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Optical quality NaLnk single crystals have been obtained from nonstoichiometric melts through the
Czochralski technique, for La= La, Ce, Pr, Sm, Eu, and Gd. These crystals are potential laser host
materials because of their high luminescence efficiency when doped with rare earth ions. In view of this
application, the knowledge of the optical phonon modes of the crystals is mandatory. In this work, we
present our polarized Raman scattering and infrared reflectivity studies of Malimite crystals for
large ionic radius lanthanides. For the different Ln ions, the spectra in each polarized configuration appeared
to be very similar; the effect of Ln ion substitution on the crystal’s vibrational modes was generally the
hardening of the modes with decreasing ionic radii, with no important symmetry evolution. For all
investigated crystals, the symmetries and number of observed phonon modes agree well with group theory
predictions for the hexagonBb group. The rather broad phonon bands and the presence of defect modes
evidence the cationic disorder allowed by this structure.

1. Introduction method, opening the possibility of studying the characteristic
features of the optical phonon modes of these materials, in
view of that applicatiort® In particular, a study on NalLaF
. . : showed that this crystal belongs to a piezoelectric group and
comparable to the classical LiYFsheelite (YLF), one of that its polarized infrared and Raman base functions have

the m.ost used hosts for solid state Ia§el=$en.ce,'these. symmetry properties compatible with the hexagoRal
materials have been suggested for such applications, since

fluoride crystals also fulfill other important laser require Structure.?
y P ; require The determination of the crystal structure of Nak=Rd
ments, namely, low cutoff phonon frequencies, high resis-

tance against short wavelength radiation, high optical dama eNaYF4 crystals has been a matter of debate for more than
g =Ny n, high op 950 years. In fact, the structures proposed for those materials
threshold, and low nonlinear refractive indicgs. Also

L differ among different authors and for different lanthanide
e e e o1 Y fons Zacharasen poposed the tigonae1
However, the crystals ava%lable so far hadpsub miIIimefer group D<), for NaL.ak and NaCek;** while Sobolev et al.

’ - ini 2
dimensions, owing to their incongruent méktyhile YLF- proposed the hexagonal gagarinite structi@/m (Cey’),

lik tals f t] licat h timet for the NaYR crystal’? The gagarinite structure was
ike crystals for current laser applications have centimeter . . 4 by Burns for NaYE NaSmE, and NaTmg, who
sizes® Recently, we have developed a technique to pull large

. . . . found, nonetheless, a different hexagonal strudiéCa,
(several cubic centimeters) optical quality Nalrsingle g €Car')

crystals from nonstoichiometric melt, by the Czochralski for Ln = La—Nd, Eu~Tb, Ho, and Er, while his structural
y chl ! » BY z ! study on NaDyEkwas inconclusivé® More recently, Fedorov

et al. investigated several crystals (EnLa—Nd, Sm, Th,

Rare earth doped NaLpHLn = lanthanide ion) and
NaYF; crystals exhibit high luminescence efficiency,

* Corresponding author. E-mail: bmoreira@fisica.ufmg.br.

