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The preparation and characterization of two polymorphic phases of AgNgpvd€@ described. The
high-temperature phase of AgNd(W®is prepared as a polycrystalline powder and as a single crystal.
X-ray diffraction analysis indicates that the crystal has at 300 K the tetragonal symmetry of the space
group (SG)I4 (No. 82), with two independent crystal sites, 2b and 2d, fofNthtions and structural
disorder around them. Eh5 K ground state optical absorption of this tetragonal crystal clearly differs
from that corresponding to the monoclinic S&2/m (No. 12) ordered phase found in polycrystalline
samples prepared below 80Q. Four times larger bandwidths and a weaker crystal field (CF), that is,
lesser CF splitting for all N& 2St1L ; manifolds, are observed for the tetragonal phase. Well-deftaed
polarization rules have been determined in the tetragonal phase, and then the observéd &gy
levels were labeled with the appropridies or I's ¢ irreducible representations. A detailed Hamiltonian
of 26 free ion and CF parameters have been used in the simulation of the phenomenological energy
levels and associated wave functions of th& etinfiguration of N&" in the tetragonal AgNd(Wg),
single crystal, with finab = 12.6 cn™. The validity of the above set of CF parameters and wave functions
has been established through the good reproduction of the thermal variation of the measured anisotropic
paramagnetic susceptibilifyy As a result of this simulation it is shown that the larger bandwidths of the
tetragonal phase contain nonresolved contributions from the twt Nites. A method to control
overheating events is proposed on the basis of the nonreversibility of the tetragonal phase into the
monoclinic one.

. Introduction Nd®** 22 and YB** 4 ions. Moreover, these crystals are also
known as efficient Raman shiftetdhese applications have
promoted the study of their properties. The DT single crystals
with tetragonal crystalline structure (“disordered” materials
with regard to their actual cationic distribution) are also
known as laser Raman shiftér$, and they received initial
attention as laser crystdld® These early laser experiments
evidenced larger bandwidths and lower peak optical cross
'sections than those observed in the ordered phases prepared

Polymorphism is the early, best-known structural charac-
teristic of double tungstate (DT) compounds with stoichi-
ometry XT(WQy), [X = alkaline and Ag monovalent cations;

T = In, Bi, and rare-earth (RE) trivalent cations]. In fact,
depending on the XT ionic radii relationship and on the
temperature of the synthesis (or crystal growth), different
phases have been found, including the tetragonal scheelite
type CaWwaQ, orthorhombic, monoclinic or even triclinic
symmetrle§. . . . (2) Demidovich, A. A.; Shkadarevich, A. P.; Danailov, M. B.; Apai, P.;

The strong anisotropy (leading to very large optical cross Gasmi, T.; Gribkovskii, V. P.; Kuzmin, A. N.; Ryabtsev, G. |.; Batay,
sections) and large lanthanide impurity acceptance of the @ k/'laf/b ﬁPAPf-; EQ%S*O%?ﬁ;Géral%-T.; Bums, D Ferguson, AQpL
monoclinic [space group (SG)2/c] KY(WO,), and KGd- Lett. 2002 27, 1478.

(WO.). single crystals with “ordered” cation environments  (4) Lagatky, A. A.; Kuleshov, N. V.; Mikhailov, V. POpt. Comm1999
have promoted their use as efficient laser hosts mainly for 5) E?uir?nlédhikari, 3. A.; Dharmadhikari, A. K.: Kumar, G.&ppl. Phys.

Lett. 2003 83, 2527.
ccascales@ (6) Kaminskii, A. A.; Nishiota, H.; Kubota, Y.; Ueda, K.; Takuma, H.;
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(1) Trunov, V. K.; Efremov, V. A.; Velikodnyj, J. AKristallochimija i (9) Zverev, G. M.; Kolodyny, G. YaSa. Phys. JETPL967, 25, 217.
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at low temperature; therefore, no further laser experiments In the present work we have prepared the two AgNd-
were pursued with tetragonal DT phases and their properties(WQ,), phases. The tetragonal phase was prepared as a
are not well-known. The interest on the tetragonal DT phasespolycrystalline powder and as a single crystal grown from
as lasants has been recently renewed by some of the preseris melt by the Czochralski method. Results regarding the
authors after the achievement off ~ 40 nm of laser structure, the crystal-field (CF) analysi$ ® K polarized
tunability range in a number of DTs doped with Y& and optical spectra, and the-B00 K paramagnetic susceptibility
the demonstration of sub-100-fs laser pulses in the samey of the single crystal are compared to those of the
crystalst® Ultra-short laser pulses and tunability are based polycrystalline monoclinic AgNd(Wg), phase. As conse-
on large bandwidths, whose origin must be understood to quence of this study, the broad nature of the optical bands
allow further improvements. The only hypothesis so far of Nd*" in the tetragonal crystal has been evidenced and its
advanced to explain the large bandwidth assumes the randon®rigin discussed. Moreover, applications related to the

distribution of the X-T cations over the single crystal-
lographic 4b site of the centrosymmetric 3&/a of the
scheelite structur&.

