in Chapter III.
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CHAPTER III

THE TYSONITE LATTICE

3.1 General Physical Properties

Various chemical and physical properties of compounds of

the lanthanide and actinide elements have been under continuing

investigation for many years. (See for example references 28

to 32.) As shown in Figure 3.1 for the lanthanide fluorides,

cach substance shows a rather pronounced lanthanide contraction

as the atomic number of the cation is increased and the addi-

tional electrons enter an inner f-electron shell. The lanthanide

fluorides are especially interesting because they have a dif-

ferent crystal structure and are much more rugged than the other

lanthanide halides. Whereas the chlorides and bromides of both

the lanthanide and actinide elements crystallize with the hex-

agonal ucl, structure, the trigonal-hexagonal tysonite or LaF,

structure appears to be the most stable form for the fluorides

of La, Ce, Pr, Nd, and all of the actinide elements, as well

as being a possible room temperature structure for the fluorides

of Sm, Eu, Ho, and Th. (33) The actinide hydrides and the heavier

lanthanide hydrides also crystallize in the form of cysonipe 5)

However, as shown in Figure 3.1, the heavier lanthanide fluorides

generally crystallize in the slightly less dense, orthorhombic

YF, structure at room temperatures. (33-35) At higher tempera-
0

-ures (transition temperature between 555°C for SmF. and 1075 C for



Figure 3.1: Lanthanide contraction of the tri-fluorides
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ErF;) the heavier lanthanide fluorides from SmE through HOF 5

assume a trigonal-hexagonal structure identical with tysonite

or IAP, at room temperature, and Err, through LuF, assume a
(36)

hexagonal, high temperature LL structure.

The lanthanide fluorides have a relatively high melting

. (37) o 0 Co

point of 1200 K to 1500 K and a low electrical conductivity

which appears to be due primarily to the migration of fluorine

38ions with an activation energy of 0.46 ev. (38) Whereas the

chlorides and bromides tend to be rather soft and soluble, the

fluorides are quite hard and insoluble in most common

(3.4) : :
reagents. Moreover, since soft glass (Corning 7570) wets

LaF and since LaF, and pure copper have similar coefficients
3

of thermal expansion, it should be quite easy to fabricate

4heterogeneous structures from these materials. (4) Also, the

four lightest lanthanide fluorides are all transparent from 250

3
nm through the visible region of the spectrum: (3) LaF, and

CeF_ are colorless, PrF_ is green, and NAF, is a light purple

Nr violet.

X-ray and Neutron Diffraction

Based upon powder X-ray diffraction patterns of the mineral

tysonite, (Ce, La, ee) Fo, and some artificially created tysonite

lanthanide fluorides, the LaF, space group was first reported

by Ivar Oftedal to be P6 22 (0, ) with six formula units per

(34)
1Nnit cell. He also noted that the proposed locations of the

+=



atoms in the unit cell were very close to those of a smaller,

more symmetrical P6/mme (, *) pseudocell containing only two

formula units per unit cell, and that the pseudocell was adequate

to explain all but the weakest of the observed Bragg reflec-

cions. 4) However additional X-ray diffraction studies of

single crystals of naturally occurring tysonite revealed more

restrictive selection rules which convinced Oftedal that the

proper space group must be P6_/mem (&gt;) with six formula units

per unit cell, despite the fact that the observed and calcu-

lated scattering intensities do not agree as well as they do

(39)
in his P6_22 unit cell.

Several subsequent studies of the X-ray diffraction of

tysonite lanthanide fluoride powders refined the reported values

of the lattice constants but did not significantly increase

the available information on the tysonite Lakuice, (3810-45)

In fact, the P6_/mme bimolecular pseudocell shown in Figure 3.9
(33)

was often listed as the LaF, structures Eventually, how-

ever, the apparent theoretical difficulties experienced by Oftedal

(46,47) :
were resolved by M. Mansmann and independently by

: : : (48)

Allan Zalkin, David H. Templeton, and Ted E. Hopkins.

They observed that the tysonite lattice exhibits trigonal 3m

Laue-symmetry rather than hexagonal 6/mmm Laue-symmetry as

previously reported. The space group was identified as
— 4

P3cl (D, , ) and the atoms were located in almost the same

10



positions as those proposed by Oftedal for the P6,22 space
34I ) except that the two layers of atoms in the unit cell

are related by a glide plane operation rather than by a screw-

axis operation. See Figure 3.8 for a plan view of the p3cl

structure.

(49)
M. Mansmann and W. E. Wallace have studied the lattice

structure of tysonite HoD by both X-ray diffraction and neutron

diffraction. Again, satisfactory agreement between the observed

and calculated scattering intensities is found only for the

trigonal P3cl space group. However, Colette de Rango, Georges

Tsoucaris, and Charles Zelwer conclude that the neutron dif-

fraction of LaF, is most consistent with an hexagonal P6,cm

c,.) lattice with six molecules per unit ce11. (59)

It should be noted here that, since X-ray and neutron dif-

fraction are both invariant with respect to spatial inversion,

it is not possible for them to distinguish space groups dif-

fering only by the presence or absence of the spatial inversion

operator. Consequently, the noncentrosymmetric P3cl (cy)

space group containing six formula units per unit cell is

also consistent with the data reported above.

3.3 Bragg Diffraction of Light from Acoustic Phonons

Some features of a lattice structure can be determined from

the propagation of ultrasonic waves through the crystal. It

~an be shown that a uniform solid may have up to twenty one



elastic constants relating the stress components to the strain

components. However, the number of independent constants is

greatly reduced by the presence of symmetry operations like

rotations or reflections which move every atom in the crystal

to an equivalent position. | Solids belonging to the trigonal

crystal class have six independent elastic constants governing

the propagation of long wavelength acoustic phonons. Those in

the hexagonal crystal class have only five independent elastic

constants and are unique in that they exhibit acoustic isotropy

in the basal plane. (51) .

Since the wavelength of visible light (~500 nm) is much

longer than the interatomic (~0.1 nm) or unit cell (~1lnm)

dimensions, it is possible to form a macroscopic three dimen-

sional optical diffraction grating within a crystal by using

ultrasonic waves of comparable wavelengths. By observing the

Bragg diffraction of a single-mode He-Ne 632.8 nm laser beam by

acoustic wave pulses in the 200-800 MHz frequency region,

Charles Krischer has measured the velocity of propagation of

transverse acoustic phonons in the basal plane of tap.)

With the propagation vector, k, parallel to the x-axis of the

crystal and the displacement vector, u, approximately parallel

to the y-axis: v” = 2.788 + 0.002 Km/s. However, with k| |v

and u| |x: v, = 2.785 + 0.002 Km/s. The reported acoustic

anisotropy, Vv ”

351



than the experimental error. Moreover, similar measurements

on crystal quartz show the expected acoustic isotropy.

Thus, due to the observed acoustic anisotropy, the tysonite

lattice of dar, can not belong to any of the proper hexagonal

space groups. However, the results are consistent with any

of the trigonal space groups even if they possess an hexagonal

Bravais lattice like the p3cl structure proposed from the most

recent X-ray diffraction studies.

3.4 Infrared and Raman Activity due to Optical Phonons: Previous
Studies

Because the wavelength of visible and infrared radiation

is much longer than the dimensions of the tysonite unit cell,

macroscopic electromagnetic interactions with the lattice take

place via long wavelength phonons near the center of the Bril-

louin zone (k = 0) or via multiphonon combinations for which

k, ~ 0. Infrared active phonon transitions couple directly

to the electromagnetic field and must therefore have the same

transformation properties under the symmetry operations of the

crystal class as does an electric dipole. Raman active phonon

transitions, on the other hand, couple to both an incoming and

outgoing, scattered photon and must therefore transform the

same as a symmetric second order tensor (electric quadrupole).

If the symmetry operations of a crystal class include the spatial

5 7



inversion operator, infrared active phonons and Raman active

phonons must be distinct because an electric dipole has nega-

tive parity and a symmetric second order tensor has positive

parity. However, in the absence of the spatial inversion

operator, a phonon transition may be simultaneously infrared

and Raman active depending upon what other symmetry operators

are contained in the crystal class. A conventional group

theoretical analysis of the space group and the symmetry sites

occupied by the atoms in the unit cell can determine the total

number of optically active fundamental phonon transitions and

can predict which multiphonon transitions may or may not be

optically active. Therefore, in addition to locating the

critical frequencies of the electromagnetic interactions with

the lattice, a very important result in itself, the infrared

and Raman spectra complement one another and can be used to

support or discredit the lattice structures proposed from

X-ray and neutron diffraction measurements.

The frequencies of the infrared and Raman active lattice

vibrations of powdered samples of LaF, were first measured at

room temperature. Only a very few of the fundamental lattice

modes were identified by H. H. Caspers, R. A. Buchanan, and

(59)
H. R. Marlin, and these unpolarized results were inter-

preted as supporting the bimolecular pseudocell lattice, at

least as an approximate structure at room temperature.

—

 Ny =



More recent measurements of the Raman scattering of single

crystals of the four lightest tysonite lanthanide fluorides,

LaF. CeF,., PrF.. and NAF. by R. P. Bauman and S.P.S. porto &gt;)

show that only the strongest Raman bands can be considered

characteristic of the bimolecular lattice. Four to five A-modes

are consistently observed and at least eight E-modes are always

observed in all four substances. By correllating all of the

observations a total of five A-modes and twelve E-modes can be

identified. Two very weak bands at 177 ct and 192 hal are

attributed to multiphonon processes. Two sharp peaks at 395

~1 -1 : : : (54)
cm and 412 cm are reported to be instrumental in origen.

Moreover, in addition to the lattice Raman scattering, three

alectronic Raman lines at 66, 94, and 537 ow! are dbmerved

o 3+ :

at very low temperatures (20K) due to the Pr ion 1n Pr¥,.

They conclude that the major features of the room temperature

lattice Raman spectrum are explainable quite satisfactorily

by assuming that the Lag, lattice is approximated by the hex-

agonal P6.,/mcm with six formula units per unit cell, but that

the precise selection rules and the number of Raman active

frequencies are consistent with the proposed trigonal p3cl

lattice and not with either of the hexagonal 6/mmm (b)

lattices.

Just after the polarized far infrared reflectance measure-

ments reported in the next section were completed, H. E. Rast,

55Hq. H. Caspers, S. A. Miller, and R. A. Buchanan ) published

1



the unpolarized, far infrared emittance of a single crystal

of LaF,. They report the k ® 0 transverse optical phonon

frequencies for k| ¢ (equivalent to the o-polarization) to be

at 92, 100, 115, 128, 166, 192, 208, 246, 272, 353, and 368

cm”! and the additional frequencies for k|e (mixture of

s-polarization and m-polarization) to be at 170, 203, 235, 264,

and 304 cm. In the o-polarization, the emittance frequencies

are, for the most part, quite close to those determined from

the reflectance data. The exceptions are that neither the

92 cmt nor the 115 emt transitions observed in the emittance

spectrum can be seen in either reflectance or transmittance.

Conversely, the emittance results show no sign of the phonon

nodes observed in reflectance just above and below the moderatelv

strong band near 130 ant

In the m-polarization, however, the reported emission

frequencies are not in good agreement with those observed in

reflection, except for the strong lattice mode near 170 em~t

This is due to the fact that the emittance frequencies in the

m-polarization were recorded with k|c rather than with E||c

as done in reflection. As a result, since the lanthanide

fluorides are uniaxial and the dielectric response tensor con-

tains two principal nondegenerate components, the emittance

experiment simultaneously excited the infrared active modes in

both orthogonal polarizations, yielding a strongly mix ed

SR



spectrum difficult to relate to the dielectric response function

in either polarization. Consequently, due to the strongly

anisotropic dielectric response of the tysonite lanthanide

fluorides, the unpolarized emittance measurements did not

identify all of the infrared active fundamental phonon modes of

LaF. For the most part, the frequencies and polarizations of

the fundamental infrared active phonon modes of the four lightest

lanthanide fluorides were not known prior to the publication of

the results contained in the next two sections.

3.5 Infrared Activity due to Optical Phonons: Current Study

All of the far infrared spectra reported in this section

were measured by means of Michelson interferometry using a

modified R.I.I.C. FS-520 Fourier Spectrophotometer in the

Spectroscopy Laboratory at M.I.T. The reflectance in both the

T-polarization, E| |c, and the o-polarization, Ec, of the four

lightest tysonite lanthanide fluorides was measured at 295°K,

78°K, and 7°K. Each of the composite spectra of LaF, and CeF,

consist of two sets of measurements and cover the frequency

region from 50 or to 500 — Using the appropriate filters

and background spectra, the first set of measurements cover the

50 cmt to 200 cmt region with the 0.5 mil (1 mil = 1073 inch)

beamsplitter and the second set covers the 150 ant to 500 orn

region with the 0.15 mil beamsplitter. The PrF_ spectra have

S A



been extended to lower frequencies by a third set of measure-

ments covering the 30 cmt to 90 cmt frequency region with

the 1.0 mil beamsplitter. The Bag. spectra have been extended

to both higher and lower frequencies by adding a fourth set of

measurements covering the 250 emt to 650 cmt region with

the 0.15 mil beamsplitter, the Perkin Elmer interference filter.

and the Perkin Elmer wire grid polarizer on a silver chloride

substrate. The full set of reflectance measurements for these

four substances in both polarizations and at all three fixed

temperatures required many weeks of almost continuous observa-

tions by both the author and Professor R. P. Lowndes, who is

now at Northeastern University. However, without the inter-

ferometer the measurements would have been even more difficult

snd tedious. Whereas the wide bandwidth interferometer provides

at least a 50 cmt overlap between each beamsplitter and filter

change, a comparable vacuum grating spectrometer would require

at least four and up to six or more grating and filter changes

in order to cover the same frequency region with minimal 10 cm”?

overlaps.

The spectra of Lar, shown in Figure 3.2 are typical of the

reflectance of the tysonite lanthanide fluorides in the

T-polarization as a function of temperature. At room tempera-

ture there are only four well defined peaks in the reflectance.