T UEMG. Dy, and Er-Lu) and described them as belonging to the
* Universitedu Maine-Cristallogagse. gagarinite structur& 6 However, Zakaria et af.Grzechnik
(1) Kiliaan, H. S.; Kotte, J. F. A. K.; Blasse, @hem. Phys. Letll987, 17 . .
133 425. et al.}” and Mech et al.refined their X-ray data on Eu-, Y-,
(2) Zakaria, D.; Fournier, M. T.; Mahiou, R.; Cousseins, JJCAlloys
Compd 1992 188 250. (10) Lage, M. M.; Matinaga, F. M.; Gesland, J.-Y.; Moreira, R. L. To be
(3) Zakaria, D.; Mahiou, R.; Avignant, D.; Zahir, M. Alloys Compd published.
1997, 257, 65. (11) Zachariasen, W. HActa Crystallogr.1948 1, 265.
(4) Martin, N.; Boutinaud, P.; Malinowski, M.; Mahiou, R.; Cousseins, (12) Sobolev, B. P.; Mineev, D. A.; Pashutin, V.Bokl. Akad. Nauk SSSR
J. C.J. Alloys Compd1998 275, 304. 1963 150, 791.
(5) Mech, A.; Karbowiak, M.; Kepinski, L.; Bednarkiewicz, A.; Strek,  (13) Burns, J. HInorg. Chem.1965 4, 881.
W. J. Alloys Compd2004 380, 315 . (14) Fedorov, P. P.; Buchinskaya, I. |.; Bondareva, O. S.; Vistin, L. L.;
(6) Kaminskii, A. A. Laser Crystals Springer: Berlin, 1990. Bystrova, A. A.; Sobolev, B. FRuss. J. Inorg. Chem996 41, 1633.
(7) Kramer, K. W.; Biner, D.; Frei, G.; Gdel, H. U.; Hehlen, M. P.; (15) Fedorov, P. P.; Buchinskaya, I. I.; Bondareva, O. S.; Vistin, L. L.;
Luthi, S. R.Chem. Mater2004 16, 1244. Sobolev, B. PRuss. J. Inorg. Cheni996 41, 1823.
(8) Thoma, R. E.; Hebert, G. M.; Insley, H.; Weaver, Clitorg. Chem. (16) Fedorov, P. P.; Buchinskaya, I. |.; Bondareva, O. S.; Bystrova, A. A.;
1963 2, 1005. Vistin, L. L.; Ershov, D. A.; lvanov, S. P.; Stasyuk, V. A.; Sobolev,
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and Gd-based crystals, respectively, with the BuRts Table 1. Ln3* lonic Radii (r) for CNs = 9 or 6 and the Unit Cell
structure (note that Burns did not propose this group for the Parameters , Unit Cell Vo'uggnfaommo” to the GroupsP6 and
NaYF, crystal). Finally, Kianer et al’ proposed the " - " " " "
gagarinite structure for a slightly nonstoichiometric mixed La ce P Smt BT G

0 0 r(d),CN=9 1216 1196 1179 1132 1120 1.107
Na(r5% Y+ 25% Yb)R crystal . r(A)CN=6 1.032 101 0990 00958 00947 00938
The crystal structure determines uniquely the number and; () 6.177 61408 61226 6.051 6.040 6.035
symmetries of the optical phonon modes of any material, c(A) 3.8270 3.776  3.7444 3.640 3.632 3.614

126.5 123.3 12155 1154 1147 1140

. . P V (A3)
which, in turn, are key features of laser hosts designing. In rof 16 16 7 B - :

this way, Raman and infrared spectroscopies are very suitable
techniques for solving these problems, that is, for determining ;
the phonon modes at the Brillouin zone center and, conse-
quently, for confirming or indirectly proposing the crystal arc source, a gm coated Mylar hypersplitter, a polyethylene-grid
structure. Thus, in this work, we performed a systematic polarizer, and a liquid-He-cooled Si bolometer. The spectral
investigation into the optical vibrational properties and the resolution was typically 3 crit, and the statistics were improved
structure of Czochralski-grown NaLmBingle crystals (Ln by accumulating, at least, 64 scans each time.

= La, Ce, Pr, Sm, Eu, and Gd), by using polarized Raman 2.3. Raman SpectroscopyRaman backscattering measurements
scattering and infrared reflectivity measurements. Our results, were performed using a Jobin-Yvon T64000 spectrometer equipped
together with group theory tools, helped us to solve the With an Olympus microscope (objective 2P and a liquid-N-
crystal structure of the materials, besides giving the behaviorc00led CCD detector. The exciting source was an-in laser,

- . . operating in the 514.5-nm line, with a typical 30-mW power. The
of the optical phonon modes for the different lanthanides. spectral resolution was better than 2¢mand the accumulation

