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Abstract. IR and Raman active modes have been measured in several fluoride scheelites,
namely the laser matrix LiYf(studied as a reference) and fouZkiF4 compounds Ln = Ho,

Er, Tm and Yb). The observed phonons have been assigned in accordance with the various
irreducible representations of the point group of the crystal. In Li¥fee modes never observed
before have been measured. The polarized experimental IR reflection spectra have been analysed
through a ‘four-parameters’ model to give the mode frequencies and dampings. For the whole
set of the compounds, the frequency dependence of the dielectric function, optical indices and
absorption coefficient have been deduced from the IR study. The electronic Raman effect has
been shown in the low-temperature Raman spectrafo= Tm, Ho and Yb. The corresponding
measured wavenumbers are compared with the calculated energies between crystal-field levels
of LSJ states, each being associated to an irreducible representation of the ion-site group S

1. Introduction

Lanthanide trifluoridegLnF3), from europium(Z = 63) to lutetium (Z = 71), combine
with lithium fluoride (LiF) to form an intermediate compound with a scheelite structure of
general formula LLnF,4 [1, 2]. LiYF4is generally associated with this particular family since
it is the first isomorphic fluoride which has been synthesized and studied [3]. All of these
compounds, pure or doped, are optically transparent insulators which are of considerable
interest in optical applications [4—10]. Nowadays LiYiB the most-used fluoride laser host
crystal, generally doped with trivalent rare-earth ighs®**, Eu**, .. .) [10, 11] and, more
recently, with uranium [12]. In 1990, 36 different lasers based on Li¥fystals doped
with rare-earth ions producing various radiations were already listed by Kaminskii [4] in a
review article.

Many experimental data are already reported concerning Raman scattering indndlF
Li LnF4 compounds, and infrared spectroscopy in Li¥iad LiTmF, [13—-16]. However, the
frequencies of several vibrational modes were still missing, because they were not observed
or identified. Such data being necessary to predict the phonon spectrum of fluoride scheelites
for the LiYF; compound will be reported in paper Il. The present paper deals with Raman
and infrared measurements in LiYEstudied as a reference) andiluF, compounds, with
Ln = Ho, Er, Tm and Yb(Z = 67-70 successively); electronic Raman lines have been
observed in low-temperature LiF, Raman spectra fotn = Tm, Ho and Yb.

0953-8984/97/326941+16$19.5@C) 1997 IOP Publishing Ltd 6941
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Figure 1. Tetragonal unit-cell of LLrnF4 compounds Ln = Ho, Er, Tm, Yb ; Y).

Table 1. Crystallographic parameters of LiYHGarciaet al [17]) and LiLrnFs compounds
(Landolt-Bornstein [18]), together with the ionic radius of the corresponding trivalent ion in a
coordinance of eight fluorine ions (Kaminskii [4]).

Compound

LiYF4 LiHoFs LiErF4 LiTmFs LiYbFa

a (A) 5.164  5.175 5.162  5.145 5.132
c (A) 10.741 10.75 10.70  10.64 10.59
cla 2.080 2.078 2.073  2.067 2.064
Ln3t (A)  1.16 1.16 1.14 1.13 1.12

Section 2 reports on the results of a group theory analysis for zone-centre phonons
in scheelite compounds, followed by discussions on the Raman and infrared results in
sections 3 and 4 respectively. The experimental data have been analysed to yield the
effective charges, the frequency dependence of the optical indices, and information about
the atomic movements under some of the vibrational modes is given.

2. Structure and dynamics

LiYF4 and LiLnF, compounds crystallise with the scheelite structure [1-3,17, 18]; hence,
they belong to the §(141/a) space group and are usually described by their body-centred
tetragonal unit cellZ = 4) (shown in figure 1). It must be noted that the Li ahd atoms
occupy a4-symmetry site while the fluorine ions lie in a general symmetry, so that none
of them are on an inversion centre. The crystallographic parametarsl ¢ given in the
literature are reported in table 1. Note that there is a linear relation between the /atio
and theLn3* ionic radii [4, 19].