The best known group of DT single crystals obtained as
tetragonal phases is based or=XNal'>This is due to

the fact that in these systems the phase transition proceed%o3 Nd,Os

nonreversibility of the phase transformation are discussed.

II. Experimental Techniques

Polycrystalline AgNd(WQ@), phases were prepared by solid-state
reactions using stoichiometric amounts of analytical grade- Ag
and WQ. The mixtures were ground and heated in

with weak structural changes, and consequently, crystals can;j; gt temperatures of 670, 800, 900 and 1080 for 6 days to 2

be cooled to room temperature (RT) from the melt without
suffering extensive mechanical cracking. The polymorphic
transformations of Ag-based DT are complex. The low-
temperaturex-phase (monoclinic SG2/m, No. 12)— high-
temperaturgs-phase (tetragonal S{&/a, No. 88) transfor-
mation is easily observed upon heating for all-L& and

Y compounds, but AgLa(Wg), only shows the tetragonal
phas€é’*® Phase transformations observed upon cooling
depend on the ionic radius of the T cation. The— o
transformation is easy only for EiLu ions. For Sm-Ho
and Y a phase transition to a new monoclifiicphase is
observed upon cooling at about 580.1"*8For Ce, Pr, and
Nd, thea — S transformation is nearly irreversible; that is,
after very long annealing>50 h toT > 600 °C) only a
partial transformation is achievé@and thes phase fully
remains for fast ¥ 10 °C/h) cooling rates.

weeks with intermediate regrinding. Crystal structure and purity
of the samples were tested by X-ray diffraction analysis always
collected at RT. The X-ray diffraction patterns (XRDPs) were
performed using a Bruker D-8 diffractometer with Ca Kadiation,
scanning in steps of 0.026 in the angular range of 18 26 <

80, durirg 4 s for each step.

Growth of the AgNd(WQ), single crystal was carried out by
the Czochralski method. The experimental equipment was described
in a previous work! First evidence of the crystal symmetry and
orientation were achieved from Laue patterns obtained by using a
Siemens Kristalloflex 700 X-ray generator, operating at thee K
emission of a Mo anode. Oriented samples were polished with
diamond powders. Unit cell parameters were determined through
the analysis by using the Rietveld profile refinement method
the XRDP of a ground portion of the AgNd(WJ2 crystal, mixed
with W as an internal standaféwhich was collected by scanning
in steps of 0.02 26 in the range 10< 20 < 120, durirg 8 s for

The spectroscopic properties associated to all these phase%ach ste.p. _ _ o
are scarcely studied. Some preliminary photoluminescence The differential thermal analysis (DTA) was made in still air

was provided for Eu and TH,and the N@" energy level
sequence in low-temperature synthesized polycrystalline
AgNd(WQy), has been explained in a monoclir@ local
point symmetry?°

(11) Rico, M.; Liu, J.; Griebner, U.; Petrov, V.; Serrano, M. D.; Esteban-
Betedm, F.; Cascales, C.; Zaldo, ©pt. Expres2004 12, 5362.

(12) Liu, J.; Cano-Torres, J. M.; Cascales, C.; Esteban-BetégpSerrano,

M. D.; Volkov, V.; Zaldo, C.; Rico, M.; Griebner, U.; Petrov, V.;
Phys. Status Solidi 2005 202, R29.

(13) Rivier, S.; Rico, M.; Griebner, U.; Petrov, V.; Serrano, M. D.; Esteban-
Betedgm, F.; Cascales, C.; Zaldo, C.; Zorn, M.; Weyers, W. Presented
at CLEO Europe -EQEC, Nhich, 2005; CF4-4-THU.

(14) Kamisnkii, A. A.; Kholov, A.; Klevtsov, P. V.; Khafizov, S. Khzw.
Akad. Nauk SSSR, Neorg. Mat&@89 25, 1054.

(15) Rode, E. Ya.; Karpov, V. N.; Ivanova, M. NRuss. J. Inorg. Chem.
1971, 16, 905.

(16) Volkov, V.; Rico, M.; Mendez-Blas, A.; Zaldo, CJ. Phys. Chem.
Solids2002 63, 95.

(17) Klevtsov, P. V.; Maksin, V. |.; Klevtsova, R. F.; Golub, A. Ba.
Phys. Crystallogr1976 21, 430.

(18) Sleight, A. W.; Aykan, K.; Rogers, D. Bl. Solid State Cheni975
13, 231.

(19) Shi, F.; Meng, J.; Ren, Y. F.; Su, Q.Phys. Chem. Solid998 59,
105.