. . times were typically 20 collections of 10 s. All the spectra were
2. Experimental Section corrected by the Bose fact®and then fitted by a sum of Lorentzian
2.1. Crystal Growth. NaYF, and NaLnk compounds present lines. The scattering geometries for the spectra presented in the
an incongruent melting point, as shown by the phase equilibrium Xt and figures follow the Porto’s notatidq(ees)ks, wherek and
diagrams of the NaFYF3 and NaF-LnF systems, determined by ~ €@re the wavevector and polarization directions of the incident (i)

aThe ionic radii were taken from ref 21. For the Nmn, r = 1.24 and
02 for CN= 9 and 6, respectively.

Thoma et aP® and Fedorov et a6 To obtain NaLnk crystals, and scattered (s) light bearifs.
we used NaF-rich melts, where the amount of excess NaF was . )
calculated for each crystal, as a quantity able to depress the melting 3. Results and Discussions

point of the mixture to a value below the decomposition crystal

temperature, by partial NaF melting (see ref 9). This method is . .
analogous to the procedure developed to obtaigcyystals, which tions. Although the first structure proposed for NaLahd

also melt incongruentl{® However, we could only obtain single NaCek was P321, the controversy which subsisted in the
crystals for large Ln ions, from La to Gd. For the other Ln ions last 40 years around the structure of several members of the
and Y, we always obtained phase segregation; for this reason, theséNaLnF, family and around NaYfconcerned th®6s/mand
crystals will not be studied here. Large (several cubic centimeters) P6 groups. Then, in the following, we will consider only
and transparent NaLgBingle crystals were pulled from those melts  the recent refinements within these two groups. In both cases,
at very low speed rates (0.1 mm/h) through the Czochralski the crystalline formula should be written Néin; sFs, and
technique, for Ln= La, Ce, Pr, Sm, Eu, and Gd. The first seeds the cell parameters decrease monotonically with the decreas-
were obtained through polygermination on a platinum wire and ing of the Ln ionic radii, as shown in Table 1. Note that we
traditional necking. The La, Ce and Gd-based crystals are trans'present two values for the ionic radiug,f* corresponding
parent, while crystals with Pr, Sm, and Eu present, respectively, to nine or six coordination numbers (CNs), both possible in

green, citrine and light brown colors. Laue photographs of the L .
crystals showed that the preferential growth direction was always t_hese structures. B_y taking |n_to account the Wyckoff posi-
tions and symmetries for all ioi8,from refs 3 and 7, we

close to the hexagonal axis. The crystals were oriented by X-ray / h _ .
procedures and cut in form of cubes with 3 mm size, where two used the site group methSdto predict the irreducible
orthogonal directions were parallel to the crystallographic ~ representations of each site, and, then by their simple sum,
(hexagonal axis) ana axes (a natural in-plane axis). The third Wwe predicted the total reducible representations for each
orthogonal axisy, is perpendicular ta andx and does not represent  group. The results are presented in Tables 2 and 3, for the
a crystal axis. For the optical measurements, the faces of the crystalP6 and P6s/m groups, respectively. We remark that each
were polished with diamond pastes to an optical grade (down to strycture presents a site with two multiplicities that are half
0.25um). . occupied by sodium ions, so we shall consider 10 atoms per
2.2. Infrared Spectroscopy.The infrared measurements were  ,imitive cell, leading to 30 degrees of freedom, distributed
done in a BOMEM-DAS8 Fourier transform infrared spectrometer, at the Brillouin zone center, as indicated. The predicted

with a specular reflectance accessory (external incidence angle of b d tri f the R d inf d-acti
11.5’), under mechanical vacuum. In the mid-infrared region {500 nUMDEr and symmetries of the Rkaman and Infrared-active

4000 cnt) we used a silicon carbide (Globar) source, a Ge-coated modes are, then, summarized in these tables. We realize that,