The samples used throughout this work have been growd ¥ Gesland, using the

1 Universieé du Maine-Cristallogrese (UMC), Laboratoire PEC, Facaldes Sciences, Universidu Maine,
Avenue O Messiaen, 72017 Le Mans Cedex, France
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Czochralski technique. The single crystals were Laue oriented and cut perpendicularly to
the crystallographic axes, to obtain rectangular parallelepipeds of abeu % 10 mn?
volume, thec-axis being parallel to the 1 cm edge. Faces have been polished for good
optical quality.

The scheelite primitive cell (trigonal) containing twolliF, units, has 36 degrees of
freedom (including rigid translation) per wavevector. The 36 vibrational modes at the centre
of the Brillouin zone are distributed among the irreducible representationg,@&sdollows
[20]:

IV = 3Aq + 5By + 5E; + 5A, + 3By + 5E,.

One A, and one | mode corresponds to rigid translations of the whole crystal. The other
A, and g, modes are infrared active with a dipole moment respectively parallel with, and
perpendicular to the crystalline axis The g modes are Raman active and correspond to
the following components of the Raman polarizability tensor:

Ag oy oy oz,
Bg oty — 0ty

Eg oy, oy

The phonons of Bsymmetry are neither Raman nor infrared active.

A more complete group theory analysis has been performed in order to know the
symmetry-adapted motions, summarized in table 2, of each atom in the primitive cell (their
reduced coordinates are brought to your attention in table 2). It appears that only the
fluorine atoms may move underg/and B, modes; Li andLn atoms move in the (001)
plane for § and E, modes (doubly degenerated), and along the four-fold af@s By and
A, symmetries.

3. Raman spectroscopy

Among all the compounds studied in this work, only LiYis diamagnetic and its ground

state corresponds to tH&, term. Thus, the experimental investigations of the vibrational
properties of this particular compound cannot be perturbed by fluorescence lines nor by
the electronic Raman effect, apart from an eventual small amount of lanthanide impurities,
but which would be of poor intensity. LiYfis therefore considered as a reference for

the Raman study of the isomorphiciliF, compounds where the electronic level schemes

are more complicated and where the ground states are degenerate: the interpretation of
corresponding Raman spectra requires a comparison withLOMEs.

3.1. Experimental equipment

The Raman spectra were recorded with a Dilor Z24 triple monochromator, equipped with
a cooled photomultiplier. A Leybold cryogenerator was used to obtain low temperatures.
Following Porto [21], the scattering geometry is denoted by symbols sueltragy, which
means that the laser light enters along the crystallirxis, the scattered light is observed
along they axis, and the incident and scattered polarizations select the zz component
of the Raman polarizability tensor (the y and z axes are respectively parallel to the
crystallographic axes, b andc).
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Table 2. Symmetry-adapted displacements for zone-centre phonons in the scheelite structure
alonga, b and ¢ axes (first, second and third line, respectively). We only considered the
atoms in the primitive cell of which reduced coordinates are given in the crystallographic basis
(a,b,c). Eg and E, modes are doubly degenerated: the second eigenvector is obtained by
complex conjugation (*) of the first ones;, b; andc; coefficients may be complex.