(20) Colm, C.; Alonso-Medina, A.; Montero, J.; Fémdez, F.; Cascales,
C. J. Chem. Phys2003 119, 13007. The polycrystalline low-
temperature AgNd(Wg), sample studied in this work was erroneously
described as a tetragonal scheelite-like phase.

using a simultaneous TG/DTA Stanton equipment, model STA 781.
About 72 mg of compound was heated and cooled at &CIthin
rate using AdO; as the reference.

Total reflectance and optical absorption spectra were obtained
using a Varian spectrophotometer model CARY 5E. An integrating
sphere was used to collect the reflectance at 300 K in the visible
and ultraviolet regions. Measurements were carried out as far as
34000 cni! in the 5-300 K temperature range. The sample
temperature was varied using a He closed cycle cryostat connected
to a suitable temperature controller. For single crystals, polarized
measurements were made by using a Glaaylor polarizer and a
depolarizer sheet, while unpolarized measurements were performed
for polycrystalline powders dispersed in KBr pellets.

Anisotropic magnetic susceptibility measurements of an oriented
AgNd(WOy), crystal were performed in a Quantum Design XL-
MPMS SQUID magnetometer, operating at 1000 Oe from 2 to 300
K. Diamagnetic corrections were calculated with conventional
values?*

(21) Volkov, V.; Zaldo, C.J. Cryst. Growth1999 206, 60.

(22) Roisnel, T.; Rodguez-Carvajal IWinPLOTR http://www-IIb.cea.fr/
fullweb/winplotr/winplotr.htm (plotr@IIb.saclay.cea.fr).

(23) Parrish, WActa Crystallogr.196Q 13, 838.

(24) Boudreaux, A.; Mulay, L. N.Theory and Applications of Molecular
ParamagnetismWiley: New York, 1976; p 494.
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characteristic features of a low symmetry phase, whereas
those corresponding to samples prepared at higher than 800 -4
°C temperature appear to be very similar to those observed .y
for the grown crystal described later. Whereas the preparation

of well-crystallized powders of the tetragonal phase can be 8 90 100 110 120
carried out with annealing times of a few days (typically 20, deg.

2—6 days, depending on the annealing temperature), Syn-rigure 3. RT XRDP of a mixture of ground AgNd(Wg) single crystal
thesizing the monoclinic phase requires a longer lasting and W phases. Observed results (circlegRietveld calculated (continuous
thermal treatment~2 weeks). All prepared samples ap- 'E;Tgégnrgffﬁgﬁéigcgf(l{?,eNSfﬁézb{fgg?"gwﬁrﬁﬁm?éﬁ ;0:[)8;)?0”" to the
peared free of other crystalline phases. Figure 1 shows a

comparison between XRDPs for both phases. previously reported for the isostructural LiYb(Mg@single
The careful XRDP analysis of samples prepared by Iow- ¢ysta|2s yielding final crystal cell values of = 5.3162(2)
temperature annealing indicates that they are isostructuralyqc = 11.6167(7) A.
to the monoclinia-phase, S&2/m (No. 12), descnbgdlf?or Crystal Structure of Monoclinic C2/m and Tetragonal
AQEr(WO), as a representative of the AgRE(W&tamily. 14 AgNd(WO,), PhasesThe low-temperature, monoclinic
Crystal Growth of AgNd(WO 4).. The polycrystalline  com AgNd(WOy), phase contains four kinds of coordination
powder synthesized above 80C was used as starting o\ hedra: N@" cations have a single coordination to eight
material for the Czochralski crystal growth. This powder was oxygens, whereas the Agind the two types of W cations
melted in a Pt crucible, and the crystal growth seeded with 5\e en\'/ironments of six oxygens. Every two Nd@ly-
Pt wire. The pglling and rotating speeds were 1 mm/h and pagra are associated by sharing edges alongbtiasis,
5 rEm, respecuvoely. The boule was cooled toORT at about forming isolated NgO:4 units, which are aligned in rows
10°C/h until 500°C and at 30C/h in the 506-20°C range.  parajlel tob, linked between them through W2@nd W1Q
The crystallized boule showed a deep violet color, and a part oo ps ina and ¢ directions, respectively. Figure 4, left,
of it exhibited good transparency, Wlth few macroscopic displays a perspective along the [110] direction of this
defects. Only this latter part was used in the current study. gt cture.
The DTA of the crystal (Figure 2) indicated congruent o the other hand, the crystal structure of the high-

fusion at 1164°C, and no new features upon cooling hav<_e temperature, tetragon&d phase of AgNd(WG), contains
beelj observed. The absence of new DTA peaks upon coollng[WO types of Nd/Ag@distorted square antiprisms and WiLO
confirms the unfavorable character of the tetragghat- and W2Q tetrahedral groups. Along theeandb directions
monoclinica transformation. Therefore, the tetragonal phase the structure is built of parallel chains of alternate, edge-
achieved after the melt solidification is quenched at RT. sharing Nd/Ag@ and WQ, polyhedra, of only one type in