KBr beam splitter, a ZnSe polarizer, and a liquig-ddoled HgCdTe
detector. In the far-infrared range (36800 cnl), we used a Hg- ~ (19) Hayes, W.; Loudon, RScattering of Light by Crystalslohn Wiley
and Sons: New York, 1978.
(20) Porto, S. P. S.; Scott, J. Phys. Re. 1967, 157, 716.
(17) Grzechnik, A.; Bouvier, P.; Mezouar, M.; Mathews, M. D.; Tyagi, A.  (21) Shannon, R. DActa Crystallogr., Sect. A976 32, 751.
K.; Kéhler, J.J. Solid State Chen2002 165, 159. (22) Wyckoff, R. G.Crystal StructuresWiley: New York, 1965.
(18) Rotereau, K.; Gesland, J.-Y.; Daniel, P.; BulouMater. Res. Bull (23) Rousseau, D. D. L.; Bauman, R. P.; Porto, S. B. Raman Spectrosc.
1993 28, 813. 1981, 10, 253.

3.1. Crystalline Structure and Group Theory Predic-
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Table 2. Site Group Analysis for NaLnF, Crystals with the Burns P6 Table 4. Dispersion Parameters Calculated from the Fits of the
Structure? Infrared Reflectance Spectra of NaLak Crystals by the
- Four-Parameter Semiquantum Modef
Wyckoff site
ion site symmetry irreducible representations NalLaF Qj 1o ¥Yi,T0 QjLo ¥YiLo A¢
Last la Cah A"+ FE Ellz 55 18 64 34 6.683
Lad*t, Na* 1f Csn A"+ E 89 20 108 24 5.101
Na’, Va 2h Cs A'+A"+E +E' 143 19 159 32 2.280
F 3 Cs 2A+ A"+ 2E + E" 185 31 202 50 1.346
F 3k Cs 2A'+ A"+ 2E + E" 242 28 297 49 2.523
total SA + 5A" + 7E + 3E" 308 46 432 19 0.358
Raman-active 5AXX+ vy, 22 + €? = 2.453 €o? = 20.745
BE (X — yy, Ellx 227 13 243 42 4.380
bl L xy) + 249 31 303 42 1.225
. . (xz y2) 307 33 328 41 0.105
infrared-active 4K(2) + 6E (X, Y) 334 45 441 13 0.128
aThe site positions and symmetries are from refs 3 and 13. The 2h site eX=2.413 e = 8.251
is half occupied (Wa means Na vacancy). © ' ’
. . . aThe positions ) and damping constantg)(are given in cm?®. The
Table 3. Site Group Analysis for NaLnF, Crystals with the P6g/m limiting values of the infrared dielectric constant are given, for each
Structure polarization.
Wyckoff site ) )
ion site symmetry irreducible representations In the expression above, accounts for the electronic
Na*, Via 2b S Ay + By + E1y+ Eay contribution,2; L o(€2; 10) andy;o(yj o) are the frequencies
:;«313*, Na* éﬁ gsh ;\/Kv“ B/?\ + ElBu+ Ezzé . and damping constants of thih longitudinal (transverse)
s g; —&L-‘;EZQIEZ ut gt optical modes, respectively, ahbrepresents the number of
u g u
total 2A+ 3A, + 2By + 3By + polar phonons.
o _ zElg JSF 4B + iEleg + 2B The best fits of our experimental reflectivity data with the
aman-active %"; ey (Zix— ;;’(’;3 above equations are also presented in Figure 1a,b, as solid
g 1 . . . .
infrared-active 2A(2) + 3E1(x, V) lines. These adjustments were made by using a nonlinear
aThe site positions and symmetries are from ref 7. The 2b site is half adjustment program developed by Mene¥ekhe complete
occupied. set of phonon parameters obtained for the polar phonons is

listed in Table 4, for the compound NaLamote that we
could discern six modes for [Ez and four modes for H x.