The TO (transverse optical) frequencies of the peaks are near

170, 195, 275, and 325 emt. As the temperature is lowered to



Figure 3.2:
lo} Oo

Reflectance spectra of LaF, at 290 K, 78 K,
and 7 K in the m-polarization
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that of liquid nitrogen all four peaks gradually sharpen and a

fifth peak appears near 140 cmt . At the temperature of liquid

helium the five bands sharpen slightly more. All of the changes

appear to be gradual functions of temperature and there is no

0 o
avidence for a phase change between 7 K and 300 K.

The low temperature, m-polarized reflectance spectra of the

four lightest tysonite lanthanide fluorides are shown in

Figure 3.3. The CeF, spectrum shows the same five reflectance

peaks as observed for 1aF,. The PrF, and NAF, spectra show not

only the five reflectance peaks observed in LaF, and CeF,, but

an additional feature near 235 cmt. The two features below

100 emt, the 66 cat peak in PLE, and the 45 — ripple in

NAF_. have been associated with far infrared electronic transi-

tions rather than lattice vibrations and are discussed in

Chapter IV. Whereas the four lightest tysonite lanthanide

fluorides exhibit only four strong reflectance bands in the

m-polarization at room temperature, although there is the hint

of a dip near 235 ats in the room temperature reflectance of

NAF, the low temperature spectra show at least five and possibly

six reflectance bands which can be associated with lattice vi-

brations. The TO and LO (longitudinal optical) frequencies

and half-widths of five of these features have been extracted

from the m-polarized reflectance spectra by means of Kramers-

Kronig analysis and are listed in Table 3.1.

In a like manner, the spectra of ILaF_ shown in Figure 3.4

 a“



Figure 3.3: Low temperature m-polarized reflectance spectra

of LaF, CeF.,, PF, and NF,
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TABLE 3.1

Poles and zeros of the m-polarized dielectric response function--A,

lattice vibrations of the four lightest tysonite lanthanide fluorides

Pr¥,
Mode 5 78 295% 5 78 295% 5 78 295% 5 78 295%

138 142

3 3

or 138 143
4L 5

Ver 166 168 168

T 4 4 6

bp 178 178 176
3 4 7

194 195 194

8 9 14

bp 246 243 239
| 5 7 16

vn 273 274 275

8 10 12

op 298 297 296
6 6 10

318 319 323

14 14 16

! 462 461 468

14 18 22

140 141 141 141 144 147

10

147 147

10

140 1-2 143 1'"°

8 8 5 7

170 170 167 178 175 170

5 6 10 3 9 16

180 181 180 183 182 182

6 10 20 2 6 15

176 177 172

5 4 8

185 185 184

3 3 12

199 203 193

8 11 24

252 252 249

8 8 16

201 203 195

10 17 20

263 261 257

6 7 20

202 202 198

6 7 15

268 267 264

4 6 14

280 285 273

3 6 20

302 301 303

4 7 13

289 288 283

6 8 20

308 307 308

5 4 20

294 294 290

4 6 17

314 314 312

5 6 14

329 329 321 331 332 329 335 337 337

6 14 18 8 15 20 8 8 12

478 475 466 471 474 467 470 472 472

23 28 17 15 20 20 13 18 24

3 A



Figure 3.4:
oO oO

Reflectance spectra of LaF at 290 K, 78 K,
and 7°K in the o-polarization
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are typical of the reflectance of the tysonite lanthanide

fluorides in the o-polarization as a function of temperature.

At room temperature there are six well defined peaks in the

reflectance. The TO frequencies are near 100, 130, 170, 210.

245, and 355 emt. In addition, however, two very weak and

broad features near 145 cmt and 270 cm™t are also discernable

at room temperature. As the temperature is lowered to that of

liquid nitrogen all of the previously mentioned features gradu-

ally sharpen and additional peaks appear near 195 ant and

365 an, At the temperature of liquid helium a total of ten

reflectance peaks can be easily seen.

As shown in Figure 3.5, the o-polarized reflectance spectra

of the four lightest tysonite lanthanide fluorides are quite

similar. At least ten reflectance peaks due to lattice vibra-

tions can be easily seen in each spectrum. The eleventh peak

in the reflectance of LA at 92 cmt is due to an electronic

transition as explained in Chapter IV. In addition to the above

the PrF, and NAF, spectra exhibit weak shoulders near 320 ant

on the high frequency side of the 280 ant reflectance peak,

and near 125 amd, on the low frequency side of the 134 cm™

reflectance peak. The 125 ant feature is also visible to some

extent in the CeF spectrum. Whereas the four lightest tysonite

lanthanide fluorides exhibit only six strong reflectance bands

in the o-polarization at room temperature, at least ten and

SA



Figure 3.5: Low temperature o-polarized reflectance spectra
of LaF, CeF,, PrF and NdF
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possibly eleven or twelve lattice reflectance bands can be seen

at low temperatures. The TO and LO frequencies and half-widths

of ten of these features have been extracted from the o-

polarized reflectance spectra by means of Kramers-Kronig analysis

and are listed in Table 3.2.

Since the lanthanide atomic weight increases by only 4%

and the lattice volume decreases by only 5% in proceeding from

Lak, through NiF, the lattice reflectance spectra are quite

similar. Consequently, only ten out of the total of twenty-four

composite spectra have been explicitly displayed in the form

of spectra. Nevertheless, all of the TO and LO frequencies

extracted from the reflectance spectra at all three fixed tem-

peratures are listed in Tables 3.1, 3.2, or 3.3.

Table 3.3 lists those reflectance features shown in

Figures 3.3 and 3.5 which could not be associated conclusively

with direct, first order coupling to the infrared active phonons

of the tysonite lattice. The first three features listed are

. Co 3+ , .

the electronic transitions of the Pr ions in PrF_ and the

3+ : : : : Co

Nd ions in NAF, which are discussed in more detail in

Chapter IV.

It is conceivable that the dip in the m-polarized reflect-

ance of PrF, and NAF, near 235 cm 1 may be due to the lifting

of an accidental degeneracy of the reflection band at 220 cmt

However, this feature may also be associated with a o-polarized
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TABLE 3.2

Poles and zeros of the o-polarized dielectric response function--E

lattice vibrations of the four lightest tysonite lanthanide fluorides

CeF, PrF,
5 78 295% 5 78 295% 5 78 295% 5 78 295%Mode

Jp 101 100 100 98 98 100 107 104 102 104 105 101

2 7 5 6 6 7 3 4 € 3 6 8

110 110 108 108 107 108 111 110 109 112 111 110

4h 7 4 5 4 4 3 4 6 3 4 5

1\

Bal 128 127 128 130 130 130

3 8 8 |

130 131 130 132 132 132

3 7 7 ? 4 7

134 132 131

2 5 13

136 135 133

2 6 10

133 133 131

3 4

135 135 136

3 4 20

T

1) 144 144

11

146 145 -

11

142 143

3

145 143

Vv

-

168 167 168 164 166 164 169 170 166

8 10 11 9 10 10 2 5 14

184 184 183 186 186 186 189 189 190

5 5 18 8

170 170 165

5 6 17

194 194 193

3 4 14

1.

1

(

0p 193 193
10 7

op 196 195 210 208

to 10

198 201 &gt; 204 202

17 204 202

Ap 210 208 208

T 8 10 34
0, 230 229 222

8 10 26

218 222 203 213 211 205 215 214 208

8 11 8 10

240 235 224 235 235 228 239 238 233

12 6 8

 0 continued on next page



TABLE 3.2
continued

LaF, PrF, NdF,
Mode 5 78 295% 5 78 295% 5 78 295% 5 78 295%

Wm 246 248 245

6 7 19

0 268 268 272

g 9 12

247 247 244 255 252 248 255 255 251

7 13 25 5 8 25

264 266 272 278 276 278 279 279 278

20 5 12

op 274 272 268 276 278 269 280 278 278 283 284 278

i 8 13 20 10 5 11

sy, 318 317 316 350 350 318 323 322 324 334 334 332

: 10 10 16 33. 15 16 25 12 16 23

a 356 354 356 364 360 354 355 358 369 368 366

T 9 13 15 44 20 23 33 8 10 30

Oy 364 364 373 373 381 381 380

15 10 12 32

374 375 386 385

16 20

vp 466 462 457 472 474 478 468 464 467 471 471 463

i. 31 29 35 26 33 72 16 23 33 18 20 30

i



TABLE 3.3

Miscellaneous features of the

dielectric response functions of the

four lightest tysonite lanthanide fluorides

-1 .

Substance Measurement Description cm Identification

PTF, m-reflectance Wer = 66 Electronic transition
5% w, = 69 of Protion

PrF, o-reflectance We = 02 Electronic transition

5% wy = 94 of Prion

NdF, n-reflectance wy, = 45
o —

5°K wp = 46

PrF, o-retlectance Wy 127
5°K WW 317

dF, o-reflectance Wg = 121
5°K Ww = 315

PrTF 2 m-reflectance
0

&gt; X WLW = 234
78K Wry = 232

NdF , m-reflectance
50 or or
&gt; WW 239

8 x Wy = 237
295K WW, 235

LaF,
CeF,
PrFg4
NAF,

T-transmittance opaque 28-32

opaque 30-34

opaque 37-41

opaque 32-36

Electronic transition
neof Nd&gt; ion

Uncertain, possibly
fundamental or multi-

phonon lattice modes

of tysonite

Spurious m-reflectance

feature associated witk

z . ewp (zero) of Eo Se

Table 3.2 for direct

observation in the

o-reflectance spectrum

m-polarized, fundamental

infrared active lattice

mode of tvsonite

"9



longitudinal frequency listed in Table 3.2. As discussed in

the preceeding chapter,. a slight misalignment of the crystal

axes of the uniaxial crystal causes the effective dielectric

response function associated with the extraordinary ray (any-

thing other than perfect E|c or o-polarized rays) to have zeros

at all of the zeros of both c, (w) and (w). For small angles,

the strength of the additional zeros is proportional to the

square of the angle of misalignment, and since the effective

dielectric response function must have the same number of poles

as zeros, each of the weak zeros has a weak pole very close to

it. This weak but direct, infrared active coupling to the

longitudinal frequencies of c, (Ww) can cause spurious features

in the experimentally measured m-polarized reflectance or

transmittance, which are functions only of c, (w) for perfectly

aligned crystals. In addition to this probably spurious dip

in the reflectance near 235 ant, a small ripple in the 1m-

polarized reflectance is detectible near 108 ait, As dis-

cussed below, this latter feature has also been observed in

transmission and has been associated conclusively with the

lowest frequency o-polarized longitudinal frequency listed in

Table 3.2.

The 125 ont feature in the low temperature o-polarized

reflectance is possibly an infrared active fundamental phonon

node. Unfortunately, whereas the ten modes listed in Table 3.2

 *



can be identified as fundamental phonon modes merely on the basis

of their strong infrared activity, this latter band is rather

weak and is not easily visible in all four substances. On the

other hand, the feature near 315 hat in the o-polarized reflec-

tance of Nap, which is only slightly weaker than the tentatively

identified eleventh fundamental phonon mode at 125 emt, is

suspiciously close to and slightly above a longitudinal frequency

of €, (w) listed in Table 3.1. Higher order terms in the experi-

mentally measured o-polarized reflectance involving both the

angle of incidence and the angle of misalignment may lead to

measurable effects near the zeros of c or (e_-1) and could

explain this feature. However, it is also quite possible that

the 315 cmt feature may be due to a strong second order multi-

phonon mode of the lattice. The identification of both of these

features is rather uncertain and speculative and neither of

them can be conclusively identified as first order infrared

active fundamental phonon modes, higher order infrared active

phonon modes, or spurious effects due to impurities or due to

the geometry of observation.

Figures 3.6 and 3.7 show the low temperature absorption

coefficient spectra of LaF, and Cer, in both polarizations

between 25 ort and 150 on, A very strong, totally polarized

absorption band between 95 an and 112 em™t dominates the

j—-polarized spectra. Clearly it is associated with the lowest

*



Figure 3.6: Low temperature absorption coefficient spectra
of LaF_
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Figure 3.7: Low temperature absorption coefficient spectra
of CeF
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frequency infrared active fundamental phonon mode visible in

. CL -1

the o-polarized reflectance. A similar feature near 30 cm

is visible in the m-polarized absorption spectra. This latter

absorption band is consistently observed between 28 cmt and

32 ans in LaF, 30 em! and 32 and in CeF 37 em™t and 41 cmt

in PrF_, and 32 cm”! and 36.5 cmt in NdF, independent of any

lanthanide dopants in the crystal. Based upon the proportionality

between the experimentally measured width of a totally absorbing

line and the square root of the optical strength of the absorb-

ing transition, (56) this 30 cmt band in the m-polarization is

approximately one tenth as strong as the fundamental phonon

node identified at 100 em L in the o-polarization. Therefore,

it is quite possibly due to a very low frequency m-polarized

fundamental phonon mode of the tysonite lattice although it is

slightly weaker than expected and other explanations are con-

ceivable.

The rather sharp, m-polarized absorption bands at 107.7

om! in LaF, and 107.5 cmt in CeF, with half-widths of approxi-
-1 _

mately 2 cm and 4 cm l respectively, are due to the o-polarized

longitudinal optical phonon frequencies listed in Table 3.2,

which are observed in reflectance measurements to lie between

108 and 110 om? with hal f-widths of approximately 3 to 5 cmd

As explained in the preceeding chapter, this weak absorption due

to the longitudinal mode varies in strength from sample to sample

7 Q



and is seen only because the crystal c-axis is slightly mis-

aligned from the exact E| |c ana k|c requirements for the

m-polarization. The ratio of the reduced strength measured in

transmission to the full strength measured in reflection sug-

gests that the angle of misalignment is approximately 2.6

arc-degrees in the LZ, sample and 5.4 arc-degrees in the Cok,

sample. An equivalent feature can be seen in the m-polarized

transmittance of PrF, at 111.5 an and NAF at 111.0 em

No other first order absorption bands are observed below

120 an in the undoped spectra of LaF, and CeF,, but several

higher order absorptions could be detected. The PrF¥, and NF,

spectra show their respective first order electronic transi-

tions in addition to the features visible in the LL and Cer,

spectra. The most consistent weak absorptions (peak absorption

coefficient less than 5 cmt were generally unpolarized and

were observed near 26, 38, 45, 50, 56, 65, 72, 79, 82, and 100

om? in LAF,- The 72 cmt feature is most likely due to uncom-

pensated polyethylene absorption. The one at 100 cat shows

only in the m-polarization and may be associated with the lowest

frequency TO frequency in the o-polarization. Otherwise, not

all of these weak absorptions were always observed in all four

substances or in different samples of the same substance.