_XRDP of the ground AgNd(W¢), crystal appears 0 be  g40h row, and in the direction Nd/AgQ polyhedra from
similar to that described for the tetragopiaphase of AQRE- 1y gifferent consecutive chains are linked through a
(WQy)2.17 The Rietveld profile refinement, Figure 3, was

currently performed in the tetragonal 3&(No. 82), using (25) Volkov, V. Cascales, C.: Kling, A.; Zaldo, Chem. Mater2005
starting values of the unit cell and positional parameters 17, 291.
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Figure 4. Left: view along the [110] direction of the structure of the monocli@2/m AgNd(WOy), phase. Nd@are the blue polyhedra, and green, red,
and cyan spheres represent Ag, W, and O ions, respectively. Rightc flegspective of the structure of tetragohélYellow and blue polyhedra correspond
to NdG; for the 2b and 2d lattice sites, and red and cyan spheres represent W and O ions, respectively.

common face, forming (Ag/NeD:, dimeric units; see Figure
4, right.

Some features must be retained from the comparison
between the monoclinic and tetragonal structures of AgNd-
(WOQy)2. In the first case N& occupies only oneC,,
crystallographic site, while in the noncentrosymmeibost
Nd®" and Ag" cations are sharing, with nearly statistical
occupation, twoS, crystal sites, 2b and 2d. Accordingly,
these phases can be qualified respectively as “ordered” or
“disordered” with regards to the actual cationic environment- (2)
(s) around the Nt site(s). Furthermore, both NdG; square
antiprisms in the disordered tetragonal phase are highly
regular polyhedra, contrasting with tkig, NdOs polyhedron,
which is characterized by a larger distribution of NO
distances, with one of them clearly shorter than the average
value. These two criteria, the ordered or disordered nature
of the structure of the crystal phase and the distortion degree
of the corresponding Nd¢polyhedra, will lead the discus-
sion on the observed spectroscopic properties in the following
sections. (b)

Optical Reflectance and Color.The colors of the phases  Figure 5. Colors of the monoclinic (left) and tetragonal (right) AgNd-
achieved by low (670C) and high- ¢ 800°C) temperature _ {10J:preste iner clerent el s, () sumandregen
annealing are quite different and depend on the illumination
conditions. Figure 5 shows the colors observed under 10
sunlight, a qugrtz halogen Iamp., and a UV-fiItgred fluore§cent | Annealed to 1040 °C
lamp. In the first two cases, Figure 5a, the light contains a '

significant UV intensity giving rise to a pale gray color for 5 08
the low-temperature phase and a deep purple color for the g
high-temperature phase. When the UV emission is eliminated © os - ’31
from the irradiation source these colors render into pale green §‘ i
and grayish blue, respectively, Figure 5b. § 04l

Figure 6 shows a comparison of the RT total reflectance % ﬂ
of both phases. The Nd optical absorption bands induce o 02

well-defined reduction in the reflectance. The more obvious 7 o
differences between the reflectance spectra of the two phases [ )/ Annealed to 670 c
are the narrower character of the features associated to the 0.0 =<1 . L . L . L . L

linic phase and the apparent higher reflectance of the 30 0 o0 00 70
monoc P . Pp 9 X Wavelength , nm
tetragonal phase in the 45800 nm region. However, this , -

. . . &"Nd Figure 6. RT total reflectance of AgNd_(WOZ phases. Monoclinic phase
latter difference must be' tak?n W'th ca}utloq t_)eca_us prepared by 670C annealing, dotted line. Tetragonal phase prepared by
fluorescence can be excited in this region giving rise to red 1040°C annealing, continuous line.
emissions 4 = 600, 656-700 nm) from the de-excitation
of 4Gy, *Gspr, and*Fgpp to the 4115, and?le, Nd®* states. eventually enhance the light intensity collected by the
This fluorescence can contribute to the observed color andintegrating sphere. So the actual color seen by the eye is a
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measurements give the position of the Stark levels fiam