The bands are all very broad, which is confirmed by the
high values of the damping constants found in the fits. This
table also presents the oscillator strength ofithe’O mode

(for each polarization)Aej, and the limiting values of the
dielectric constant at low and high infrared frequencigs,
ande... Once the polar phonons have been determined, these
constants are determined by

I_I (Qk,Lo2 - Qj,TOZ)
Eoo Kk

sinceP6 is a piezoelectric group, some modes are respec-
tively Raman- and infrared-active (see the' 6Bodes in
Table 2). ConverselyP6s/m is a centro-symmetric group;
therefore, for this structure, infraredr{geradg and Raman
(geradg modes are mutually exclusive (Table 3). In the next
sections, we will analyze the experimental results in terms
of these predictions.

3.2. Infrared Reflectivity Spectra. The infrared reflec-
tivity spectra of the NaLnksingle crystals recorded with
the electrical field (E) parallel to the and z axes are
presented as solid circles in Figure 1a,b, respectively, in the
spectral region 36600 cn1l. The bands are all relatively A=
large and, for each configuration, the spectra for the different QLTOZ D(kaz -9 Toz)
samples look very similar, which is a first indication that b ’
the crystals may be isostructural. We also point out the
anisotropy between the spectra in both configurations. and

The infrared spectra were obtained at quasi-normal N
incidence so that, for each polarization, the reflectiRfw) =c,+ Z A¢ 4)

=

@)

can be given by the Fresnel equation
e(w) — 1/?

€(w)+1

The €. values obtained for the electric field along the
or z axes are very close and present a good agreement with
the refractive index value in the visible regiom= 1.50)2¢
wheree(w) is the complex dielectric function. In the infrared  On the other hand, the values present a high anisotropic
region, the dielectric function can be written in a factorized character, also verified at radio frequendiéshose origin
form in terms of the phonon contributions to the dielectric s interesting to investigate. From Table 4, we can see that

response, the so-called four-parameter semiquantum modelthe two lowest frequency modes in thdl& configuration
that is?*

R(w) = (1)

(24) Gervais, F.; Echegut, P. Incommensurate phases in dielectriBinc,

N Qj ,_02 - 0?4+ ia)yj Lo R., Levanyuk, A. P., Eds.; North-Holland: Amsterdam, 1986; p 337.
elw)=¢ I_l ' ’ 2) (25) Meneses, D. DIRFit2.0 Adjustment PrograpOrléans University,
oo
_ 2 2 France, 1999.
=10 10" — 0" T iwyj 1o (26) Velsko, S. P.; Eimerl, DJ. Appl. Phys1987, 62, 2461.
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Figure 1. Infrared reflectivity spectra of NaLnFsingle crystals recorded with the electrical field (a) perpendicular and (b) parallel to the principal axis
(dotted curve). The solid lines represent the best fits to the four-parameter semiquantum model (see text).

Table 5. Assignment of the (Transverse/Longitudinal) Infrared-Active Modes of NaLnk Crystals, for Increasing Ln Atomic Number?2

assignment NalLaF NaCeh NaPrik NaSmk NaEuR NaGdR
A" (TO/LO) 55/64 66/71 57167 47/64 46/63 67/72
89/108 98/114 107/113 106/121 111/120 109/131
143/159 143/163 148/165 151/191 162/177 168/184
185/202 190/208 193/213 197/200 206/221 207/239
242297 241/307 244/309 259/323 256/323 2571326
308/432 312/438 316/442 333/444 332/447 336/441
€x7l€0? 2.45/20.7 2.45/18.7 2.45/18.0 2.45/26.9 2.53/22.1 2.53/18.5
E' (TO/LO) 2271243 224/241 228/256 247263 237/269 239/248
249/303 246/307 257/311 269/325 270/340 249/340
307/328 308/339 313/344 328/368 341/362 343/370
334/441 342/443 348/448 369/449 370/447 374/452
€xle0” 2.41/8.25 2.38/8.71 2.45/9.07 2.49/7.68 2.45/8.25 2.53/8.65

aThe wavenumbers, in cm, were obtained from the maxima of the imaginary part of the dielectric constant and its reciprocal. The limiting dielectric
constants are also given.