QN)



3.60 The Lattice Space Group

Tables 3.1 and 3.2 reveal that the frequency of any par-

ticular lattice mode in Lap, generally moves to higher fre-

quencies in the heavier lattices. This may reflect the stronger

interionic forces present in the heavier lattice due to the

lanthanide contraction of the cell volume as the atomic number

of the cation is increased.

A comparison of the phonon frequencies identified from the

current infrared measurements with the Raman active phonon

frequencies reported by Bauman and porto °%) show that all of

the A Raman active frequencies are distinct from all of the

infrared active TO and LO frequencies. However, some of the

Raman active ® modes seem to be almost degenerate with infra-

red active modes. There is a rather strong clustering of weakly

active infrared and Raman frequencies near 145 a1 in which an

A and an 2 infrared active mode are within 5 ont of two E,

Raman active modes. Also, the two high frequency modes described

as Bag of Dey, by Bauman and Porto lie very close to the LO

frequencies of two E, modes listed in Table 3.2. Otherwise, the

Raman active frequencies appear quite distinct from the infra-

red active ones, and none of the infrared active frequencies

: : a -1 :

appear to remain consistently within 1 cm of a given Raman

active mode in all four substances.

21



Since there are 34 infrared active frequencies (counting

both TO and LO frequencies) and 17 Raman active frequencies

observed below 500 — it would not be surprising if one or

more distinct modes accidently lay within a 5 cmt interval.

Consequently, the most recent infrared and Raman measurements

have been interpreted as strongly supporting a structure which

includes inversion symmetry, although the accuracy of the measure-

ments is not better than 1 ant and a noncentrosymmetric struc-

ture can not be conclusively eliminated as a remote possibility.

Table 3.4 summarizes some results of a group theoretical

vibrational analysis of several structures proposed for the

tysonite lattice from X-ray diffraction studies. The low tem-

perature infrared reflectance measurements reveal the existence

of at least five and possibly six infrared active modes in the

T-polarization and at least ten and possibly eleven or twelve

infrared active modes in the o-polarization. Therefore, the

P6 ,/mmc &gt;“) lattice which predicts two m-polarized and two

o-polarized infrared active modes and the P6_/mem 0) lattice

which predicts four m-polarized and seven o-polarized infrared

active modes can both be eliminated as possible tysonite

lattices. The P3cl (D 4 , P6_22 (D ° , and P6 cm (C 3) lattices,
3d 3 6 3 ev

on the other hand, are all compatible with the infrared measure-

ments. Nevertheless, the P6,22 and Po, cm lattices can be

eliminated because group theory predicts almost twice as many

7



TABLE 3.4

Number of optically active phonons

in the proposed tysonite lattices

Lattice

space
group

P6.,/mmec
3,

®@c, )

P6./mem
3 3

0,3
P3cl

4
(0,

#0322
(0°)

Pozen
Ce,

P3cl
3

(Co ”)

Formula
units |

5

C

Lanthanide
site

symmetry

“m2

(Dy,)
TN

(c,.)

‘C,)

(C,)

(C, 4

Ed

Optical activity

IR-T Raman—-A IR-o! Raman-E

2A, i a,, 2Eq
1B,
Ey

A, 3, TE
i
8E,

5A, | A, 11E |
u

12E
g

5A, 5A, l1E,
11E,
12E,

11E,
12E,TA. L1E, |

[1A ) IE

ko mt

IR = infrared active; Raman = Raman active; A = nondegenerate
E = doubly degenerate; m = Elle; oc = Elec.
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: 54doubly degenerate Raman active modes as chwerved. ® ) More-

over, all eleven of the o-polarized infrared active modes of the

P6,22 structure and all of the infrared active modes of the

P6 cm structure should be both infrared and Raman active. Like-

wise, although it is consistent with the most recent X-ray

studies, (46-48) the noncentrosymmetric P3cl (c,h) lattice can

be eliminated by either infrared or Raman studies. Only the

p3cl lattice seems to be consistent with both infrared and Raman

measurements.

In addition to adequately explaining the optically active

phonon spectrum, the P3cl lattice has a lanthanide ion site

symmetry low enough to be compatible with all of the reported

optical absorption measurements discussed in the next chapter

and has fluorine ion sites compatible with the spectra of H

and D inpurities in the lattice. 7) Those experiments in

which polarized or partially polarized electronic spectra have

been observed do not necessarily contradict the low site

symmetry found in the P3cl lattice, since the lower site symmetry

merely allows unpolarized transitions and the depolarization

of a given transition may not easily be measurable.

As mentioned earlier, the difference between the P6 ./mcm

and the P3cl lattice is determined only by small displacements

and the physical properties of tysonite may be dominated by

features characteristic of the approximate P6_,/mcm lattice.

QA



— 54
A plan view of the P3cl unit cell is shown in Figure 3.8."

(58)
Using the Wyckoff.labels for the equivalent lattice sites,

the P6_/mcm lattice can be generated from the p3cl lattice by
(48)

displacing the four "d" fluorines by 0.46 2 so that they lie

in horizontal mirror planes perpendicular to the c-axis at

z = + % lattice units and by displacing the twelve "g" fluorines

o (48) : Cs : :

by 0.04 A so that they are contained within vertical mirror

planes passing through the origin and the lanthanide ions. The

net result of these displacements from the more symmetric P6 /mcm

structure is that two B infrared inactive modes and the four
2u

Ag infrared active modes of the Der, group combine to form the

Six A, infrared active modes of the Ba group. Four inactiveu

E modes and the seven active E modes of D combine to form
2u lu 6h

the eleven E modes of Do” Therefore, the infrared spectrum
u

associated with the P3cl lattice may be expected to consist of

four m-polarized and seven o-polarized strong reflection bands.

characteristic of the P6_/mem lattice, together with two more

m-polarized and four more o-polarized weaker reflection bands

allowed only in the P3cl lattice. The experimental results con-

0
firm this and at 295 K the weaker bands observed at lower tem-

peratures are almost completely damped out leaving just the

four m-polarized and seven o-polarized strong infrared active

modes. This result might also be expected because the small

distances that differentiate between these two lattices are

AE



Figure 3.8: Plan view of the P3cl structure proposed for

(54)
tysonite.
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comparable with typical vibrational amplitudes of ions in

solids, and the increased amplitude of these vibrations as the

temperature is raised would more strongly affect the weaker

pands allowed only in the P3cl lattice.

Whereas the trigonal P3cl hexamolecular structure shown in

Figure 3.8 offers a rather precise description of the tysonite

lattice, due to the relatively small displacements distinguishing

them, the hexagonal Pe /mam hexamolecular structure is an

exceptionally good approximation, especially at room temperature.

This suggests a further approximation. The hexamolecular P6/mcm

structure shown in Figure 3.9033) only by horizontal displace-

nents of the six lanthanide ions by 0.05 a and of the twelve

— o (48)

k-fluorines (g-fluorines in P3cl) by 0.14 A. These displace-

ments are comparable to those distinguishing the two hexa-

nolecular structures. The principle difference is that the

hexamolecular unit cells have three times as many phonon modes

at the center of the Brillouin zone as the bimolecular unit

cell. Assuming arbitrarily small displacements for which the

infrared and Raman activities are negligibly small, the extra

modes in the smaller hexamolecular Brullouin zone can be con-

sidered to be generated from interior regions of the bimolecular

Brillouin zone being folded back to the center of the zone

while other interior regions closer to the center of the zone

are being projected out to the surface of the Brillouin zone.

As the displacements approach those observed in X-ray

DC



33Figure 3.9: Bimolecular pseudocell of tysonite. )
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(34,39,46-48)
diffraction, the nearly degenerate zone center

phonon modes generated from the interior regions of the phonon

branches of the bimolecular Brillouin zone will separate in

frequency and the strengths of the infrared and Raman activities

will increase. Quite possibly a detailed force constant cal-

culation of the vibrational modes of the bimolecular P6 Some

pseudocell and their relation to those of the hexamolecular

P6_/mcm and P3cl structures could explain the diffuse clustering

of zone center phonon modes above 300 em as well as the rather

strong clustering of both infrared and Raman active modes near

145 — Unfortunately, the required mathematical tools and

computer programs necessary to handle up to 24 atoms and 72

normal modes in the unit cell are not available and the time

required to generate them would have seriously detracted from

the other results presented in this report.

Twelve nondegenerate optical phonon modes which are neither

infrared nor Raman active are predicted for the P3cl structure.

Five of them are AL modes of 3m which are associated with

two A. modes and three Bw modes of the 6/mmm structure. They

may become infrared active in the o-polarization upon the appli-

cation of an anisotropic stress or Raman active upon the appli-

cation of an electric field perpendicular to the c-axis. The

other seven silent modes are Ba modes of 3m which are associated

with two Asi modes and five p_ modes of the 6/mmm structure.

These latter modes may become Raman active upon the application



of an anisotropic stress or infrared active in the o-polarization

upon the application of an electric field perpendicular to the

c-axis. Since the P3cl structure is so well approximated by

the P6 ,/mem structure it is likely that only the two modes

described by Ag of 6/mmm would become measurably infrared

active upon the application of an electric field.

It is possible that some of the weak absorption bands

observed in transmission below 120 et may be due to the nominally

silent fundamental phonon modes of the tysonite lattice. The

weak, SHELIA infrared activity of these intrinsically silent

vibrational modes would be due to the higher order electric

multipole moments of the electronic wavefunctions in the crystal

which express the fact that the ions are not point charges in

a perfect lattice: in other words, the extrinsic infrared

activity is due to electron-phonon interactions. Such absorp-

tion bands would be the vibrational counterparts to the vibronic

sidebands observed near pure electronic transitions. Because

its strength seems to depend upon nearby electric dipole transi-

tions, the absorption band near 50 — in oP, has some of the

group theoretical properties expected of one of the two vibra-

tional modes described by 2, of 6/mmm, but it and the other

weak absorptions reported in an earlier section are more

probably due to the geometry of observation, multiphonon modes,

or impurity and defect modes. Studies of the electric field

D7)



induced and strain induced infrared and Raman activities could

~onfirm or deny any tentative assignment of the 50.5 —a

absorption band as well as locating some of the other optically

inactive fundamental optical phonon modes.

At least five m-polarized and ten og-polarized lattice

reflectance bands have been observed in the spectra of the

four lighest tysonite lanthanide fluorides. The TO and LO

frequencies are listed in Tables 3.1 and 3.2. These results

: (54) .

together with the Raman scattering results imply that the

tysonite lattice is described most accurately by the trigonal-

hexagonal P3cl hexamolecular structure proposed from the most

: : : (46-48) :

recent X-ray diffraction studies. However the physical

and optical properties are also very well approximated, at least

at room temperature, by the hexagonal P6,/mem hexamolecular
: : : : (39)

structure proposed from earlier X-ray diffraction studies.

It also appears that the hexagonal P6_/mmc bimolecular
(34) : : :

structure may be useful in understanding properties of the

hexamolecular structures although it is not a very accurate

approximation by itself. Tentatively, a sixth m-polarized A,

mode near 30 emt and an eleventh o-polarized E. mode near

125 a have also been identified, leaving unidentified only

twelve nondegenerate fundamental phonon modes which are neither

infrared nor Raman active to the first order.
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CHAPTER IV

LANTHANIDE IONS IN TYSONITE

14.1 The Rare Earths

The lanthanide elements are characterized by the progres-

sive filling of the 4f electron shell. In the normal configura-

tion of the neutral lanthanides the spherically symmetric inner

: : : : 2,262

electronic core with the normal xenon configuration (ls 2s p 3s

6.10 2 6_10_ 2 6
pd 4s pd 5s p ) and any 4f electrons are surrounded by two

2 2
or three outer electrons in a 6s or 5d6s configuration. M.G.

(59) (60) (61) (61)
Mayer, R. Latter, C.A. Coulson, and C.S. Sharma

have shown that both the energy and the spatial extension of

the 4f electronic eigenfunction drop suddenly at the commencement

&gt;f the lanthanides. Whereas the 4f orbital wavefunction of

lanthanum (La) has a theoretical energy of -0.95 ev and a

naximum radial density outside the xenon core wavefunctions,

the 4f orbital wavefunction of neodymium (oN) has a theoreti-

cal energy of -5 ev and a maximum radial density well inside

the 562p° electronic shells of the xenon core. (59) Thus the 4f

alectrons of the lanthanides behave as if they were entering an

inner electron shell and tend to interact rather strongly with

the nucleus while being well shielded from the external environ-

ment by the valence electrons and the outer electrons of the xenon

core. In fact, other than their chemical similarity, one of

he more striking properties of the lanthanides is the resulting

) /]



59-61lanthanide contraction of the ions predicted theoretically )

and illustrated in the preceeding chapter (Figure 3.1). Lan-

thanum (12) is often included in the lanthanide series because

it is chemically similar to the succeeding fourteen elements.

However, the spectroscopically interesting series begins with

cerium {1S , which has a single 4f electron in both the neutral

and triply ionized states, and ends with lutecium 5) , which

nas a closed shell of fourteen 4f electrons.

The actinide elements are characterized by the progressive

filling of the 5f electron shell. They have many properties

analogous to the lanthanides and both groups of elements can be

referred to as the rare earths. In the normal configuration

of the neutral actinides the spherically symmetric inner

electronic core with the normal radon configuration (1s2252p°

362p%31 0452083 04557000 P65 °°) and any 5f electrons are sur-

rounded by two or three outer electrons in a 78% or 6d7s&gt; con-

figuration, except thorium (oT) which has four outer electrons

in a 6a27s° configuration. At the beginning of the actinides

the energy and spatial extension of the 5f electronic eigen-

function drop, but not quite as fast as they do for the 4f

electronic eigenfunction of the lanthanides. oo oY) Due to the

larger spatial extension of the 5f orbitals, the electron spin

resonance of the actinide ion gt in CaF, shows hyperfine

structure attributable to a significant overlap of the 5f

JB



clectronic eigenfunction with the nearby fluorine nuclei,

whereas such an effect is not observed for the corresponding

Co 3+ (52) Co
lanthanide ion, Nd , in CaF,. Due to the lower binding

energy, heither neutral actinium 2% nor neutral thorium

oT have any 5f electrons in their normal configurations.