2 |0 ‘Dm+ 2 : .
P, Dow 7 100 up to “H1;,.. Even at this low temperature, spectral line
100 200 ‘nm+|l profiles of all observed multiplets exhibit a significant
e 9| s broadening, and the individual contributions of the 2b and
N | !|I 2d sites of N@" are not resolved. Despite this broadening,
- A I,J'Zr,ﬂh.' A i Figure 7 shows that observed WNdtransitions possess
¥ ——.—‘-’I o L Y ol l. 1 . . . . . .
c O 0033520 O 28800 | 30600 0 polarlgatlon characteristics compatible wi symmetry
o " — selection rules, and we can reasonably perform the CF
- 4Gsa2+ m R| Gt | | e Dt Ot analysis assuming an avera8gpotential.
Z 10 Gy P‘ I ﬂ 500 z%; o 1[_;-; Energy level positions of the grourfth, manifold have
@) ) | 5 o 1 |' been derived from the evolution of nonpolariZéghb — 2Py
j— 500 J!lr || c A transitions at increasing temperatures, not shown for the sake
o Y, 1'&\” of brevity.
14 5500 l\—,\ﬂ1ggg 00 21900 The energy level sequence and polarization character of
@) 10001 the transitions generally resemble those ofNuh NaBi-
(Cg St )™ | oo | Fo | 0 Hy, (WO4)2,2¢ but as a result of the high Nd concentration in the
< Frn l || 10 AgNd(WOy); single crystal ([Nd¥E 6.1 x 10?* cm3) even
500 |II‘ 50 \' o transitions with very weak oscillator strength, liké:1/,, can
- o | i ;
< Rl | ; 5 be now observed. This leads to the observation of more
(@) /__fw'_\)' '.\H o _) L"uﬂw\ﬂ 0 energy levels than those found for §dn NaBi(WQy),, 99
0 - r L — .
|: 13200 13400 13600 14600 14800 15800 16000 versus 85, respectively.
O 0o o A L oo I Table 1 includes all observed Ridenergy levels in the
O Fon |\ ' A ZHM AgNd(WGQy,), single crystal, along with the line widths (full
50 50 I | az width at half-maximum, fwhm)AE, of selected GSA
Ii|ii Nl !l'h transitions.
ol AN N ARV AL It is noteworthy tha5 K nonpolarized GSA spectra of
3800 4200 5900 6400 11200 11500 12300 12600 polycrystalline samples synthesized by thermal treatments
-1 atT > 800°C are found to be nearly identical to thes(2-
ENERGY , CM )I3 average spectra of the above tetragonal single crystal.
Figure 7.16353 (5 K) of tetragonal AgNd(W) single crystal, [Nd]= This is clearly seen by analyzing tt&y, and*Fz, absorption
6.1 x 10°* cm 3. & spectra, continuous line: spectra, dashed line. spectra, which as shown in Figure 7 are sensitive to the

polarization. When these polarized spectra in the crystal are
averaged as indicated above, the relative intensity of the band
components off, (or “F),) are similar to those found using
powder; see Figure 8b,c. As previously indicated, given the

combination of the reflectance and fluorescence properties
of the material. Whatever this combination, the RT colors
of the tetragonal and monoclinic phases are easy to distin-

guish. This provides a method to evidence the achmvementthermal region of stability of the disordered tetragonal phase,
of a temperature level in a process. these prepared polycrystalline samples are isostructural to
For the AgNd(WQ), compound the threshold temperature he grown single crystal. Obviously, the determination of
required to induce its permanent color change is 800 the polarization character of a given transition, that is, more
however, other DT compounds based on different alkali ions ¢omplete information on irreducible representations (IR) of
(K, Rb, Cs) and the corresponding double molybdates canthe opserved energy levels, can be derived only with
be envisaged to select specific transformation temperatureseasurements on the AgNd(W@single crystal.
All these compounds melt at a temperature 2000 °C On the other hand, 85 K GSA nonpolarized spectra

higher thaq that cqrresponding ireversible polymorphic observed in the present work for AgNd(\Wepolycrystalline
transformation, providing an acceptable operating overheat-g, a5 synthesized at 670 are identical to those reported
Ing temperature range. in a previous work® and, as already discussed, correspond
_ Optical Absorption Spectra. At low enough temperature o the C2/m monoclinic structure. In this low-temperature
it is expected that transitions in the optical absorption phase, only one Nt center exists, and consequently the

spectrum of N&" originate only from the lowest Stark 44, — 2Py, transition has a unique and narrow (fwhki

excited levels are not populated. More differences between the optical absorption spectra

Figure 7 shows an overview ofétb K polarized ground-  of the high-temperature tetragonal phase (the single crystal
state optical absorption (GSA) spectra for the tetragonal gnd the polycrystalline sample synthesized at 16@pand
AgNd(WO,), single crystal. According to the crystal- the Jow (670°C) temperature monoclinic AGNd(WAR phase
lographic model both optical Nd centers have #version  re also evidenced in Figure 8. The most relevant differences
axes parallel to the crystal axis, and, thus, experimental found are the larger bandwidths for the tetragonal phase,
spectra have been labeledE O c; Blic) orz (Ellc; B O

¢). J manifolds of the Lﬁconfiguration of NG* _are splitin (26) Mendez-Blas, A.; Volkov, V.; Cascales, C.; Zaldo,ICAlloys Compd.
J + 1/2 Stark levels, Kramers doublets in this case. These 2001, 323 315.
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Table 1.5 K Experimental (Eo) and S; Calculated (Ec) Energy Levels (cnt?) of Nd3* in the AgNd(WO4), Single Crystak