Atom (no.)
(reduced
coordinates) A Bg Eg Ay, By Ey
Li (1) 0 0 ai 0 0 a
(0,0,0) 0 0 —imp * 0 0 iap  *
0 c1 0 c1 0 0
Li (2) 0 0 -am 0 0 a
03D 0 0 i * 0 0 imm *
0 —a 0 c1 0 0
Y or Ln (3) 0 0 az 0 0 az
0,0, 3) 0 0 —igp * 0 0 g *
0 2 0 ) 0 0
Y or Ln (4) 0 0 —a 0 0 az
013 0 0 a2 * 0 0 g *
0 — 0 2 0 0
F (5) ap a3 as a3 az a3
(x,y.2) by b3 bz ¥ by bz bz 7
1 3 c3 3 3 3
F (6) —ay —as as —az —as as
(=x,—-y,2) —by —b3 b3 * —bz —bz b3 *
c1 3 —c3 c3 3 —c3
F () —by b3 ibz b3 —bz —ib3
(=y,x,—2) ay —az —iaz * —as as iag *
c1 c3 ic3 c3 —c3 —ics
F (8) by —bs3 ib3 —b3 by —ib3
v, —x,—2) —a1 a3 —iaz * a3 —az iaz *
—c1 c3 —ic3 c3 —c3 ic3
F (9) a1 a3 —as —az —az as
(x,y+ % ;1, —-2) by b3 —bs * —bz —bz bz *
—c1 —c3  C3 c3 3 —c3
F (10) —a1 —az —as as as as
(—x, % -, 711 —2z) =b1 —bz3 —bz * by b3 b3 ¥
—c1 —c3 —c3 c3 3 3
F (11) —by b3 —ib3 —b3 by —ib3
(~y.x+3. 242 a1 -as a3 * a3 —az iaz *
c1 —C3 Ic3 c3 —C3 Ic3
F (12) by —bz —ib3 b3y —b3z —ib3
(y, % - X, 21‘ +z) —a1 a3z a3 * —az3 a3z a3 *
c1 —c3 —lc3 c3 —c3 —lc3

3.2. Results inLiY Fy

Raman spectra were recorded with 250 slit-width (spectral resolutior: 2.5 cn1) and

a typical laser power of 100 mW. The use of various excitatiqgd44.5, 496.5, 488 and
457.9 nm) guarantees that all the lines must be attributed to Raman scattering, consistent
with the lack of luminescence expected in this compound.

1 The excitation must be carefully selected in the case of the otherHs compounds because of possible
fluorescence.
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Figure 2. Experimental Raman spectra recorded at 40 K in LiYHhe geometries of the

theoretically Raman-active modes are indicated for each scattering geometry. When a peak is
attributed to a contamination by an intense line active in another geometry, its position (given
in cm~1) appears in parentheses. The inset shows the accumulation of 10 spectra (recorded at
room temperature) realized to show the lowest-frequengynade.
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Table 3. Experimental Raman active phonon frequencies in LiYF

T (K) Aglcm1) Eg(cm1) Bg(cm™1) Reference
300 151 265 427 154 199 326 373 447 174 246 327 379 427 This
40 152 268 431 155 201 329 375 458 177 247 332 382 430 work
300 — 269 430 158 203 329 376 450 177 251 331 382 426 [16]
4.2 — 273 434 160 207 334 379 462 182 252 336 385 432

300 — 264 425 153 199 329 368 446 177 248 329 382 427 [13]

Figure 2 shows the Raman spectra collected at 40 K, with an excitation at 496.5 nm,
for different scattering geometries. It can be noted that the lowest frequejoyode (at
152 cnt?) has been evidenced for the first time. While it appears clearly irZi#Xx)Y
spectra, the corresponding signal is very weak inXi& Z)Y configuration and overlaps
with polarization leaks of an Eline (at 155 cn1'), as shown on the inset in figure 2;
an accumulation of 10 spectra, collected with an excitation of 488 nm, was necessary to
evidence this peak at room temperature.

Table 3 lists the frequencies of the observed Raman-active phonons at room temperature
and 40 K, assigned to the various irreducible representationsypf They appear to be
weakly temperature dependent. As a comparison, the results previously obtained by Miller
et al [13] and Schulteisgt al [16] have also been reported in table 3. Then all the Raman-
active symmetry predicted modes are unambiguously observed and assigned.