Nevertheless, the triply ionized state of thorium is spectro-

scopically interesting because it does have a single 5f electron

and the actinide series ends with lawrencium (03%) which has

a closed shell of fourteen 5f electrons.

Because they are so well shielded from the external environ-

ment and have such a small effective radius (approximately 0.1

nm), the 4f electrons of the lanthanides and the 5f electrons

of the actinides do not interact strongly with the other atoms

in a crystalline or liquid environment. First order perturba-

tion theory predicts that the mean energy of the LSJ levels of

the af" and 5° configurations should be independent of the host

material: only the fine structure and widths of the transitions

between these levels should depend strongly on the host material.

As a result, the mean location of many of the absorption and

amission bands observed in the spectra of rare earth compounds

are at almost the same frequency as those observed in gaseous

spectra of the same rare earth ions. These characteristic

absorption and emission bands have been associated with 4f = 4f

and 5f -» 5f electronic transitions and the resulting mean

snergy levels of many different rare earth compounds have been

MA



ased to calculate the theoretical coupling coefficients for the

. : . : : n n

electrostatic and spin-orbit interactions of the 4f and 5f

~onfigurations.

The energy levels of the at configurations of the transi-

tion metal ions are predicted very well by the L-S or Russell-

sanders coupling scheme, in which the spin-orbit splitting is

small compared with the electrostatic interaction. In the £

configurations, however, the spin-orbit splitting is much larger

than for the a" configurations and, although most of the energy

n
levels of the 4f configurations can be predicted fairly well

by L*S coupling, some of the energy levels of the 5£° configura-

tion can be predicted as well or better within the J.J coupling

scheme, in which the electrostatic splitting is small compared

with the spin-orbit interaction. The best energy level pre-

dictions have been based upon the intermediate coupling scheme,

in which the entire set of electrostatic and spin-orbit matrices

are diagonalized simultaneously. This arithmetically complicated

approach, which uses all of the possible £7 energy levels, has

yielded extremely good agreement between the theoretical and

3+ 1 :
axperimental energy levels of cerium (Ce , 4f ), ytterbium

3+ 13 3+ 2 3+ 12
(yb, 4f 7), praseodymium (Pr ,4f ), thulium (Tm , 4£f ).

3+ 3 3+ 11
neodymium (Nd , 4f ), and erbium (Er , 4f ). (See for example,

(28)
references 63 and 64.) Unfortunately, as shown in Table 4.1,

n

-he number of energy levels increases rapidly for the other ff

3"



TABLE 4.1

. n : 1

Group properties of the f configurations

Configuration

el or gt3

¢ or gl?

5 or gt

t or $0

5 or £

0 or £8

Number of Number of Number of
terms levels states

/,

~ oN

L
of Ld7 364

07 1001

198 2002

19 295 3003

19 327 3432
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configurations. Nevertheless, such calculations seem to be in

progress for the rest of the £1 configurations and are expected

to yield very good results. (See for example reference 65 on

3+ 7
sda , 4f .)

The approximate mean energy and the Russel-Saunders labels

for the energy levels of the trivalent lanthanide ions can be

found in the extensive literature covering the infrared, visible,

and ultraviolet absorbance and fluorescence spectra of rare

earth compounds: the references listeq 28731) are merely repre-

sentative and can not be considered exhaustive. Crystal field

interactions and other fine structure may cause individual

transitions between electronic states to differ by several

hundred wavenumbers from the mean frequency predicted, but the

mean frequencies are very useful for qualitative identification

of lanthanide ions and for determining interesting regions of

investigation. Transitions between the low lying LSJ levels

of most of the lanthanides have been directly observed in the

mid and near infrared in one or more host lattices, but until

recently (see for example references 66-73) there has been

almost no attempts to observed Raman active transitions between

these levels.

pue to the vast amount of data available, weak first order.

second order, and higher order effects have also been observed

in addition to the moderately strong crystal field splitting.
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The most widely acknowledged is the nephelauxetic (expansion)

offect of the partially covalent bonds in nominally ionic

74crystals. E. Y. Wong, O. M. Stafsudd, and D. R. Johnston )

have reported this effect in detail for the prot ion in Lag,

La (C,H 50), -9H,0, Lacl., LaBr and AL, 4310, 5, As the

nearest lanthanide neighbor changes from F to H,0, Cl, Br, and

0, the f orbitals expand and begin to participate more in co-

valent bonding. The Slater integrals change by approximately

2% between the Pr-F and Pr-Cl bonds and between the Pr-Cl and

Pr-O bonds and the spin-orbit splitting decreases with the

increasing covalency. The 2 level of prot for example, which

is near 20900 cm 1 in LaF, moves approximately 500 out closer

to the ’H ground levels in LaCl,. If the Pr-F bond is assumed

to be purely ionic (0% covalent), then the covalency, 8, of

the Pr-Cl and Pr-Br bonds as defined by Wong et. al. (74) is

approximately 1%. Similar results can also be shown for the

other lanthanide ions.

However, the primary concern of this thesis is not the

direct observation of transitions between the LSJ levels of the

lanthanide ions by either infrared or Raman techniques. The

rest of this thesis is concerned with the direct observation of

Far infrared active transitions between the Stark (crystal

field) levels of a given LSJ multiplet in the tysonite lanthan-

ide fluorides. The next section discusses the elements of the
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theory of crystal field splitting for tysonite. This is

followed by a report of the results of a preliminary survey of

the far infrared properties of the tysonite lanthanide fluorides

doped with various lanthanide ions.

1.2 Crystal Field Splitting

Three conventional models are used to calculate the split-

ting of the electronic degeneracies of an ion in a non-spherical

electrical environment. The simplest is the crystal field model

in which all other ions are considered to be described by point

charges (or dipoles, etc.) located totally outside the central

ion. These exterior electric charges create electric field

gradients which remove the spherical degeneracies of electrons

contained totally inside the central ion. In the ligand field

model the degeneracies are removed by effective crystal field

terms which are calculated from both internal and external

charge distributions rather than exclusively from external point

charges as in the pure crystal field model. The arithmetic of

the ligand field model is similar to that in the crystal field

model, except that first order corrections from both overlap

and exchange integrals can be calculated with respect to the

other ions. The molecular orbital model, basically a many

body problem, is used primarily for the valence electrons of

small molecules like 0, or the light hydrocarbons. The arith-

metic can vary greatly from problem to problem and the methods

 0) |



are not amenable to a simple discussion because, even in the

first order, the electron no longer belongs to a given ion but

is shared by many ions.

The experimentally observed splittings of the af” energy

levels of the lanthanide ions appear to be described rather well

by the formalism of the crystal field or ligand field models.

If the charges creating the local crystal field can be con-

sidered to be totally outside a region of radius R, as assumed

in the crystal field model, it can be shown (see for example

reference 75) that the local electric potential function,

J(r,0,9), can be written in terms of the spherical harmonics,

m

0 (6 ,©0) .

Jie.C,p) = 22 a, -
J m Am

v.

T=
x) in

  (€,0p,

Given the RL and a naive approach to the energy perturbation

problem, one can calculate the change in energy of the 4f

electronic wavefunctions by calculating the integralJ. U-p -dV

where p is the electronic density function or the square of the

nagnitude of the electronic wavefunction. However, since the

5 function of an £ configuration is calculated from a wave-

function with orbital angular momentum up to £4 = 120 of £

and 25 of £') , it would seem that U(r,0,v) must contain spheri-

cal harmonicsup to £4 = 24 for a complete description of the

perturbation of the energy levels of some of the rare-earth ions.

1 O22



Fortunately, the problem can be greatly simplified, If

one is considering only first order effects based upon the

central field approximation of the energy levels, the f electrons

can be considered to be individuals--each one described by

: oy (56) ; ;
its own position and momentum. The crystal field terms in

the central field Hamiltonian can be written as a summation

over the individual electrons labeled by the index k.

Atal = 2 e-U(r, ,0,.0,)

Matrix elements of the form &lt;LsJ|u|LST&gt; breakdown into sums of

&lt;a&gt; &lt;f|U| £&gt; in which the wavefunction f contains orbital angular

momenta no higher than £=3, so that the effective U(r,90,v)

needs to contain spherical harmonic only up to £=6. Moreover,

since all terms in a given configuration have the same parity, (28)

only the positive parity terms of U (i.e. 4=0, 2, 4, 6) can

contribute to first order integrals. Local crystal site symmetry

operations can limit the number of effective terms even further.

In fact, the site symmetry of the lanthanide ions in some

crystals (like the lanthanide chlorides) is sufficiently high

that the experimentally observed crystal field splitting of

the £ energy levels can be used to calculate a unique set of

axperimental amplitudes for the spherical harmonics in the

electric potential function U(r, 6,9). One can also calculate

theoretical crystal field parameters from the mean positions of
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the ions in the crystal as revealed by modern X-ray crystal-

lographic techniques. Unfortunately, when these two independent

calculations of the crystal field parameters are performed and

the values are compared, it is found that the theoretical values

of the 4=2 terms are overestimated by a factor of ten, the

L=4 terms are in approximate agreement, and the theoretical

_ : (76)
values of the £=6 terms are underestimated by a factor of ten.

Most of the discrepancy between the experimental and

theoretical values of the 4=2 terms has been accounted for by

: : : : (76-80) :

linear electronic shielding. Perturbation of the outer

6
35%p electrons of the xenon core make the largest contribution

to the shielding of the low multipole electric field gradients,

but additional contributions from the valence electrons and

the inner core electrons can result in a theoretical shielding

parameter of over 90%. Nevertheless, first order linear shield-

ing does not account for all of the discrepancy in the 4=2 terms

and is completely inadequate to account for the apparent ten-

fold antishielding of the 4=6 terms. Theoretical shielding

parameters for the 4=4 and 4=6 terms are less than 20% and

another mechanism must account for the discrepancies these

higher order multipole terms.

Some improvement in the theoretical estimates of the #=4

and £4=6 terms result from a reevaluation of &lt;r and &lt;r®&gt; based

apon the (nephelauxetic effect) expanded 4f wavefunctions in
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the crystal lattice, (79-81) other significant contributions

come from the induced multipoles in the nearest neighbor

ions. (76:82) However, Gerald Burns (02) has shown that the multi-

pole approximation is not adequate or applicable because the ions

are so close to one another that the extended nature of the

induced charges must be taken into account. He also shows

that the qualitative variation of the crystal field parameters

as a function of nuclear charge and lattice parameters can be

explained by assuming that all of the effective charge of a

nearest neighbor ion lies on the surface of the ion.

The most effective technique for calculating theoretical

values for the {=6 terms (and incidently for the 4=4 and 4=2

terms) within 10% of the experimental values has been developed

by M. M. Ellis, D. J. Newman, S. S. Bishton, J. Smith, M. M.

Curtis, and G. E. Stedman in a series of four vapors. Bo-86]

They call it a contact approximation: Only interactions with

the nearest neighbor ions are considered, all contributions from

purely electrostatic charges on more distant ions are neglected.

An effective ligand field at the expanded 4f wavefunction is

calculated from a MO-LCAO (molecular orbital--linear combination

of atomic orbitals) approximation of the coordinated valence

2lectrons of a local ion complex ((pre1 )”° for PrCl_). The

approximation represents a major breakthrough in understanding

the physics of rare-earth crystal field splitting, but the
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required MO-LCAO solution for the ligands is rather difficult

and must be solved for the ion complex, if any, appropriate

for the crystal lattice being studied. CC. K. Jgrgensen, R.

87 nPappalardo, and H. H. Schmidtke (87) and later C. E. Schaffer

and C. K. Jdrgensen (88) have developed a special form of the

contact approximation which represents the ligand electronic

distributions by delta functions of position. The qualitative

concepts inherent in the contact approximation are very helpful

in understanding the PrF, spectra reported in this thesis, but

no attempts have been made to calculate quantitative variations

in the crystal field parameters based upon these chemical models

because of the computational difficulties involved.

Far Infrared Stark Levels: Experimental Survey

In the fall of 1967, Professor R. P. Lowndes and the author

surveyed the low temperature (5-8°K) transmittance between 20

Mat and 100 emt of over 25 samples of the tysonite lanthanide

Fluorides approximately 5 mm thick and doped with approximately

1% of various trivalent lanthanide ions. The only trivalent

lanthanide ions omitted from the survey were lutecium (Lu) »

holmium (Ho) , and promethium (Fm) . ILutecium has a closed

shell of fourteen 4f electrons and consequently is like lanthanum

1.3

in not permitting any 4f - 4f electronic transitions. Holmium

was temporarily unavailable. Promethium was unavailable because
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it is radioactive and does not occur in nature. Not only is

it very expensive but the decaying atoms tend to disrupt the

host lattice thereby confusing the interpretation of its spectra.

Only the omission of holmium could be considered detrimental to

a full survey, but since the purpose of the survey was to

identify profitable paths of thesis research and not to examine

in detail all of the possible combinations of fourteen ions in

four different tysonite lattices, the omission of two possibly

interesting lanthanide ions out of fourteen did not diminish

the value of the survey.

Strong lattice absorption extends from approximately 100

em to 500 cmt in the tysonite lanthanide fluorides (see

preceeding chapter for details). Consequently , electronic

absorption lines in this region can not be studied unless they

are very strong. Also, due to instrumental limitations, the

spectra are very difficult to extend below 20 cmt without

excessive noise which obscures possible weak absorption bands.

Therefore, the survey was limited to the transparent region

between 20 ant and 100 an, excluding the strong (m-polarized)

lattice absorption band near 30 em.