28411, Il IR E, E. AE, AE, 2L, 1] IR E, E. AE, AE,
Topp o Ts 0 =5 “Gip on Tse 21369 21377 16
o Tys 96 101 14 Kisn on Tse 21493 21480 32
on Tse 162 163 0 Kisn T 21523 39
on Tse 240 231 20 *Guin g Ty 21 546 21 540 38
o T 410 424 51 Ksn orn Tse 21555 21553 46
Tup T7g 1959 13 Kisp T 21569 24
T 2001 14 Ksn o T 21629 21615 40
Tse 2001 13 Kisn Tse 21624 28
Tse 2042 14 “Gip T 21658 44
Tse 2158 34 “Guin on Tse 21 696 21679 45
Tos 2187 39 Ksn o Tse 21790 21790 44
Tisn o T 3923 3947 13 11 Kisn T 21 800 43
on Tse 3948 3918 19 10 2Pip o T 23188 23 186 26 22
on Tse 3975 3969 21 11 D15, o T 23 680 23 697 25
o Tos 4017 4002 32 9 on Tse 23753 23 749 24
on Tse 4134 4132 37 28 on Tse 23 839 23 839 26
on Ts¢ 4176 4169 30 40 2P T 26 072 20
o Tog 4179 4171 36 42 Tse 26 144 20
Tisn on Tse 5852 5864 19 1 “Dsp on Ts¢ 27 809 27784 1
on Ts¢ 5902 5914 16 6 o Ty 27 900 27 893 14
o T 5958 5970 23 6 “Dsp on Tse 28 066 28 069 32
o Tos 6025 6026 8 “Dspp on Tse 28 160 28172 26
o Trg 6243 6243 55 42 o T 28234 28 243 36
on Tse 6265 6269 47 43 ‘Dip o Ty 28 485 28 505 24
Ts 6304 43 Miin on Tse 28978 28977 2
Tse 6334 56 o Ty 29 053 29 076 4
“Fap g Ty 11415 11410 24 20 on Tse 29 145 29 145 2
on Tse 11485 11469 47 20 o PN 29232 29 236 12
“Fsp o Ty 12 426 12416 14 o T 29 404 29 415 30
on Tse 12 462 12454 10 orn Tse 29 420 30
Ts¢ 12514 12523 17 21 Lisp o T 29 838 29
2H2y) on Tse 12534 12 548 18 8 Lisp orn [se 29921 29930 16
o Ty 12558 12 556 13 26 Lisp on Tse 30012 19
o T 12 628 12 636 16 16 “Dap o I 30052 23
on Tse 12 684 12 667 20 32 Lisn g T 30092 30 080 27
o Tos 12717 12725 25 31 Lisp o T 30 137 29
“Fin o I 13374 13383 21 17 ‘D on Tse 30 148 18
“Fi on Tse 13416 13 416 18 17 ‘Dsp o T 30319 30308 16
4Ssn o T 13435 13435 21 20 ‘Dsp on T 30337 27
“Ssn on Tse 13 442 21 2Lisn o T 30357 28
“Frn on Tse 13 498 13 517 25 31 Lisn on Tsg 30371 32
“Fin o Ts 13 536 13532 17 29 3 on Tsg 30 407 35
“Fop on Tse 14 637 14 635 17 14 o Ty 30497 3
o IPN 14 673 14 666 22 15 on Tsg 30 506 11
o Ts 14 748 14765 20 29 o T 30 627 10
on Tse 14776 14772 18 27 on Tse 30 661 30 649 20
Tys 14 839 28 g T 30774 30
2H21 o IPN 15843 15 858 14 8 on Tse 30778 39
on Tse 15878 15 890 14 11 Lyn o T 31303 31
o Ty 15902 15911 12 15 o T 31412 25
o Tse 15956 15955 14 20 on Tse 31495 21
o Ty 16 015 16 005 17 27 on Tse 31572 29
o Tse 16 025 16 033 21 27 o T 31621 30
4Gsp o T's¢ 17 025 17 019 20 1 o T 31 680 35
a Tig 17 066 17 062 21 17 on Tse 31 686 26
on Tse 17 120 17 129 18 o Tig 31825 35
4G an Tse 17 243 17 237 31 19 on Tse 31831 41
4G o T 17 251 17233 38 24 2Hlgp o IPN 32596 23
4Gop o Tog 17 303 17 300 26 28 on Tse 32681 32680 29
4G on T's¢ 17 411 17 422 46 o T 32680 23
%G o T 18 907 18 904 22 2 on Tse 32749 32745 37
G on Tse 18 927 18929 24 8 Tg 32777 34
2Gyp o Tse 19 003 18 027 24 14 D23, on Tsg 33107 33122 20
Gy o T 19 043 19 050 16 o T 33211 27
4Gop o T 19314 19331 5 2Hlyyp on Tse 33915 12
4Gon on Tse 19394 19390 24 12 2D2sp, on Ts6 33959 33958 24
4Gop o T 19423 19 424 24 20 D25, o T 33981 12
4Gon on Tse 19 491 19498 36 29 2Hlyp o Tse 34 054 32
4Gop o T 19 505 19 506 36 29 2Hl 1 o T 34074 30
K3 om Tse 19 530 19 507 42 26 2Hlyp on Tsge 34 104 37
Kisn T 19 533 30 D25, g T 34132 35
K13 Tse 19 552 37 2Hly1p on Ts6 34240 55
Ki3n Tse 19 565 21 2Hly1p o T 34243 44
Ky T7s 19 576 29
Kisn ] T 19 804 19 804 60 43
Ky o Tse 19 813 38
2Glop o T's¢ 20929 20924 24 0
2Glop o T 20 966 20952 11
2Glyp Tse 20974 2
2Glop Ts 20979 4
2Glop o PN 21084 21074 12
D13, o T 21105 21 106 28 16
D1y, on Tse 21158 21126 30 12
‘Gun on Tse 21254 21262 1