3.3. Results in.i Ln F, compounds

In so far asLn3" ions have a lot of electronic levels between 12500 and 25000cm
the probability for the excitation to be close to an absorption band is large: luminescence
lines may be induced. In order to avoid such an effect which may be much more intense
than the Raman lines, the wavelength of the excitation must be carefully selected for each
compound.

LiHoF,4: the best spectra are obtained with = 5145 or 496.5 nm. The 457.9 nm
radiation generates a strong luminescence.

LiErF4: only the 457.9 nm radiation gives rise to convenient spectra. Wjth=
4965 nm, one observes in the [0, 500 chfrequency range additional lines as intense as
the Raman lines, and the usejaf = 5145 nm leads to broad luminescence bands.

LiTmF,4: any of the available argon-ion laser wavelengths can be used for this particular
compound.

LiYbF4: we recorded the Raman spectra with = 4965 and 514.5 nm. With
Ao = 4579 nm as excitation, Raman lines are superimposed to the luminescence bands

(probably resulting from impurities).
As an illustration, we report in figure 3 the Raman spectra obtained at 40 K for the

various configurations in LiHof

3.3.1. Vibrational Raman effect. The Raman spectra obtained, at room-temperature, for
each compound within the experimental conditions described above, appear to be very
similar. This may be attributed to the very small variation of mass and ionic radius from
Ho®* to Yb** in the lanthanide series. They are also extremely similar to the spectra of the
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Figure 3. Experimental Raman spectra in LiHpFecorded at 40 K in different scattering
geometries. Electronic lines are indicated by e, and the frequencies (expressedrotiines
attributed to polarization leaks are in parentheses.
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Table 4. Raman active frequencies (in c# in LiLnF4 compounds Ln = Ho, Er, Tm, Yb;

Y) at room temperature and 40 K (italics). A dash appears when the corresponding mode could
not be evidenced experimentally, and an asterisk indicates that the softening on cooling may be
attributed to an electron—phonon coupling [24].

Compound

LiYF4 LiHoFs  LiErF4 LiTmF, LiYbF4

Ag(cm’l) 151/— 151150 151/— 153153 152152
265268 269265 270270 270269 269270
427431 426430 430434 433438 438441

Bg(cm™Y) 174477 153155 153/— 153156 152152
246246 214214  215/— 216218 216215
327832 323B27 326/— 324801  340/351
380882 373B75 378/— 383401 392406
427A30 426429 430/— 435438 437441

Eg(cm™Y) 154455 127127 129429 130430 130131
199201 177A78 179481 181483  182/184
326829 326830 330834 330819 325/316¢
373B75 365866 368870 371883 371871
447A58 446456 450459 457469 462479

isomorphic compound LiYfas shown by the comparison of figures 2 and 3. Therefore, as
already mentioned, the mode assignments have been established on the basis of the LiYF
ones (table 2): resulting attributions are reported in table 4.

From room temperature down to 40 K, the line-widths decrease and the frequencies
slightly increase, except for the modes identified by an asterisk in table 4. Their quite
important decrease may be attributed to an electron—phonon coupling [24].

Concerning the dynamical properties, the main difference betweenslavill LiLnF,
crystals is the trivalent ion mass. THen®t being about twice as heavy as*™ the
frequencies of modes that involve displacements of trivalent ions should significantly
decrease from LiY[F to LiLnF4;. Such a shift is experimentally observed for the two
low frequency g and By, symmetry modes. This is consistent with the symmetry-adapted
vectors reported in table 2 since, among the Raman-active modes, only those,aitid E
By symmetries may imply lanthanide motions. It can also be deduced that the (heavy)
lanthanide ions mostly vibrate at low frequencies.

Additionally, one may remark that, thanks to the ‘red shift’ of the low frequengy E
mode, the weak 4line no longer overlaps with E(unlike in LiYF4) in the X(ZZ)Y
configuration which makes the experimental results easier to interpret.

3.3.2. Electronic Raman effectThe Raman spectra of the LiF, compounds collected
at 40 K exhibit extra sharp lines (see figure 3), with respect to those collected at room
temperature. These lines are not dependent on the excitation wavelength and have been
attributed to the electronic Raman effect.