Unoriented samples of LaF, doped with approximately 1% of

dymi (_ Pp 3+ ag? ku ) dymi ( wat ag 4 )raseo ium r ' , heodymium ’ /
P pia 59 ! 4 ¥ 60 9/2

and erbium ( west att 41 ) show rather strong and moder
eg * *15/2 J

ately sharp absorption bands below 100 cmt which are not evident
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in the spectra of pure LaF. The three lines are located at
- 3+ -1 3+ _

56 cm~l for Prt, 45 cm © for Nd, and 52 cm! for Er-t

polarized far infrared spectra of these three ions in four dif-

ferent tysonite lattices are reported in a later section of this

chapter. An electronic Stark level has been predicted (82) to

: -1 : : 3+

lie 48 cm above the ground state of the samarium ion (5m :

5 6
4f , He) but it could not be detected in the survey. Never-

theless, polarized spectra of sm&gt;t in tysonite have been measured

-1 : Cond

in hopes of detecting such a 48 cm transition. Similarly,

although no significant absorption bands could be detected in

: : : 3+ 1

the survey, polarized spectra of the cerium ion ( gCe , 4f
3+

°F) have also been measured because Ce completes the lightest

series of lanthanide elements (from 572 to 625m omitting crm

as noted above) and because a possible electronic level 71 em™1

, (90)
above the ground state has been predicted.

The rest of the lanthanide ions did not show conclusive

avidence either for or against the existence of weak absorption

lines below 100 cmt. Because it has no degeneracy, the lowest

3+ 6 7

lying LSJ level of europium ( Eu , 4f , PJ can not be split

but only shifted by crystal field interactions. However, the

7 -1
first excited LSJ level ( F.) , only 350 cm above the ground

level, can be split into three Stark levels. The lowest LSJ

 oo. 34+ 7 8
level of gadolinium ( ad , 4f , S ) can not be split by

64 7/2

Eirst order interactions involving only the crystalline electric

fields because it has zero orbital angular momentum. Actual

1 O&amp;K



91
measurements in the microwave region ) show that the s,s

level of gadolinium is split by typically 0.3 ll by fourth

order perturbation terms involving the electric fields to the

first or second order and spin orbit interactions to the second

: (30) : :
or third order. Neither of these i1ons are expected to have

any electronic levels 20 an? wo 100 em?! above the ground state

and it is comforting that none were observed in this survey. On

: 3+ 8 7 3+

the other hand, terbium Ls , 4f, F ) and thulium ( Tm
6 69

12 3 -

1£ , HO) might have electronic levels between 60 cm 1 and
~1 |

100 cm because the samples doped with these two ions were

opaque above 60 ond, However, neither of them show any definite

absorption lines, only a broad high frequency cut off which may

be due to impurities or strains in an imperfect crystal rather

than electronic lines. The other two lanthanide ions, dysprosium

oy, a2, CH.) and ytterbium (_ vb", 43, 2p), did, ‘ an erbium ’ : :(66™Y 15/2 Y 70 7/2) di

not show any significant absorption not suggested by the pure

LaF_ samples. Moreover, the absence of transitions below 100

-1 : 3+ (92) :

om is predicted for Yb in LAP, Possibly a further study

of the trivalent ions of Tb, Dy, Ho, Tm, and Yb in tysonite may

lead to the discovery of other far infrared electronic transi-

tions, but the remainder of this report will deal primarily with

those actually observed for trivalent ions of Ce, Pr, Nd, Sm,

and Er in tysonite.
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1.4 Paramagnetic Rotation

Reports of the paramagnetic susceptibilities and the Verdet

constants as a function of temperature were among the earliest

to reveal detailed information about the ground multiplet and

site symmetry of the lanthanide ions in a tysonite lattice. The

application of an external magnetic field causes degenerate

electronic levels to split and the associated electronic transi-

tions to become elliptically polarized: circularly polarized

if the magnetic field is applied parallel to an optic axis.

The resulting elliptically polarized optical dispersion causes

a rotation of the electric field vector of linearly polarized

light propagating parallel to the magnetic field. To the first

order, the rotation of the plane of polarization is proportional

to both the applied magnetic field and the propagation distance.

The effect is called paramagnetic or Faraday rotation and the

constant of proportionality is called the Verdet constant.

In many substances the Verdet constant as a function of

temperature is proportional to the magnetic susceptibility wit h -

in an additive constant. (23) The temperature dependence is

interesting because the crystalline electric fields split the

ground multiplet into several energy levels which may be popu-

lated or depopulated at experimentally accessible temperatures.

For instance, the optical dispersion of CeF, at low temperatures

is dominated by transitions of the single 4f electron of ce3t to

excited 5d levels approximately 40,000 cmt above the °F ground

i ¢



multiplet. Consequently, the magnetic properties of the optical

dispersion as expressed by the Verdet constants and the magnetic

susceptibility of CeF, are both dominated by the magnetic

characteristics of the lowest lying energy levels of the ce?

ion. As the temperature is changed the relative populations of

the lowest lying levels change thereby similarly affecting the

bptical dispersion, the Verdet constants, and the magnetic sus-

ceptibilities at the same time. Because it consists largely

of CeF, diluted with diamagnetic LaF, with only very small con-

centrations of other magnetic ions (principally na&gt;t and prot) ‘

the Verdet constants of naturally occurring tysonite are also

proportional to the magnetic susceptibilities.

H. A. Kramers (94) based his calculation of the mean magnetic

susceptibility of tysonite on the assumption that the electric

fields at the cet ion have trigonal symmetry with the principal

5 axis parallel to the optic axis. He showed that the mean or

powder susceptibility of CeF, from 293°K down to 14°K could be

fitted quite well with three Kramers doublet levels at 0, 163,

and 652 cm™1 above the ground state.

Using the proportionality between the magnetic susceptibility

and the Verdet constant, the magnetic susceptibility measure-

nents can be extended down to 1.5°K. J. H. van Vleck and M. H.

(93) ce 0
Hebb show that the mean susceptibility down to 1.5 K can

be approximated fairly well by three doublet levels at 0, 139,

and 765 ot above the ground state, but that there are no

A
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wavefunctions with trigonal symmetry which can correctly repre-

sent the magnetic susceptibility along the individual crystal

axes. They extend their analysis to include sites with C,
v

rhombic symmetry which have one axis parallel to the optic axis

as proposed by oftedal 32) for his P6,/mcm hexamolecular structure.

Very good agreement is then found between the theoretical and

experimental values of the magnetic susceptibilities both paral-

lel and perpendicular to the optic axis for doublet levels at

0, 130, and 754 at above the ground state. They show that

there is a rather strong deviation from the symmetry assumed

by Kramers and suggest that even better agreement might be

achieved by twisting each of the orthorhombic sites slightly as

proposed for the Po _22 (34) and P3cl (46-49) structures.

Even though their results are adequate to explain the

temperature dependence of the principle values of the magnetic

susceptibility, some discrepancies remain. Due to saturation

affects, the theoretical magnetic susceptibility in the basal

plane (perpendicular to the optic axis) of their proposed

structure is not independent of the angle between the magnetic

field and the crystal axes. However, it can be shown that the

first term to depend upon the angle is proportional to the

fourth power of the magnetic field. Therefore, the magnetic

susceptibility in the basal plane should be independent of the

angle between the magnetic field and the crystal axes for small
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values of H. In fact, it is not. It is periodic with period

(93) . :

7/3 even for very low field strengths implying that a hex-

agonal structure is not adequate to explain the experimental

results.

Nevertheless, the information derived from these early

measurements are of value in several ways. First, they predict

the approximate site symmetry and crystal field splitting of

3+
Ce in tysonite. Second, they show that a hexagonal structure

nay not be adequate and indirectly support the recently proposed

: (46-49) :
trigonal structure. Finally, the measurements of Jean

Becquerel, W. J. de Haas, and J. van den Handel predict that

the paramagnetic tysonite lattices may become antiferromagnetic

(95)
at low temperatures.

1.5 EPR and NMR

More detailed information about the local crystal fields

and the site symmetry of the lanthanide ions in tysonite can be

derived from the EPR (electron paramagnetic resonance, also

called ESR or electron spin resonance) tensor. Similar infor-

nation about the fluorine ions can be derived from the NMR

(nuclear magnetic resonance) tensor. Both of these effects are

described by a second order symmetric tensor, called the g-

tensor, defined at an atomic site. The equivalent tensors at

other crystallographically equivalent atomic sites are related

by the symmetry operations of the crystal's space group. Because
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an external field is used, experimental measurements can yield

up to five independent constants (the five components of the

irreducible representation v8 +) of the full rotation group)

for each atomic site. In information content, this compares

quite favorably with the measurement of macroscopic vector

properties such as electric and magnetic dipole transition moments

which must be averaged over a complete unit cell and can yield

no more than three independent constants (the three components

of vl (8 ,®)) for the entire crystal.

D. A. Jones, J. M. Baker, and D. F. D. Pope (91) report that

one of the principal components of the g-tensor of the s,s

ground state of cat in LaF, 1s parallel to the optic axis. The

other two components at a given site are mutually orthogonal to

each other and to the optic axis. There are three magnetically

distinguishable lanthanide sites, whose g-tensors are related

by a rotation of 120° about the optic axis. They conclude

that the results are consistent with the P6 ,/mcm (&gt;, °) structure

proposed by Oftedal (39) and used by Van Vleck and Hebb &gt;) to

explain the paramagnetic rotation of CeF and naturally occurring

tysonite. The six lanthanide sites in this structure are mag-

netically equivalent in pairs because of the glide plane opera-

tions perpendicular to the C, axes passing through each Coy

lanthanide site.

Later measurements by J. M. Baker and R. S. Rubins (20)

show that none of the principal components of the EPR g-tensor
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+, 1 2 3+ 3 4 3+ 9 6of ce’ (4, F ), Nd (4f , 1I ), Dy (4f , H )
5/2 9/2 15/2

erotaett, 41 ), © wo (ag °F) in LaF llel tr . : OF 7 in La are paralle 0
15/2 7/2 3 P

the optic axis. However, one of the principal components, g ,
 Vv

is always perpendicular to the optic axis and parallel to another

crystal axis. The other two components are mutually perpendicu-

lar to each other and to 9, The angle between the optic axis

and g , the larger of these two components, varies from 10° for
z

3 3+ ; ; op

Yb + to 45° for Nd and prot, Six magnetically distinguish-

able lanthanide sites are observed. Their g-tensors are related

by rotations of 120° about the optic axis and by either a reflec-

tion in a plane perpendicular to the optic axis or a rotation

o : :

of 180. about the optic axis.

M. B. Schulz and C. D. Jeffries (97) report the EPR and spin-

lattice relaxation in tysonite of all seven of the trivalent

lanthanide ions which have an odd number of 4f electrons (all

: : 3+ 5 6

Stark levels are Kramers doublets) including Sm (4f , Heo) and
3+ 7 8

sd (4f , S ; ). Due to the low lanthanide site symmetry in7/2

tysonite, no magnetic resonance is either expected or observed

: : : 3+ 2 3 :

for those lanthanide ions, like Pr~ (4f , H ) , which have an

oven number of 4f electrons. In agreement with Baker and

(96)
Rubins, they observe six magnetically distinguishable lan-

; i 3+ 3+

thanide sites for everything except Gd '. The anomolous Gd

results may be associated with the very small (approximately

- yes 8 :

0.3 cm 1, crystal field splitting of the S / ground state via
7/2

second and third order spin-orbit coupling terms involving the
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/ 30
B, ) and °0, excited LSJ levels of the 4f configuration. )

Schulz and Jeffries also comment on the fact that the reported

g-tensors are not consistent with either the hexagonal P6_/mcm

or the trigonal P3cl structures because both of them allow only

three magnetically distinguishable lanthanide sites. They

further suggest that the inconsistency may be resolved by a

low temperature phase transition or by twinning of the trigonal

= (97)
P3cl structure.

Studies of the motional narrowing of the nuclear magnetic

19
resonance of fluorine nuclei ( oF) in tysonite reveal that there
: : Co. : : (98-101)

is considerable ionic diffusion even at room temperatures.

From slightly below room temperatures up to about 500°K the

ratio of fast moving to slow moving fluorines is reported by

100-103 : ;most suthorst ) to be approximately 2:1, although Russian

(104-105)
experimenters consistently report the inverse. Above

500°K all of the fluorine ions appear to be in rapid mauion HL00-108)

Recent low temperature (88°K) NMR measurements by Kenneth

(103,106) : : :

Lee show that there are four fluorine sites in tysonite

which are magnetically distinguishable along the c-axis of the

crystal. The concentration ratios for these four fluorine

, igs i ; (106) :
sites, 3:3:2:1, were initially interpreted as supporting

3 : ;

the P6_cm (C.., ) structure proposed from neutron diffraction
| 50

measurements. \ ) However, addition NMR measurements at higher

magnetic field strengths 193) reveal a field independent split-

ting of the two magnetically distinguishable fluorines with the

t 7 A



highest concentrations. This field independent splitting

implies that the fluorine ions must be crystallographically

aquivalent and that there are only three crystallographically

inequivalent fluorine sites in tysonite with the concentration

ratios of 6:2:1. These ratios are in agreement with the pre-

3 -— 4

dictions of the hexagonal P6 /mcm (Dy ) or trigonal P3cl (Dy )
; 3 (103)

structures but not with the hexagonal BS, (Ceo ) structure.

Moreover, above room temperature, the nuclear magnetic resonance

lines coalesce and the g-fluorines of the P3cl structure have

been identified as moving faster than those at the a or d

i (103)
fluorine sites.

The nuclear quadrupole resonance (NQR) of the lanthanum

139 . (107)

( ml nucleus has also been studied by K. Lee and A. Sher
107-108and by L. O. Andersson and W. G. Proctor. ( ) They report

six magnetically distinguishable lanthanide sites which is con-

sistent with the P6 cm structure but not with either the P6,/mcm

—- (103)or the P3cl structures. However, K. Lee has suggested

that all of the results of Andersson and Proctor are consistent

with a twinned P3cl structure.

4.6 Infrared Spectra: A T.iterature Survey

Absorbance and fluorescence spectra of all of the lanthanide

ions have been studied in one or more solid state hosts. (See

for example references 28, 30, or 31) However, such spectra

have not yet been reported for all of the lanthanide ions in the
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four lightest tysonite lanthanide fluorides, even though the

5 : ,
materials are now commercially available. (5) This brief survey

3+ 1 3+ 2 3+ 3
of the published spectra of Ce (4f), Pr (4f ), Nd (4f),

3+ 5 3+ 11 3+ 13.
Sm (4f ), Er (4f ), and Yb (4f 7) ions in one or more tysonite

lanthanide fluoride host lattices is presented as an introduction

to the new polarized far infrared spectra reported in the next

section.