2|l indicates the polarization of the observed band, and IR represents the corresponding irreducible repreadfgagiohe observed fwhm for some
selected OA transitions. The energy difference between equivalent energy levels for the 2bSarsiteéX] calculated with SOM, appears/s.. Reduced
U“4 tables have been utilized for tRE2;1/, multiplet.
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with k = 2, 4, 6 (with|g| < k). For Nc&®* occupying sites
with the rather highs, symmetry in the tetragonal AgNd-
(WOy); host, the number dB.* is restricted to five real and
one complex parameter, which must be adjusted to give the
best overall agreement between the calculated and the
observed Stark levels.

The selection of adequate sets of FI and CF parameters
i are the first steps of the fitting procedure. As starting values
11400 11500 for FI parameters we used those ofXdh NaBi(WO,),.26
s, O _ fE;\'ER(iI Ggm f Land i Initial values for the six CF parameters were those calculated
Figure 8. Comparison of th 5 KN A of tetragonal and monoclinic i i i iri
phgases_ of AgNF:i(Wg)g. Polycrystalline_tetragonalgphase, squares. Po_Iy— fSr(())rIT\]/I zgr_l)fﬁteal(l:(;?gsg Tilgnszfveazslsﬂnmgedt?ﬁle mssgt]lll ?TTE glcal
crystalline monoclinic phase, dashed line. Spectra of the tetragonal single :
crystal, continuous line. (@ spectra; (b and c) 2+ 7)/3 average spectrum.  2b and 2d sites in the AgNd(W{2 host and the distances
to their respective coordination oxygens. The two obtained
typically up to four times that found for the monoclinic one,  sets of parameters are collected in the SOM columns in Table
and the more intense CF splitting of all manifolds for the 2.
monoclinic phase, as can be clearly observed for multiplets g, theS; CF potential the Stark components ofS4lL,
depicted in Figure 8D,c. state of N@"* are characterized by crystal quantum numbers
To quantify the NG_* energy level differences between = 41/2, £3/2, corresponding to th&ss and I'7¢ IR,
the 2b and the 2d sites in the tetragonal phase we shallrespectively, which must be assigned following the polariza-
complete the following steps: (a) calculation of an optimized tion rules for dipolar electric and dipolar magnetic transi-
set of phenomenological free ion (FI) and CF parameters t0tjons30 The IR 0f 2Py, is T'vs and because ¢h5 K optical
reproduce the energy level sequence of an average Nd apsorption transition is observed in thespectrum, the
center; (b) validation of the latter set and associated wave ground level from which this transition originates has also a
functions by independent measurements of the paramagnetiq, ; |R. Accordingly, 5 K transitions from the ground Stark
susceptibility; (c) simulation of individual subsets of CF |eye to theT'; 5 levels will be observed in the spectrum,
parameters for the 2b and 2d sites by using the simple overlapyhereas those to thEs s levels will be observed simulta-
model, SOM; and (d) calculation of separate energy level neously ing ands spectra. The 99 observed energy levels
sequences for these sites by using common FI parametergjlected in Table 1 have been labeled with ther o and

but CF parameters specific for each site. The energy ; polarization character of the absorption transition and with
difference between these sequences for a given level isihe corresponding IR as discussed above.

compared with its experimental bandwidth. The procedure followed in the fitting process is similar to

_CF Analysis of Nc®* in the AgNd(WO,) Tetragonal that previously described and successfully used for other
14 Phase.The method used for calculating the energy levels ppes+ i ordered-32as well as in disorder&s27.32DT single

of the Nd* 4f2 configuration assumes the central-field
approximation. The total Hamiltonian consists of two parts,
first that correspondlng to the FI mteractlorhﬁ;h. af”d then (28) Wybourne, B. GSpectroscopic properties of Rare Eartigiley: New
the external effects represented by the CF arising from the ™ ygrk 1965.

influence of the surrounding charges of the crystalline lattice (29) Porcher, P.; Couto dos Santos, M.; MaltaP@ys. Chem. Chem. Phys.

k He = Ho + Ee, + CyAso+ aL(L + 1) + SG(G,) +

'\ (a)zP k=6T23

;)\ 2 GR)+ § Mm+ § Pp+ T't, (1)