The electronic configuration Xéf)"(592(5p)® of Ln®* ions (@ = 1-14) gives rise to
variousLSJ manifolds, which aré2J + 1)-fold degenerate. Each crystal-field level of such
LSJ states>St1L ;) is associated with an irreducible representafigrof the ion-site group
(or double-group whed is half-integer), i.e. $for lanthanide ions in LinF, compounds.
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Table 5. Calculated energies of theSJ-multifold crystal-field levels forL.n3* ions, selection
rules and measured energies of electronic Raman lines for various scattering geometries in
Li LnF4 compounds Ln = Tm, Ho, Yb).

EmeadCm™)
This work Kupchikovet al [22]
Ecalc Selection rules Christensen
(cm T (Raman) zZZ XX XY [5,6] 77K 2K
LiTmF4
0 2
31 34 YZ,ZX 32
62 1 XY, XX 70 68 57 65 71
287 2 XX, 727 278
316 2 XX,ZZ 319 319 317 319
365 1 XY, XX 364 364 359 363
382 34 YZ,ZX
410 34 YZ,ZX
421 1 XY, XX
436 2 XX, 727
LiHoF4
Emeadcm™1) (this work)
z7Z XX YX zX
0 3,4
8 2 zZX,YZ
20 2 zZX,YZ
50 1 zZX,YZ
59 1 ZX,YZ 58
72 34 ZZ, XX, XY 71 71
211 1 ZX,YZ
273 1 zZX,YZ
275 34 ZZ,XX,XY 283 282 283
284 2 zZX,YZ
294 34 ZZ,XX,XY 314
296 1 zZX,YZ
310 2 ZX,YZ
LiYbF4
Emeadcm™1) (this work)
XY
0 7,8
235 56 XX, XY, XZ,YZ 218
366 78 ZZ, XY, XZ,YZ
456 56 XX, XY, XZ,YZ

These ground states can be totally or partially split by the crystal field, with an overall
separation smaller than 500 cf For the variousLr®" ions studied in this work, the
distributions of the correspondirig; levels among the irreducible representations of the S
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group are, using the notation of Kostetral:

Ho®* (410, 5F1L , = ®lg) : 'g — 5[y + 45 + 434
Ert (@', Ylis0) 1 Tisp — AT g + 4T3

Tm> (4112 3Hg) : ['g — 31 + 405 + 3034

YB3 (4113, 2 5) 1 T7jp — 20 g + 2% 4.

The double subscripts imply degenerate one-dimensional representations: the physically
irreducible representation is their direct sum. The levels associated with the double-
valued representations, identified by asterisks, are Kramers doublets which may be split
by application of a magnetic field (Zeeman—Raman effect).

Energies of each crystal-field levels &iSJ states have been calculated inLkiF,
compounds by Christensen [5,6] fdrn = Ho, Er, Tm, and by Kupchikov [22] for
ytterbium. If electronic Raman transitions are excited between the crystal-field levels of
LSJ states, then the selection rules for such a process depends on integrals of the type
(W)l W), wherea is the polarizability tensor and; and W, refer to the wavefunctions
of the initial (ground) and final state. The selection rules fgrdbtained from the previous
integral and tables of product representations, are given in [23]; we only report in table 5
the rules which may be applied in Raman spectroscopy.

Electronic Raman effect has been evidenced in low-temperatuireH,iRaman spectra
for Ln = Tm, Ho and Yb, but not in LIErk: The corresponding measured wavenumbers
within different scattering geometries are reported in table 5 together with the calculated
differences of energy between crystal-field levels I#J states, considering that only
the lowest energy level is occupied at the investigated temperature (40 K). The selection
rules are fulfilled. We bring to your attention also the results obtained by other authors,
namely Christensen [5, 6] by infrared spectroscopy, and Kupchétaa [22] by Raman
spectroscopy.