account for this anisotropy. However, for this configuration, NalLnF, crystals, that is, the frequencies of the TO/LO modes
we only expected four or two bands, with the predictions of and the limiting values of the dielectric constants. We note
P6 (Table 2) and®6s/m (Table 3) groups, respectively. Then, first that the same set of modes was observed for all crystals
if one of these groups were the correct one, the crystalsand that, except for the lowest frequencyl 2 mode (A’
present some extra modes (not predicted). Concerning thetype), all modes shift to higher frequencies with decreasing
E Il x configuration, we observed four bands, while, according ionic radii. Physically, the first observation indicates that the
to our predictions, we should have found six or three bands crystals should be isostructural. In this case, the second one
respectively folP6 andP6y/m groups. In the next subsection, can be simply explained as the enhancement of the ionic
we demonstrate that these four bands are also seen in thénteractions because of the atomic volume decrease, an effect
Ramanz(xy)z spectrum of this crystal, which indicates that similar to the hardening of the vibrations by volume
the correct structure would He6. Since the spectra of the  contraction upon cooling a sample. The anomalous behavior
different Ln samples look similar, we will assign the of the cited band seems to indicate that this mode is less
observed phonon modes of all crystals to the irreducible sensitive to volume changes. However, we must consider
representations of this group. The Raman results that will the lowest precision in the determination of the positions of
be presented in the sequence confirm this choice. The originthe maxima of TO and LO modes, because the bands are
of the extra modes for B z will be discussed later. very large. The two lowest frequency [Ez modes are

We present now, in Table 5, a summary of the main optical responsible for the higher static dielectric constant in this
parameters used to fit the experimental data for the otherconfiguration and for the large variation in this parameter
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Figure 2. Polarized backscattering Raman spectra of Nalsirigle crystals Figure 3. Polarized backscattering Raman spectra of Nalsifgle crystals
for the z(xx)z scattering geometry. for the x(z2x scattering geometry.
for different Ln ions. As we will later discuss, that these z(xy)z
two modes may be those we called extra modes, that is, 4

modes that were not predicted by group theory.

3.3. Raman Scattering.The Raman spectra of NaLpnF
crystals in thez(xx)z scattering geometry are presented in
Figure 2, for increasing Ln atomic number, from top to NaCeF,
bottom. The spectra for the six different samples look very
similar, being constituted of rather broad bands. By using

NaLaF4

Lorentzian lines we can depict, by fitting, up to eight bands. NaPrF,
According to group theory predictions for tRé group, one

should have 11 bands in this configuration, that is; 5A

6E 1o (see Table 2), while for the gagarinite group only five NaSmF,

bands of 24 + 3E,4 types were predicted (Table 3).

The totally symmetric modes can be obtained separately
by using thex(z2x scattering geometry. The result for our NaEuF,
crystals is presented in Figure 3, in the same atomic number
sequence. We can discern up to five bands for most crystals.
However, two of these bands are very strong, whereas the NaGdF,
other three are rather faint. Therefore, we preferred to use
the degenerate modes which appeag(xx)z geometry to — .1
check the structure. These modes can be observed separately 100 200 300 400 500 600
by using gaz(xy)z conﬁgurat@on. The spectra optained for our Wavenumber (Cm'l)
samples in this configuration are presented in Figure 4. The _ ) ) )
similarity of the spectra for different Ln samples is still fFO'?lt’,;eengglgggggr?fgczsgsﬁzw Raman spectra of Nalsigle crystals
clearer. We can discern six bands in each spectrum, with
perfect agreement with group theory predictions for the Burns  The fitting parameters for the Raman bands of our six
P6 structure. Before comparing the positions of these bandscrystals, in the four used scattering geometries, are presented
with those obtained by infrared spectroscopy, we will present in Table 6, together with the modes assignment to the Burns
the Raman spectra for thyéx2)y geometry, where one expects structure. At this point, we can compare the frequencies of
to observe the other doubly degenerate modes. These spectihe 6Ero Raman modes with the corresponding values
are shown in Figure 5. In this case, we can discern four obtained by infrared spectroscopy withllEx, where only
Lorentzian lines, exceeding the predicted number of modesfour bands were discerned. The agreement between these
(three 3E modes for theBurns structure, one E for the spectra is remarkable and constitutes a proof of the correct-
gagarinite one). ness of the Burns structure. The two missing modes in the