3+ 3+
The 4f - 4f electronic spectra of Ce and Yb are the

simplest of the lanthanide series because there is only one term

(°F) and two LSJ levels (°F and 2k ) The crystalline
5/2 7/2" Y

: : : ; : 2

2alectric fields of the tysonite lattice split the Fs a level

into three Stark levels and the ro, level into four Stark

levels, each Stark level being a Kramers doublet. The infra-

3+
red absorption spectra of Ce in both LaF, and Cer, have been

(20)
reported by R. A. Buchanan, H. E. Rast, and H. H. Caspers.

The infrared fluorescence spectra of vo3 + in 2p, have been

: (92)
reported by H. E. Rast, H. H. Caspers, and S. A. Miller.

In addition, H. E. Rast and H. H. Caspers have also observed

3+
the fluorescence and absorbance spectra of Sm in LaF, and

published them in an internal report of the Naval Ordnance

8Laboratory Corona. (89)

Many spectra have been reported for the pr3tion in both

LaF, and PrF,. Since the 4f electronic wavefunctions have

integral spin, all of the electronic degeneracies are lifted

in tysonite and each LSJ level splits into 2J + 1 Stark levels.
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Edward V. Sayre and Simon Freed (199) report that the selection

rules governing the absorption spectra of pure Pe? films are

consistent with the Cy lanthanide site symmetry of the P6_/mem\Y

structure at liquid nitrogen temperatures but weak transitions

forbidden by the Cov site symmetry appear at liquid helium
34+ ,

temperatures. They suggest that the Pr ions do not lie on the

vertical mirror planes of the P6 /mem structure. On the other
3+

hand, the spectra of Pr in LaF_ published by Eugene Y. Wong,
3

Oscar M. Stafsudd, and David R. Johnston, (74) W. M. Yen, W. C.

(110)Scott, and A. L. Schawlow, and H. H. Caspers, H. E. Rast,

(111) : :

and R. A. Buchanan are completely consistent with the &lt;, v

lanthanide site symmetry. Unpolarized far infrared absorption

spectra of the electronic transition from the ground state to

: 3 : 3+

the first excited state of the B, multiplet of Pr in LaF,

and Pry, powders have been reported by R. A. Buchanan and M. A.
(112)

Butler. The polarized far infrared spectra of PTF, pub-
: : : , (113) : ;

lished by Armand Hadni and Pierre Strimer are in essential

agreement with those observed by the author and show absorption

transitions from the ground state to both the first and second

3 3+
axcited states of the H, multiplet of Pr in P22, Unfortu-

nately, several lattice phonon transitions and possibly a poly-

ethelene absorption band are also visible in their spectra and

Hadni and Strimer grossly misinterpret the PrF., spectra below
-1 , 3 : 3+ |

120 cm as representing the entire H, multiplet of Pr in

PrF, which actually extends beyond 500 ant. A more accurate

interpretation of the spectra is presented in the next section.

 oO



The unpolarized absorption spectrum of NAF, including
(114)

some Zeeman effects has been reported by Y. K. Chow. Sub-

sequent publications by Eugene Y. Wong, Oscar M. Stafsudd, and

: (115)
David R. Johnston, H. H. Caspers, H. E. Rast, and R. A.

116 117Buchanan, ( ) C. K. Asawa and M. Robinson, ( ) and S. A.

: (118)
Johnson, H. G. Freie, A. L. Schawlow, and W. M. Yen have

reported various temperature dependent properties of the

3+ . .

absorbance and fluorescence spectra of Nd +t in LaF . Erbium
3

does not form a tysonite trifluoride lattice at room temperature,

consequently only the absorbance and fluorescence spectra of

prot in LaF, have been reported by William F. Krupke and John B.

(2,119)
Gruber.

The published Stark levels of the two or three lowest energy

LSJ multiplets of cerium, praseodymium, neodymium, samarium,

erbium, and ytterbium are summarized in Table 4.2. Note that

one level each of Nd, Sm, and Er and two levels of Pr should be

observable in the far infrared spectra recorded below 100 ant

Only the 48 em transition of sm&gt;" was missed in the survey

spectra and the polarized spectra reported in the next section.

Either this level does not actually exist or the transition is

too weak to be observed in the concentration studied. Details

of the polarized far infrared spectra of pro7, nat, and wt

in LaF, CeF.., PrF,, and NF, are reported in the next section.

All of the energy levels of the higher LSJ multiplets should be

observable since they lie well above the lattice bands of tysonite.

1 20



TABLE 4.2

Predicted low energy Stark levels in tysonite

Substance References Rete) Energy Levels (cm ©)
LaF ,: Ce" 90 Z

229F512 0,150,222
F i,  2160,2240,2635,2845

Fs /2 0,148,222
Fry 2158,2238,2638,2848

LaF, :Nd&gt; 116, “1,5 0,45,136,296,500
117, “117 1978,2037,2068,2091.2187,2223
118 ‘1, jp 3919,3979,4039,4078,4120,4213,4278

NaF :Na &gt;t 114 “15 0,46,148,...2

LaF, :Sm&gt; 89 Ln 0,48,115
or 1000,1044,1185,1280
Hy,,  2210,2245.2342.2409,2473

CeF. iGo an

LaF. Fr 2 11a "I, /2 0,52,122,200,220,314,401,444
140 6603,6631,6672,6702,6735,6744 6827
“1. ;o  10264,10304,10315,10335,10349,10401

LaF. Yb 99 °F, 1s 0,185,401, (870)?
2

Fp  10260,10430,10660
LaF, Pro 110,

111.
7, 0,58,76,137,196,203,296,330,508
ug 2179,2234,2272,2299,2304,2354,2412,

2431,2457,2469,2567
H 4219 ,4223,4266,4300,4385 , 4440 4508.

4527,4552,45794591,4671.4776
12

PrP, Pr 109, 112 H, 0,66.88....7

i217



4.7 Polarized Far Infrared Spectra

All of the measurements reported in this section were

nade on the modified PS-520 Fourier Spectrophotometer described

in the second chapter using the TI detector and the 0.5 mil

beam splitter. The samples of LEP,+ CeF.., BLP, and RE,
were purchased from Optovac, Inc. (3) They were 10 millimeters

in diameter and were cut and hand polished to be 0.7 mm to 1.7

mm thick with the optic axis within five arc degrees of being

parallel to the face of the crystal. The samples were held in

a high purity copper block sample holder attached to the tail

of a liquid helium reservoir. The temperature of the sample

holder farthest from the liquid helium reservoir was measured

to lie between 5°k and 8k and was stable throughout a given

experimental run to better than 0.1°k.

The low temperature absorption coefficient of pure LaF,

and pure CeF, in both polarizations is reported in the pre-

ceeding chapter and displayed in Figures 2.6 and 2.7. At first

the sharp absorption peak near 108 cm in the m-polarization

was thought to be an impurity vibrational or electronic line.

However, as discussed in Chapters II and III, it is a spurious

absorption not intrinsically present in the m-polarization. It

is associated with the lowest frequency, o-polarized LO

2

(longitudinal optic) mode of the tysonite lattice.

~1
The ripple between 115 and 120 cm in the m-polarized

absorption coefficient of CeF is also thought to be spurious.

J



Because the absolute value of the transmittance is so small

(&lt; 5%), only a very slight misalignment (&lt; 5°) of the sample

with respect to the polarizer can lead to significant cross talk

(approximately a 1% change in the transmittance) between the

experimentally measured ordinary (co) and extraordinary (m)

transmittance. There is a minimum in the o-polarized absorption

coefficient at 118 — associated with a peak in the o-polarized

transmittance where kK ® 0 as n~ 1. Rather than being a peak

in the m-polarized absorption coefficient due to an actual

T-polarized absorption band at 115 my it is more likely a

dip at 118 em~1 in the experimentally calculated absorption

coefficient due to cross talk from the o-polarized transmission

peak at the Christiansen 24726) frequency.

No characteristic absorption peaks, not already accounted

for in Chapter III, are observed in either polarization of CeF.

below 115 ar Thus, the existence of an electronic energy

-1 3+ . :

level only 71 cm above the ground state of Ce in CeF, is

(90)
very unlikely, unless the electric dipole transition moment

between these two energy levels is extremely small. Based upon

3+
current data, the first excited Stark level of Ce in CeF, is

almost certainly at or near 150 cmt above the ground level as

(90,93,95-97)
predicted by most of the early research.

Unfortunately, a one millimeter thick sample of CeF, at

7°K is opaque above 120 cm™1, which precludes the direct obser-

. ] . ; -1 . eo.

sation in transmission of a 150 em =. infrared active transition

2



between the two lowest lying Stark levels of Ce . Moreover,
 = =

this probable transition is not strong enough to be clearly

evident in the reflectance spectra of CoF, reported in Chapter

III. More accurate (@nd tedious) measurement of the reflectance

or transmittance of CeF, may reveal a 150 cm~1 electronic tran-

sition in pure CeF.., but such a search for it seems hopeless in

samples of tysonite doped with only 1% ce 7, Nevertheless, a

search for this transition in low temperature Raman spectra

may be quite fruitful.

The na&gt;* spectra, on the other hand, show a very clear

alectronic transition near 45 _ in all four host lattices.

There is no doubt that the transition is unpolarized in 1%

concentrations as shown in Figure 4.1. In pure NAF, however,

the TO (transverse optic) and LO (longitudinal optic) frequencies

of the electronic transition are split by the electric dipole

moment of the transition. Due to macroscopic polarization effects,

the TO and LO frequencies can differ between the two polariza-

tions although they are due to the same intrinsic "free resonance"

in the anisotropic, microscopic, ionic polarizability.

The frequency, peak absorption coefficient, and half width

~-1 3+
of the 45 cm Nd transition in the four lightest tysonite

lanthanide fluorides are summarized in Table 4.3. In LaF, and

CeF, the electronic transition has almost the same peak absorp-

tion coefficient in either the m- or og-polarizations. In PrF_

| 24



. 3+ . . » .

Figure 4-1: Nd electronic transition in LaF_, CeF_, PrF_,
3 3 3

and NAF
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TABLE 4.3

Nad~T electronic transition in LaF,, CeF,, PrF,, and NdF,

Jost lattice LaF,

Thickness 1.139

CeF,,

1.584%

PrF,

1 3A

NdF.,

0.97
mm

Have number 45.0 + 0.5 45.5 + 0.5 46.5 + 0.5
me

]
"

A

46 + )

Half width
si

/'y

r

3) 20.4 102-103
Peak

absorption —

rp

} 102-5103

| 9



and NdF , however, the transition is approximately 75% stronger
3

3+
in the m-polarization. Moreover, although the Nd concentration

is reportedly the same in both the IAF, and PrF, samples, the

transition seems to be enhanced in the PTF, lattice. The enhance-

nent may be due to an increase in the magnitude of the odd

spherical harmonics in the crystalline electric field or it may

be due to coupling with the highly polarizable prot ions occupy-

ing most of the lanthanide sites.

In NAF, the Na&gt;’ transition is strong enough to be detectible

in the reflectance spectra reported in Chapter III. Using the

proportionality between the square of the experimentally measured

width of a transition at a given absorption coefficient and the

strength of the transition, (56) the na&gt;t transition in NAF is

only about half as strong in the m-polarization as the o-polarized

lattice mode at 100 cm 1 in LaF. Nevertheless, it is as strong

as or slightly stronger than the m-polarized lattice mode at

30 cmt in LaF, - Unfortunately, the intensity of the far infra-

red source drops off very rapidly at lower frequencies and the

lower signal to noise ratio makes the 45 em~t na&gt;’ transition

barely detectible and the 30 cmt lattice mode undetectible with

the instrumentation used. Further reflectance measurements

with an improved low temperature and long wavelength detector

should reveal more information about the 45 at electronic

transition in NAF_ and could reveal more clearly the lowest

frequency m-polarized lattice mode of the tysonite lanthanide

Fluorides.

7, 3
.



No characteristic absorption peaks, not already accounted

for in Chapter III, are observed in any of the spectra of the

two different samples of LaF, doped with 1% gut used in this

study. Both of the samples are a very pale green and appear to

have no optical defects. The first one is the unoriented sample

approximately 5 mm thick used in the preliminary survey. The

second one is oriented with the optic axis parallel to the face

of the crystal and has been cut and hand polished into two

disks approximately 1 mm and 3 mm thick. None of the samarium

doped samples are quite as transparent below 100 ant as pure

LaF. Possibly this broad general absorption is associated with

the mass defect between the lanthanum and the samarium ions

(approximately 8%). However, other than a slightly higher average

absorption coefficient, no sharp or even distinct absorption

bands are observed, not even in the neighborhood of the predicted

48 cmt transition. (89) The sensitivity of the measurements

and the thickness of the samples suggests that if the transition

exists the peak absorption coefficient must be less than 0.5

emt . Thus, the intrinsic electric dipole moment of the smo"

transition must be less than one-tenth that of either nat or

grt, or electron-phonon coupling with the phonon mode detected

at 50 cmt in LaF has broadened the electronic transition so

nuch that it is not clearly visible. In either case, it may

set be possible to observe this transition, if it does indeed

1 20



3+ .

exist, in higher concentrations of Sm in LaF, or in one of the

other tysonite host lattices.