4. Infrared-active modes

4.1. Experimental details

Room-temperature polarized reflection spectra were recorded with a Fourier-transform rapid-
scan interferometer (BRUKER IFS 113C) at the CRPHT iné@nis (France). All of the
experiments were performed at @om the normal incidence, in the spectral range 50—
2000 cnt!. The electric field vector of the incident beam was either perpendicular or
parallel to the four-fold axis.

As shown in section 1, there are eight polar vibration modes, infrared active, in the
scheelite structure, namely four polarized along the optical axia, modes), and four
polarized perpendicularly to (E, modes). Room-temperature polarized reflection spectra
obtained for LiYR and LiLnF, compounds are shown on figure 4 (dotted curves). As
expected, there are four bands for each polarization. These are grouped continuously
between 180 and 500 crh and their position is only slightly modified by the nature of
Ln3* ion, or by the substitution of a lanthanide ion to yttrium.
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Figure 4. Room temperature reflection spectra inLkF, compounds L» = Ho, Er, Tm, Yb;
Y). Experimental curves are drawn dotted and the full curves represent the result of an oscillator
fit.

4.2. Analysis of experimental spectra

The measured reflectivitR (w) of a material depends on the permittivityw) via Fresnel's
formula in normal incidence:

2

Rw) = Jelw) —1
Ve + 1

The solid curves in figure 4 are the results of an oscillator fit simulating the reflec{age
through a dielectric function model, the factorized formedfeing convenient to represent
even asymmetrical and wide bands:

g(w) =¢ —ig" = ey 1_[

> -
) Qj.TO — w2+ 1yj,row

@)

QJZ.LO — a)2 + i)/j.Lo(,()
J
where Q; and y; are, respectively, the resonant frequency and damping factor oftthe
longitudinal (subscript LO) or transversal (subscript TO) optical mode. The width of the
jth mode is directly related to the corresponding damping fagtor

The high-limit valuee,, of the dielectric function has been deduced from the optical

refraction index £ = ./ex). The ordinary #o, E, symmetry) and extraordinary:{, Ay
symmetry) optical indices [18] were controlled with a Pulfrich-refractometer.



6952 S Salain et al

Table 6. Frequencies of transverse and longitudinal infrared-active phonons in lithium fluoride
scheelites LLnF4 (Ln = Ho, Er, Tm, Yb; Y).

LiYF4 LiTmF4 LiTbF4
Mode  This work Schulteisst al Miller et al This work Kupchikov Drfler
(cm™1) (300 K) [16] (330 K) [13] (77 K) LiHoR, LiErF, (300 K) etal [15] LiYbF4 etal [24]
Ay 196/219 192/229 195/224 196/220 196/219.5 196/220 206/215  191/217 202/221
(TO/LO) 251/278  255/287 252/283 232/261 230/261 232/264 238/262  228/263 239/262
241/360 404/464 396/— 340/368 339/361 343/367 352/364  344/368 347/353
370/534  489/— 490/— 369/516 375/516 372/519 382/— 377/520 369/529
Ey 137/171 144/186 143/173 135/168 136/170 137/171 142/174  139/174 142/165
(TO/LO) 294/308 262/276 293/303 277/302 278/302 278/303 282/302  277/302 281/298
325/367 314/372 326/367 321/349 320/350 321/349 323/340  315/343 319/345
418/560 413/556 424/566  418/553 420/554 424/557 415/— 419/555 431/556

Table 6 lists the frequencies of LO and TO modes used to obtain the best fit reflectivity
curves (full curves in figure 4), which are in a good agreement with experimental ones
(dotted curves). Typically, LO and TO frequencies are determined to better than'Zaem
low frequencies, and better than 5 thover 300 cmi®. Note that the oscillator strength
Ag; of the jth transversal mode can be directly deduced from the LO/TO splittings through
the relation:

€0 Hk(QI%,LO - Q%,To)
2 ¥ 2 2
Qj,To Hk;éj(gzk,TO - Qj,To)

Transverse- and longitudinal-mode profiles are given by the imaginary part of the dielectric
and inverse dielectric functions which are reported for the reference compound InYF
figures 58) (E//c) and ©) (E_Lc). Surprisingly, only the second band of each polarization
is dependent on the trivalent ion nature (Ylor). The corresponding fand E, frequencies
are lowered by about 15 cm, which may indicate a global motion of the:Fg (YFg) entity.
The lowest-frequency optical Aand E, modes, not affected by the /Y.n substitution,
therefore do not imply significant motions of the trivalent ion.

From our data, it is possible to deduce the optical indices and the absorption coefficient:

1 N\ 1/2
n(w) = (2\/ %+ e+ 82)

1 e \?
k(w) = (2 /&2 + g2 _ 2)

a(w) = 2wk(w)/c.

Aé‘j =

The curvesn(w) and k(w) are of course of interest for the optical applications of these
materials; they are reported in figure B//c and E L¢) for all of the compounds studied in
this work. The frequency dependence of the absorption coefficient is illustrated in fighire 5(
for the reference compound LiYF

The discrepancy between the results of Miller or Schulteiss (also reported in table 6)
and ours is simple to understand: absorption measurements lead to the overestimation of TO
frequencies in highly damped modes since the absorption maximum does not then coincide
with the TO frequency.
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Figure 5. Calculated frequency dependent functions in LiYHa) and @) Transverse and
longitudinal modes profiles given by the imaginary part of the dielectric funatione(w)),
full curves), and inverse dielectric functiatm(1/¢(w)), dotted lines) respectively, faE//c
(a) and E Lc (b). (c) Absorption coefficientr(w).

4.3. Effective charges

The knowledge of(w) enables the calculation of the ionic effective char@es defined
by Scott [25], which are related to the LO/TO splitting for polyatomic systems through the
following relation:

1 (Ze)?
2 2 _ ko

The sums are done on the modes (inggxor the left part, and on the atoms (indéxfor
the right part.« refers to the polarization directioty, is the volume of the unit cell, and
M; is the mass of the correspondikgon.
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Figure 6. Calculated refraction index(w) (full curve) and extinction index(w) (dotted curve)
in lithium fluoride scheelites UinF4(Ln = Ho, Er, Tm, Yb; Y).

In the LiLnF4 compounds, there are only two equations (previous formula and electrical
neutrality of the crystal) but three different effective charges have to be determined.
Therefore, it appears necessary to fix one of the charges. It seems to be convenient to
impose the lithium effective charge since several self-consistent data have been obtained
for this particular ion, namely:

e Z(Li) = 0.72 (obtained in the binary crystal LiF [26])

e Z(Li) = 0.6 (in the ternary compound BalH27])

e Z(Li) = 0.65 (intermediate case).

The corresponding charges of the fluorine and lanthanide ions are reported in table 7.

We also present in table 7 the resulting charges when choosing for the lanthanide ion the
effective charge obtained in the LaEompound. The infrared data [28] used to obtain this
charge are well-suited only for the polarization perpendicular to the optical axis (namely
E, modes). The frequencies of the, Aodes in Lak are indeed not so precise ag E
ones because the spectra they were deduced from have been recorded without any light
polarization.

All these effective charges may seem questionable in so far as they depend on the
choice of one of the charges. Nonetheless, the results we obtain are quite self consistent.
The (Ze)?/ M ratios in the above relation which relates the LO/TO splitting to the effective
charges, are indeed very different; the main components are those of lithium (because of its
small mass) and fluorine (heavier thanLlbut with a contribution four times larger due to
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Table 7. Effective charges (in units dk|) for polar A, and E, modes calculated on the basis
of the measured LO/TO splittings in LiF4 fluoride scheelitesi{n = Ho, Er, Tm, Yb; Y).