Raman intensity
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y(XZ)y not follow that trend may depend on the mass of Ln ions,
with lower influence of the unit cell volume. Unfortunately,
we could not prepare NaYFsingle crystals to check this

NaLaF4

conjecture.
The Raman and infrared results presented above show
NaCeF undoubtedly that the NaLnFerystals for Ln= La—Gd are

isostructural and belong to the BurR$ structure. Besides
solving the controversy on the structure of the La-, Ce-, and
NaPrF Pr-based crystald;!316 this result is interesting because
) Burns® and Fedoro¥ agreed that NaSmFshould belong
to the gagarinite structure, in conflict with our findings.
NaSmF Although we did measure neither Ln-based crystal with lower
) ionic radii nor NaYFR, we believe thaP6 could also be the
correct structure for all these crystals. It is worthy to mention
NaEuF, that NaLal presents second harmonic generafoand
piezoelectricity:? two macroscopic properties that are com-
patible with this group. We also verified piezoelectric activity
NaGdF for all the NaLnk crystals studied here, denying the existence
) of an inversion center in the structure.

. T The group theory predictions for the normal modes of
100 200 300 400 500 600 NaLnF; at the Brillouin zone center, for the6 structure,

-1 lead to 18 modes, distributed in their irreducible representa-

Wavenumber (Cm ) tions as 5A+ 4A" + 6E + 3E". For our crystals, we could
Figure 5. P9Iarized t_)ackscattering Raman spectra of Nalsifgle crystals assign the 5Aand the 6Emodes. Nevertheless, we observed
for they(xy scattering geometry. six A"-type and four E-like modes, that is, two and one
infrared spectra are those that appeared at higher and loweextra modes, respectively, for these symmetries. These modes
frequencies in the Raman spectra. The fact that they arecan be originated from defects in the crystal structure. Indeed,
absent in the infrared spectra means that the dipole momentshe very broad vibrational bands indicated that disorder is
associated with these movements are too weak. important in these crystals. One kind of disorder comes from

Hence, we remark that from the 15 bands showed in Table the random occupancy of 1f Wyckoff sites by3‘rand Na
6 (for each crystal), 13 present an important shift to higher ions that share equally this sfté® Some ordering could
frequencies for increasing Ln atomic number, while ohg E  occur, decreasing the local symmetry (which is averaged over
mode (no. 1) presents only a relatively lower upshifting and the ions). The other kinds are linked to the 2h site. While 1a
another Ero mode (no. 3) does not change its position. In and 1f sites are nine-fold coordinated, 2h site is orthogonally
the first case, the Raman spectra evolution with different coordinated (CN= 6) and presents 50% of occupancy by
Ln ion is the same as that observed in the infrared spectraNa‘.’” There are, then, two possible defects in this site: one
and was attributed to the unit cell volume contraction for is the local breaking of symmetry, by partial ordering ofNa
smaller Ln ions (Table 1). The two Raman bands that do ion (producing locally a polarlike structure); the other is the

Raman intensity

Table 6. Assignment of the Observed Raman-Active Modes of NaLnfCrystals, for Increasing Ln Atomic Number?