3+
The far infrared spectra of Er in the tysonite lanthanide

: ; oo 3+
fluorides are quite similar to those of Nd . However, as shown

3+ : :

in Figure 4.2, the Er transition is approximately 50% stronger

in the o-polarization than in the m-polarization. Thus, although

it is clearly unpolarized, the prt transition possesses a

characteristic anisotropy. With respect to LaF, 3 geo”, there is

3+
a slight enhancement of the strength of the Er transition in

both CeF, and NAF 5, but there is not a significant enhancement
: ; -1 3+

of the o-polarized component 1n PrF,. The 56.7 cm Er

transition could not be observed in the m-polarization of sg
: -1

because it was obscured by the strong, m-polarized, 66 cm

electronic transition of the prot ions in PTF. The frequency,

 -1 34
peak absorption coefficient, and half width of the 52 am Er

transition in the four lightest tysonite lanthanide fluorides

are summarized in Table 4.4. Note that the frequency of the

erbium electronic transition changes much more rapidly as a

function of the host lattice than does that of the neodymium

electronic transition.

i 3+ 3 A : i

The far infrared spectra of the Pr ( Hy) ion in the tysonite

lanthanide fluorides are unique in several ways. It is the

only lanthanide ion studied in detail in this report which has

an integral spin (J=4) wavefunction: therefore all of the

slectronic degeneracies are lifted (no Kramers degeneracy) and

i 20



Figure 4-2:
3+ } _ .

Er electronic transition in LaF_, CeF_., PrF._,
3 3 3

and NAF _
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TABLE 4.4

ad electronic transition in LaF,, CeF,, PrF,, and NdF,

Host lattice LaF,

Thickness 0.96

CeF|

n.72

PrF.,

0 "A

NdF

 Nn 70
mm

fave nymber 52.0 + 0.5 53.5 + 0.5 56.7 + 0.5 57.7 + 0.5

 1 KB v2 5 -
- i cD i

1alf width _

am“!

 | 3

5.2

v3

10.8

&lt;1 §

NAO

&lt;2 0

12 4
Peak

absorption re
am ~

2 !

Lo up 'D 9 18 2

 |] 21



the ion is not paramagnetic in small magnetic fields. Two dif-

. oo -1
ferent electronic transitions are observed below 100 ecm . Both

2lectronic transitions appear to be very strongly polarized

either parallel or perpendicular to the optic axis. Both

electronic transitions are strong enough to be clearly visible

and easily measurable in the reflectance spectra of pure PrF.,.

The low temperature spectra from 50 cm™T to 85 or of pr?

in the four lightest tysonite lanthanide fluorides are shown

in Figure 4.3. Note that both electronic absorption bands are

visible in the LaF, host spectra. The higher frequency transi-

tion is obscured by the lowest frequency o-polarized lattice

band in both CeF, and NAF. Nevertheless, the upper bound on

the strength of the higher frequency pe transition in these

two host lattices is consistent with the strength measured in

LaF, and one would expect the transition to be easily visible

in 0.25 mm thick samples of CeF, and NAF, doped with 2-5% prt

Two additional oriented samples of Cer, and NAF, with higher

concentrations of prot were not purchased for this study because

of the time required to grow the crystals. The frequency, peak

absorption coefficient, and half width of the prot electronic

transitions in the four lightest tysonite lanthanide fluorides

are summarized in Table 4.5. Note that the frequencies of the

praseodymium transitions change rather dramatically as a function

»f the host lattice.

1 IAN



Figure 4.3:
3+

Pr electronic transitions in LaF , CeF_, PrF_,
3 3 3

and NAF _.
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TABLE 4.5

pr" electronic transitions in LaF,, CeF,, Pr¥Fg, and NdF,

Host lattice LaF,

Thickness 0.80
Tm

Not

0.70

)
DrF,

 0D ZH

NdF,

0.95

Wave number T 66 + 69
J) 56.5 + 0.5 62.0 = 0.5 5 69.0 + 0.5 68.5 = 0.5

Half width 3.0
cm

9 N

Peak
absorption 23.0 21.4

cm

dave number gq 4 gs
oom

~

Half width 4S
Cm

Peak

Absorption 12.2
cm

v3.0
3.5

™ 10M

43 2

m 94.0 = 0.5
992 ~~ Q4

~

5.0
v2.0

mT

~

568.2
L104

bh 0

25 5
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A wider range display of the low temperature absorption

coefficients of PrF is shown in Figure 4.4. Note that the

1 3
56 cm= transition in the m-polarization and the 92 cmt transi-

tion in the o-polarization are so strong that the spectra are

opaque over a rather wide frequency band. These are the same

two bands observed in the low temperature reststrahlen spectra

of PrF,. Moreover, note that in the orthogonal polarizations

the crystal is almost but not quite transparent at these same

frequencies. The weak, flat shoulders near 66 and 92 cm™1 were

 (113) :
also observed by Armand Hadni but are most likely due to

a slight cross talk from the orthogonal polarization due to a

misalignment of the polarizer with respect to the crystal. How-

ever, the rather sharp peaks near 69 ant and 94 ant can not

be explained in terms of cross talk from the broad flat bands

in the orthogonal polarizations.

-1 : . -1 :

The 94 cm peak is similar to the 111 cm peak in the

T-polarization. Just as the 111 at peak has been definitely

associated with the lowest frequency LO mode of the tysonite

lattice in the o-polarization as discussed in detail earlier,

the 94 ont peak can be associated with the LO frequency of the

3+ . CL . -1 .

Pr electronic transition whose TO frequency is at 92 cm in

the o-polarization. Both of these spurious absorptions occur

because the extraordinary dielectric response function is being

observed experimentally and the optic axis makes a slight angle

o
~ 5) with respect to the polished face of the crystal. More

3 we



Figure 4.4: Low temperature absorption coefficient spectra of

PrF_
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careful orientation of the tysonite lanthanide fluoride samples

may be advisable in the future in order to reveal additional

detail in the m-polarization above 90 _—

The peak near 69 cmt in the o-polarization, on the other

hand, can not be attributed to spurious absorption associated

with the LO frequency of the prot electronic transition whose

TO frequency is at 66 ant in the m-polarization. Whereas the

experimentally measured value of the extraordinary (m-polarized)

dielectric response function depends upon both e (Ww) and e, (w)

via the angle, ®, between the optic axis and the face of the

crystal, the experimentally measured value of the ordinary

(c-polarized) dielectric response function depends only upon

® (Ww) and is independent of @®. The only way features of €, (w)

can occur in the experimentally measured o-polarized spectra is

through the additive term involving the orientation of the polar-

izer with respect to the optic axis. However, as proved earlier.

such effects change the transmittance by less than 1% (for mis-

alignments of less than five degrees) and must have the same

shape a features observed in the m-polarized spectra. Thus,

whereas a broad flat topped band in the o-polarized spectra

extending from approximately 65-70 ant (note the shoulders

actually observed) can be explained away by experimental mis-

alignments, the sharp peak near 69 ant must be due to an

intrinsic, o-polarized absorption process

141



Moreover, since this absorption appears only in the PrE,

spectra, it can be taken as evidence for the depolarization of

3+ oo

the lower frequency Pr electronic transition. The fact that

the transition is over a hundred times as strong in the

T-polarization causes the observed TO and LO frequencies to split

measurably from each other and from the apparent "free" resonance

in the anisotropic, microscopic, ionic polarizability of the

34 | -1 . ;

PR ions near 69 cm in the o-polarization. Nevertheless, the

absorption in both polarizations is due to the same single-ion

-ransition which is unpolarized in the group theoretical sense.

1.8 Far Infrared Zeeman Splitting

All of the spectra reported in this section were taken at

the Francis Bitter National Magnet Laboratory using a Grubb-

Parsons far infrared Michelson interferometer. The transmission

samples were 0.25" in diameter and 0.04" thick. The reflection

samples were 0.375" in diameter and 0.1" thick with a one degree

wedge angle between the two faces. The samples and the detector

were immersed in pumped liquid helium at temperatures between

1.0 and 1.7°K. Magnetic fields up to 70 kilogauss could be

achieved conveniently with a single DC generator. Two of the

four generators at the National Magnet Laboratory were used for

fields up to 150 kilogauss.

An unoriented single crystal of LaF, doped with one mole

shown int of nat was used to generate the spectrapercen

1 ao



Figure 4.5. The direction of propagation of the infrared radi-

ation is parallel to the applied magnetic field and approximately

perpendicular to the crystal's optic axis (80° &lt; 6 &lt; 85°) . The

operating temperature is 1.35 + 0.05°K.

Bach of the five Stark levels of the 1, , ground multiplet

of nao" in the tysonite fluorides is a Kramers doublet which

may be split into two Zeeman levels by an external magnetic field.

In zero magnetic field, the unpolarized absorption coefficient

in Figure 4.5 shows both a 45 ait electronic transition of

wa? and a 51 os vibrational transition of the L22, lattice.

As the magnetic field is increased to 20 and 30 kilogauss, the

va’ transition appears to broaden from 3.5 cm™t to 4.5 and

5.5 nd and to increase in frequency by 1.1 and 1.5 cit thereby

confirming its electronic nature. On the other hand, although

there is an increase in the peak absorption coefficient of the

51 cmt transition, its frequency does not change thereby con-

firming its vibrational nature. Below approximately thirty kilo-

gauss, no Zeeman splitting can be resolved due to the instru-

mental slit width of approximately 2 cmt and a transition line

width of approximately 3.5 at. At 50 kilogauss, however, the

a&gt;" transition is clearly Zeeman split with a lower frequency

component, a, at 46 — and a higher frequency one, b. at

49.5 emt The 51 cmt transition appears as a very strong

resonance at 50.5 cm—t at 50 kilogauss. At 70 kilogauss, the
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Figure 4.5:
3+

Zeeman spectra of Nd electronic transition in

LaF _
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Nd transitions split further and the hidher frequency b-component

moves to approximately 51 cm, slightly above the weakening

lattice resonance at 50.5 at, The behavior of the strength

of the b-transition suggests vibronic coupling with the

30.5 cm’ lattice vibration.

Electronic transitions c¢ and d between the upper Zeeman

level of the ground doublet and the Zeeman levels of the excited

Kramers doublet are not observed because of thermal depopulation.

Moreover, although the g-tensor is anisotropic and each of the

six lanthanide sites can have a slightly different Zeeman split-

ting, only two levels could be clearly resolved because the

instrumental slit width and the transition line width are too

wide. Consequently, only an average spectroscopic g value for

these six lanthanide sites could be determined in this experi-

ment. The mean g value for the excited Stark level is 1.4 +

0.1. For the ground Stark level it is 2.1 + 0.2 which is well

within the limits of the reported g-tensor of the ground level

based upon the electron spin resonance of Nat in tap . 7

The LaF, sample doped with one mole percent of prot is

also an unoriented single crystal. The angle between the applied

magnetic field and the optic axis is approximately 45 degrees.

The operating temperature is 1.33 + 0.03°K and the instrumental

slit width is slightly less than 2 em”?

Each of the eight Stark levels of the no, ground multiplet
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S++
of Er in the tysonite fluorides is a Kramers doublet. In

: : 3+ : :

zero magnetic field, the spectrum of Er in LaF is quite
IC

similar to that of Na+ in LaF, except that the electronic transi-

tion is at 52.2 cmt rather than 45 ai and the spectrum is

much more cluttered with interference or channel spectra lines.

At only 20 kilogauss, however, the gr¥ absorption spectrum is

strikingly different. The single absorption line at 52 cmt

less than 2 an wide has been replaced by a broad band extending

Erom 52.5 to 58.5 emt whose peak absorption is between 0.3 and

0.5 that of the zero field line. As the magnetic field increases,

the broad band separates into distinct lines 0.1 to 0.2 as strong

as the zero field line. Unfortunately, the channel spectra and

lattice absorptions in the same frequency range overlap the

Zeeman split electronic absorption lines and make the absorption

spectra difficult to read. Nevertheless, absorption peaks can

be located within + 0.5 em”! and have been plotted as a function

of magnetic field in Figure 4.6. Four of the absorption peaks

visible in the zero field spectra, those at 46.5, 57.6, 61.0,

and 65.4 — do not shift in the magnetic field and have been

identified as either channel spectra or lattice absorptions.

The 50.5 cm”© lattice absorption, clearly visible in all of the

at spectra, is not visible at zero magnetic field in either

the polarized or the unpolarized spectra of prt in LaF, but

appears clearly above 20 kilogauss. These five constant

frequency lines are denoted by horizontal dashed lines in

1 2



Figure 4.6:
54

Zeeman splitting of Er electronic transition

in LaF,
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Figure 4.6. The other absorption peaks can be associated with

CL 3+ . . -1 .

the Zeeman transitions of Er which all lie at 50.2 cm in

zero magnetic field. The four solid lines connect the absorp-

tion peaks of the unambiguously identified Zeeman transitions.

The two broken lines indicate probable fifth and sixth Zeeman

“ransitions.

The experimentally observed differences between the spectro-

scopic g-values of the ground state and the first excited state

are calculated from the slopes of the six lines in Figure 4.6.

Assuming that no significant Zeeman transitions have been missed.

these differences range from -0.8 to +6.7. So many lines are

resolved because the g-tensor of the ground state of Erot in

(96)
LaF, is strongly anisotropic. Unfortunately, a unique

assignment of the g-tensor of the two lowest energy Stark levels

is not possible based upon this one experiment because the sample

is not well oriented and at least three different orientations

vould be necessary. Nevertheless, significant upper and lower

bounds can still be stated. First, there are at least two

and probably at least three magnetically distinguishable erbium

sites. The maximum value of g for the excited Stark level in

this orientation lies between 1.8 + 0.2 and 7.5 + 0.2. The

ninimum value of g for the excited Stark level in this orienta-

tion lies between 3.5 + 0.2 and 1.3 + 0.2. Finally, the g

value of the excited state exceeds that of the ground state by

| 50



0.8 in at least one direction and is less than that of the

ground state by 6.7 in the same direction for another erbium

site.

The Lar, sample doped with one mole percent of prot is

an unoriented single crystal used only in transmission. The

Pry, sample is used only in reflection and is oriented with the

magnetic field perpendicular to the optic axis and parallel to

the face of the crystal. The infrared radiation is polarized

with the electric field parallel to the optic axis. The operat-

ing temperature is between 1.0 and 1.7°x and the instrumental

slit width is approximately 2 em™! for all prot spectra.

Since the 4f wavefunction has integral spin, the n ground

multiplet of prot in tysonite is split into 2J + 1 or nine non-

degenerate Stark levels. Consequently, no first order Zeeman

splitting is expected and the reflectance spectra do not change

perceptibly in magnetic fields up to 150 kilogauss. Nevertheless,

second order Zeeman effects are possible and the transmission

sped¢tra show a possible, very slight shift to higher frequencies

(less than 1 oe at 150 kilogauss) at very high field strengths.