LiYF4 LiHoF4 LIErF,4 LiTmF4 LiYbF4

Ay Ey Ay Ey Ay Ey Ay Ey Ay Ey

Z(Li) =0.72 Z(F) -08 -0.79 -0.80 -0.82 -0.80 —0.82 —0.79 —-0.81 —-0.80 —0.82
Z(Ln) 248 244 247 256 246 255 244 252 250 254

Z(Li) = 0.65 Z(F) —-0.82 -0.81 -0.82 -0.84 -0.82 —0.84 —0.81 —0.83 —0.83 —0.84
Z(Ln) 262 258 264 272 263 272 261 269 266 271

Z(Li) =0.60 Z(F) -0.83 -0.82 -0.84 -0.86 —-0.84 -0.86 —0.83 —0.85 —0.84 —0.86
Z(Ln) 271 267 275 283 275 283 272 280 278 283

Z(Ln) =2.656 Z(F) - -082 — -083 — -083 — -083 — -0.83
Z(Li) — 061 — 068 — 0.68 — 066 — 0.67

the number of fluorine ions in the crystalline motive). The ratio which corresponds to an
Ln ion is so small when compared with the previous ones that a great variatién/af)
barely influences other ionic charges.

Moreover, the calculated effective charge of fluorine ions is very close to those deduced
in other fluoride compounds such as perovskites [27,29-31]. This is in agreement with the
strong ionic character of bonds which imply fluorine ions. In addition, we observe that the
fluorine effective charge is very weakly affected by the variationg @fi) or Z(Ln): the
fluorine seem to be ‘shared’ equally between Li dndions. Finally, we may also point
out that the effective charge of the: ions stay roughly constant in the wholelluF, series
of compounds.

5. Conclusion

IR and Raman active modes have been measured in jidfkd LiLrnF; compounds
(Ln = Ho, Er, Tm and Yb) and assigned to the various irreducible representations of the
point group of the crystal. The study of the laser-matrix LiYffas yielded the frequencies
of three modes (lowest fand two higher A (LO) modes) which had not been shown by
previous studies. The results about Liykave been used as a reference for the interpretation
of Raman spectra of the LinF, in which electronic Raman effect and luminescence are
also observed. The measured electronic Raman lines, evidenced in low temperatifg Li
Raman spectra fotrn = Tm, Ho and Yb, are in a good agreement with the calculated
differences of energy between crystal-field leveld.8/ states (with respect to the selection
rules), and with the results obtained by other authors. One may also note that the frequency
dependence of the optical indicesand & have been deduced from the IR measurements,
these particular curves being a useful tool for the optical studies that may be conducted in
any compound of the lLinF, series.

For each compound, all of the phonon modes set in the frequency range 0—500Asn
previously shown by Milleet al [13], we cannot separate the internal vibrations of théT_iF
unit from external vibrations in fluoride scheelites unlike in oxides, because these compounds
are highly ionic in character. Nonetheless, the comparison between the frequencies obtained
in LiYF4 and LiLnF, compounds brings some informations about the atomic motions.
Indeed, anL»®" ion being about twice as heavy as*yY the frequencies of modes that
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imply movements of trivalent ions (potentiallyy EE,, By and A, modes) should decrease
from LiYF,4 to LiLnF4. Raman results are in agreement with those considerations: the two
lowest-frequency modes of eacly Bnd B, symmetries are lowered when replacing Y by

an Ln®" ion. Concerning IR measurements, only the position of the second band, which
frequency (in each polarization) is lowered by about 15 tnis affected by the substitution

of a lanthanide ion to yttrium. These particular twg &And E, modes therefore certainly
imply much more important movements offAions than the lowest and highest ones.
Nonetheless, only lattice dynamical calculations, based on Raman, infrared and inelastic
neutron scattering data, can yield reliable information about real atomic displacements
induced by phonon modes. This kind of work has been realised in the reference compound
LiYF4 and is reported in paper Il.
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