geometry no. NaLaf NaCekR NaPri NaSmp NaEuk NaGdR modes
Z(xX)z 1 178/18 179/20 181/22 185/18 187/32 185/53 "ToE
2 239/22 238/9 244/39 o
3 247/11 248/19 251/12 256/11 255/37 253/45 "ToE
4 264/39 270/35 271/35 284/19 286/29 293/28 " A
5 312/36 311/32 314/43 335/38 340/37 348/37 "ToE
6 334/17 337/33 343/20 358/20 363/26 370/21 "ToE
7 361/17 366/24 372/17 386/20 391/17 398/17 ', Bro
8 421/22 429/23 433/16 440/23 442/25 445/26 " A
X(z9x 1 218/34 198/17 221/15 229/28 222/39 229/34 " A
2 264/29 269/36 269/30 284/35 284/30 292/40 " A
3 303/33 312/59 315/44 332/40 332/41 342/66 " A
4 360/15 365/25 365/16 384/23 390/10 397/17 " A
5 424/28 425/30 424/32 438/35 453/27 A
z(xy)z 1 179/16 183/38 180/14 185/13 184/17 184/19 "ToE
2 227/10 230/18 232/18 238/17 240/14 244/20 "ToE
3 248/14 249/13 250/19 252/29 251/18 250/20 "ToE
4 311/49 313/40 316/34 336/37 340/30 348/29 "ToE
5 334/18 339/31 341/24 358/22 362/22 368/25 "ToE
6 358/18 370/35 374/22 386/16 387/17 394/15 "toE
y(x2y 1 258/25 261/24 266/25 281/24 279124 289/25 " E
2 284/16 281/36 285/37 303/25 301/26 311/28 " E
3 322/22 329/34 335/21 347/20 347/21 356/22 " E
4 399/17 412/17 409/21 420/16 408/16 425/12 " E

aThe wavenumbers and line widths, obtained from Lorentzian fits, are irf.cm
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occupation of this site by the Ehions, which is possible  NalLnF, crystals can be appointed as promising laser host
because their ionic radii are all compatible with the available matrixes.
space (except for 134, they are smaller than the sodium ion),

as shown in Table 1. The last type of defects has been
experimentally verified;* being considered responsible for
the high luminescence efficiency of this systei.The
presence of such defects could add up to four modes to th
optical vibrational spectrum, decomposed in the irreducible
representation of the crystal group symmetry as-AA"" +

E' + E". This would happen in the condition in which the
crystal field was strong enough to distinguish the off-site
cations?” Some of the additional bands could be relatively
weak, which is not in contradiction with our results (remem-
ber we found one Ramar'Eextra mode, and two polar'A
extra modes). It is interesting to note that thé rhodes are
polarized along the axis and that a breaking of symmetry
in 2h sites would lead to a polarization in this direction (see
the structure in ref 17). Then, we consider that the two types
of disorder in the half-occupied 2h site are responsible for
the main anomalous effects observed here: broad vibrational

bands, presence of extra modes, and high dielectric constant Acknowledgment. The authors are grateful to CNPq,

along thez direction. However, thanks to these defects, =~ CAPES, and Fapemig (Brazil) and CNRS (France) for partially
funding this work and to A. M. Moreira for his help in the Laue

experiments.

4. Conclusions

Large optical quality NaLnkcrystals have been grown
by the Czochralski technique, for L=a La, Ce, Pr, Sm, Eu,
eand Gd. The crystals were investigated by polarized Raman
scattering and infrared reflectance spectroscopy. The optical
phonon spectra show that all materials are isostructural.
Moreover, they obey well the selection rules for the
hexagonalP6 structure, where the chemical formula is
written as NasLny sFs, with one formula per unit cell. The
complete set of optical vibrational modes at the Brillouin
zone center was determined for each crystal and is assigned
to their respective irreducible representations. The presence
of three extra bands was attributed to cationic disorder,
mainly in the half-occupied 2h site. This disorder is also
responsible for the broadening of all bands and should play
an important role in the luminescence efficiency of the
materials.
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