However, since the 66 a prt line is rather wide (approximately

3 cm) and the transmittance spectra are quite noisy, the latter

results are inconclusive.

Further studies of the possible second order magnetic

properties of non degenerate Stark levels is not recommended

antil the far infrared instrumentation is greatly improved.

3 [
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Studies of the first order Zeeman splitting of the Kramers doublet

Stark levels, on the other hand, promise to be quite fruitful.

Assuming that all of the Zeeman transitions could be resolved

from one another, four oriented samples of each desired material

will enable the complete g-tensor of both the ground Stark level

and the excited Stark level to be completely specified. Because

of the rather large values of g (9 = 11 for the ground state)

and the strong anisotropy (9 /g = = 11/3 for the ground state).
max min

the g-tensor of the first excited state of gr" in tysonite may

be rather easy to specify experimentally. Likewise, a Zeeman

study of byt in tysonite might prove quite fruitful if it has

an excited Stark level which is conveniently accessible.

1.9 Lanthanide Site in the Tysonite Space Group

It is unfortunate that ab initio calculations can not yet

be made of the electronic eigenfunctions of the lanthanide ions

in tysonite. Such calculations would undoubtedly resolve many

of the apparent contradictions and difficulties found in the

current literature on the tysonite lanthanide fluorides. For-

tunately many of the selection rules governing electronic transi-

tions can be calculated from group theoretical properties and

a full MO-LCAO solution of the ligand fields is not always

necessary.

Table 4.6 lists the permitted polarizations of electronic

-:ransitions and the number of magnetically distinguishable



TABLE 4.6

Permitted polarizations of electronic transitions

at the lanthanide sites

the proposed tysonite lattices

Lattice

space
croup

P6 , /mmc|
4

Dep )

P6 ,/mem|
3

=

| Lanthanide Magnetically Polarizations
Formula site Distinguishable’ | Half-
units | symmetry sites Integral J! inteeral J

6m2 mT OYOU OY] T OF 0 Or

TO Or

Forbidden2 (D.,) Forbidden]

nm  mT OYOCOt

c C,.) Forbidden all mo

P3cl
4

CI A (c,)  gO OY To all mo

6,22
6

(0°) Ie (C.) 7 OY TO all no

P6 cn
3

(OP )
-

8; (CJ ~ OY TO all to

P3cl

3
(C. 4 (C.° 21l mo all wo

5
E| lcs c= Elc; mo = unpolarized; Forbidden = some transitions
have no electric dipole moment.
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lanthanide sites for the space groups listed in Table.3.4.

3+ 34 } Lo

Since the Nd and Er electronic transitions are observed to

be unpolarized (mo), only the bimolecular P6_/mmc _“)

structure can be eliminated by the polarized far infrared spectra

of these ions. The prot electronic transitions, on the other

hand, appear to be almost totally polarized (m or o rather than

70) as predicted for the hexagonal P6,/mcm (Dey) structure.

tdowever, since the 66-69 em electronic transition of prot in

PrF, (almost purely m-polarized) is also visible in the o-polari-

zation, the precise selection rules require unpolarized (mo)

electronic transitions. The most reasonable assumption is that

3+ : :

the Pr site 1s approximated by a slightly twisted pseudo-mm

(c, ) site as is found in the P3cl structure.
\7

Cs 3+ : a

The Zeeman splitting of the Er electronic transition

reveals at least two and probably three magnetically distinguish-

able lanthanide sites. There is no conclusive evidence for more

than three magnetically distinguishable lanthanide sites, but

nore are possible if the electronic transitions happen to be

obscured by the strong channel spectra observed. Thus, the

experimental results presented in this chapter are completely

consistent with the trigonal P3cl structure proposed in Chapter

[TTI.

However, the magnetic resonance results reviewed earlier in

this chapter consistently require six magnetically distinguishable

=/



lanthanide sites. Therefore, they are inconsistent with either

the hexagonal P6,/mcm or the trigonal P3cl structures. In a

recent publication by R. P. Lowndes, J. F. Parrish, and C. H.

Perry, (120) the author. proposed that this problem could be

resolved by considering the properties of the 1651 Shubnikov

(121-130)
groups in which the anti-identity operator is associated

with a reversal of the magnetic field. Table 4.7 lists signi-

ficant properties of the six magnetic space groups associated

with the conventional (Fedorov) P3cl lattice space group. To

the extent that magnetic effects can be ignored, all of these

magnetic space groups have identical electrical and mechanical

properties. They are all magnetically ordered except the para-

magnetic P3cl ' structures. If the splitting of the Kramers

degeneracy is assumed to be on the order of 100 gauss (approxi-

mately 0.02 em 0) , the magnetically ordered P3'c'l and P3'cl

structures are adequate to explain the magnetic resonance

measurements and to reconcile them with the macroscopic properties

of the tysonite lanthanide fluorides.

However, the assumption of a magnetically ordered crystal

structure is not necessary. A much simpler explanation has been

97suggested by M. B. Schulz, (97) C. D. Jeffries, (97) and K.

(103) : : .

Lee. They propose that the tysonite lanthanide fluorides

have a multiply twinned P3cl' magnetic structure. The two halves

of each twin is a horizontal mirror image of the other with

| 5K



TABLE 4.7

Group properties of the P3cl magnetic space groups

Number of independent constants’
Number of Magneto-

Magnetically electric
Magnetic Magnetic Distinguishable Pyro- Polariz- Piezo-

space crystal Lanthanide magnetism ability magnetism
group class sites H, = a,T Bi=ay48 H,=C, ik’ ‘k

P3cl

P3cl’ 3ml’

P3'cl Mr

P3'c'1

P3c'l

P 3cl 3m ~

3

.

%

H, = magnetic field; a, = pyromagnetic tensor; T = temperature;

By4 = magnetoelectric polarizability; Ey = electric field; Cia
piezomagnetic tensor; Ok = stress tensor. |

Fee text. No proper magnetic representation for the atomic sites

occupied in the tysonite lattice.
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Figure 4.7: Magnetic ordering permitted in the P3cl and
P3'c'l magnetic space groups.
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identical electrical and mechanical properties but with reversed

magnetic properties. Their proposal is simple, in that it will

apply to paramagnetic ions infinitely diluted in 122, and suf-

ficient, in that it will account for the ERP measurements of

(115)
Eugene Y. Wong, Oscar M. Stafsudd, and David R. Johnston

if one assumes that the optic axis is not quite perpendicular to

the applied magnetic field in their measurements. The only

problem remaining, if the structure is indeed a twinned P3cl’

lattice, is to explain how the slightly twisted pseudo-mm

lanthanide site adequate for the pr3¥ spectra will predict the

. 0 3+ 3+ .

strongly twisted (45 ) g-tensor of Nd and Ex in 12F, It

is conceivable that the paramagnetic ions tend to pair, even

when highly diluted by 1aF , resulting in a magnetic field
: : : 19_ (103)

independent splitting as found for the NMR of F. If so.

the crystal may be both mechanically twinned and magnetically

ordered over very short distances (approximately 1 nm)
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CHAPTER V

SUMMARY

131-133Since tysonite was first identified’ ) in the

1880's, it and the other rare-earth fluorides have been subject

to many different investigations. This thesis reviews most of

the prior research and makes several new experimental contri-

butions to understanding the tysonite fluorides of lanthanum,

cerium, praseodymium, and neodymium. Moreover, the experimental

study of the infrared properties of the tysonite lanthanide

fluorides illustrate several experimental and theoretical pro-

blems associated with measuring uniaxial dielectric response

functions.

The low temperature, far infrared reflectance of LaF, CeF,

PRR, + and NAF, show five (possibly six) restrahlen peaks in the

mT-polarization (E| c) and ten (possibly eleven) in the o-

polarization (E|lc) . A sixth, m-polarized, fundamental, infrared

active, lattice mode is almost certainly located between 30 al

and 40 em 1, but it is so weak that it has been observed only

in transmission, so far. An eleventh, o-polarized, fundamental

infrared active, lattice mode is almost certainly located between

120 got and 130 on, but it is so weak that it has not been

clearly observed in all four materials. The TO and LO frequencies

of the fifteen strongest fundamental, infrared active, lattice

modes at all three observation temperatures are listed in

| AC



Tables 3.1 for m-polarized modes and 3.2 for g-polarized modes.

Table 3.3 lists the two features tentatively identified as fun-

damental, infrared active, lattice modes along with several

slectronic transitions and spurious features due to the observa-

ion geometry.

The infrared active frequencies and the reported Raman

active frequencies (54) appear to be mutually exclusive implying

that the tysonite space group includes the spatial inversion

operator. The low temperature infrared results together with

the low temperature Raman results identify 23 doubly degenerate

and 11 nondegenerate fundamental lattice modes out of a total

of 69 possible fundamental optical lattice modes at the center

of the Brullouin zone of a crystal with six formula units of

LaF,. This leaves only 12 nondegenerate, optically silent,

lattice modes which have not been located. When correlated

with all of the previous reports of the electrical and mechanical

properties of the tysonite lanthanide fluorides, the most recent

infrared results seem to be consistent only with the hexa-

molecular, trigonal-hexagonal, p3cl (Dy) space group. At

room temperature the fluorine ions with the lowest point group

symmetry begin to migrate and the infrared results can be approxi-

mated reasonably well by a more symmetrical, hexagonal, P6,/mcm

(D&gt;) space group originally proposed by oftedal. 2)

The selection rules of the far infrared electronic transi-

: ; 3+ . .

ions of the non-Kramers ion of Pr in the four tysonite host



lattices are approximated very well by the mm (c,.) lanthanide

site in the hexagonal P6_/mem space group. However, the exact

selection rules require a slight distortion from perfect mm

site symmetry to either 2 (c,) or m (c,) site symmetry. Unfor-

tunately, infrared measurements can not yield sufficient detail

to distinguish trigonal modifications from hexagonal modifica-

tions of the P6 /mcm structure.

The selection rules of the far infrared electronic transi-

tions of the Kramers ions of nat and Ero in the four tysonite

host lattices are consistent with any of the proposed space

groups except the hexagonal P6 /mme o_ “) bimolecular pseudo-

unit-cell structure. Moreover, the Zeeman splitting of the na?

and prot electronic transitions reveal conclusive evidence for

at least two and probably three magnetically distinguishable

lanthanide sites. Thus, the far infrared electronic spectra pre-

sented in this thesis are completely consistent with although

they do not require an untwinned p3cl structure.

Magnetic resonance studies of LaF, doped with various para-

magnetic lanthanide ions have consistently revealed six magneti-

cally distinguishable lanthanide sites, whereas the P6,/mcm

and the untwinned P3cl structures permit only three. Moreover,

although the Zeeman spectra presented in this thesis reveal no

nore than three magnetically distinguishable lanthanide sites,

some Zeeman transitions may have been missed and these results

14/479



do not conclusively forbid six magnetically distinguishable

Lanthanide sites. A multiply twinned P3cl’ crystal structure

is the simplest explanation to reconcile the reported hexagonal

magnetic resonance measurements with the trigonal P3cl crystal

structure required by velocity of sound, X-ray diffraction, Raman,

and infrared measurements.

Figure 5.1 summarizes the electronic transition frequencies

below 100 an L as a function of host lattice. The higher

frequency transitions vary faster but the variation does not

seem to follow any simple power-law as a function of the lattice

parameters. However, since the frequency changes are easily

measurable, a further study of some of the other, higher fre-

quency, electronic transitions as a function of the host lat-

tice will enable one to determine both the values of the crystal

field parameters and their variation as a function of interionic

distances. These values and their variations could then be used

to support or discredit some of the ligand field theories dis-

cussed in Chapter IV.

Two observations reported in this thesis were rather

anexpected when first discovered in the spectra but were easily

predicted in retrospect.

- 3+
The electronic transitions below 100 cm 1 of Pr in PrF.

and to some extent of Na+ in NAF are clearly visible in

reflectance. When the electric dipole strengths of these

1 A



Figure 5.1: : 3+ 3+ 3+ .
Frequencies of the Pr~ , Nd~ , and Er electronic

-1
transitions below 100 cm as a function of the

-ysonite host lattice.
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electronic transitions observed in transmission in 1% concentra-

tions are scaled up to 100% concentrations, one can easily show

that near the transition frequency both the real and imaginary

parts of the dielectric response function will be strongly

affected and that the reflectance will change measurably. Never-

theless, other experimenters have attempted to observe these

transitions only in transmission and have tacitly assumed that

the electronic transitions were too weak to be observed in far

infrared reststrahlen spectra. Perhaps this direct observation

in reflectance of the moderately strong prot electronic transi-

tions in BoB, will stimulate reflectance studies of the inter-

mediate strength electronic transitions like na + in NAF or

the moderately weak, fundamental, infrared active, lattice mode

transition between 30 cm”Tand 40 cm! in the m-polarization.

Some features characteristic of the LO (longitudinal optic)

modes of the o-polarized dielectric response function are clearly

visible in the nominally m-polarized reflectance and transmit-

tance spectra. whereas one can show that a slight misalighment

(less than five arc degrees) of the crystal's optic axis with

respect to the polarizer or analyzer will lead to an absolute

change in the value of the reflectance or transmittance of less

than 1%, a corresponding misalignment of the optic axis with

respect to the propagation vector of the infrared radiation

forces the extraordinary dielectric response function (but not

| AG



the ordinary dielectric response function) to have zeros at all

of the zeros of both the m-polarized and the o-polarized di-

electric response functions. The strengths of the zeros and

their associated poles depend upon the angle between the optic

axis and the propagation vector. For small angles, the strengths

of the undesired poles and zeros are proportional to the square

of the angle so that it is possible to minimize although not to

completely eliminate these effects. However, the simple angular

dependence of this effect makes it possible to conveniently

eliminate probable spurious features from the m-polarized reflec-

tance and transmittance spectra of conventionally oriented

samples. Moreover, by deliberately misaligning the optic axis

of a sample so that it is not quite perpendicular or parallel

to the propagation vector and observing only the extraordinary

dielectric response function, it is possible to study in trans-

nission some strongly infrared active LO modes as if they were

weak TO resonances in the orthogonally polarized dielectric

response function.

| ]577
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