P p TR k:;A m i:;(S P 1=2572,678 *

AE=7°m'1f‘_>‘DD AE=26cm” - O ATESART
t ]

5 ) D £ The CF effect accounted for in the simulations includes
o . Eoisewams o only the standard one-electron part. The CF Hamiltoffian
® 23150 23175 23200 is expressed as a sum of products between the spherical
z AE=245¢cm” 4 harmonicsCq¢ and the CF parameteBs*
o AE=195¢cm’ (b)'F
h — k k
& HCF_ ZBq Cq (2)
o d
D
]
<
-
<
S)
|_
o
o

crystals, with a simultaneous treatment of both Fl and CF

; ; 1999 1, 397.
on the 4f.eIeCtronsHCF' The Fl part mCIUde.S the. spherically (30) Galler-Walrand, C.; Binnemans, K. Rationalization of crystal-field
symmetric one-electron term of the Hamiltonian, the elec- parametrizationin Handbook on the Physics and Chemistry of Rare
trostatic repulsion between equivalémiectrons, the spin Earths Gschneidner, K. A., Jr, Eyring, L., Eds.; North-Holland:

L . . . Amsterdam, 1996; Vol. 23, p 121.
orbit interaction, and terms accounting for higher-order (31) zaido, C.; Rico, M.; Cascales, C.; Pujol, M. C.; Massons, J.; Aguilo

corrections;” which for Ncf* include up to 20 FI parameters M.; Diaz, F.; Porcher, Rl. Phys.: Condens. Matt&00Q 12, 8531.

(32) Pujol, M. C.; Cascales, C.; Rico, M.; Massons, JaDI.; Porcher,
P.; Zaldo, CJ. Alloys Compd2001, 323-324, 321.

(27) Rico, M.; Volkov, V.; Cascales, C.; Zaldo, Chem. Phys2002 279, (33) Mendez-Blas, A.; Rico, M.; Volkov, V.; Cascales, C.; Zaldo, C.; Coya,
73. C.; Kling, A.; Alves, L. C.;J. Phys.: Condens. Matt@004 16, 2139.
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Table 2. Fl and S, Average CF Parameters (cm?) for Nd** in the more important is that no large discrepancies between
| AN 2 p g p
Tetragonal AgNd(WO,), Crysta calculated and experimental values of individual levels are
SOM AgNd(WQ)2  Nd:NaBi(WOy). observed. Furthermore, they are also sustained by the
2b(1) 2d(1n) S C assignment made of the IR to each observed energy level,
EO 23492(2) 23 484(1) the simultaneous treatment in the fitting procedure of Fl and
E; ‘2‘28110-01(7) 357)9125(72) CF interactions, and the utilization of the complete basis set
E3 48'1.7(2()7) 47'9.9(8()8) of wave functiqns for the_ éfgonfi_guratign.
a 21.79(3) 21.90(2) Paramagnetic Susceptibility Simulations from CF Ef-
B [_1%353) [_1%%60(]3) fects. The phenomenological parametrization of a given CF
’é 880.7(6) 890.4(6) potential through accurately determined wave fur_1ctions
MOb 1.76(6) 2.05(6) associated to the well-adjusted energy levels of'Risolids
?22” [233430(]13) [21-87]5(13) is a well-proven tool for the interpretation not only of
T3 19(2) 30(2) spectroscopic properties but also of some magnetic ones,
T;‘ 68(2) 93(2) namely, the thermal variation of the paramagnetic suscep-
; ;52;‘:’(%()4) ;ggfg’) tibility y, the magnetic momemt, and the magnetic splitting
T8 [335] [331] factor g for each Kramers doublet for a REconfiguration
Boi 715 697  486(11) 386((18)) with an odd number of electrons, all of them in each
B> 100(14 i diranti o ;
Bt —904  -827  —841(26) ~1011(33) crystal_logr::sphlc directiof? This is done using the van Vleck
B, 229(42) formalismé
sz‘: —90(59)
B 4939 4821  +995(16 —664(33
) W eses [ Bal(L + gl
Be® —281 —343 —157(27) —96(46) xi = NB -
B —63(39) = KT
S5 —179(63)
B +1025 4951  +774(20) ~717(23) (b4l (L + geul i, | (L + GeSul,
S8 1£358 4185  +250(30) —363(32) ZZ B, (3)
Bed —68(45) E.—E
S —98(44)
d
224 ggcl) i%g gig égg whereN is Avogadro’s number3 the Bohr magnetork the
Ss 433 392 322 328 Boltzmann constantE and ¢ the nonperturbed by the
Sr 433 399 386 gll magnetic field energy levels and wave functions, respectively,
geL 22.6 12.6 described on thisLIMCbasis and provided by spectroscopic
residue 12 802.3 10 775.6 measurements and CF analysis, &rfl g.Sis the component
altalics indicate CF parameters calculated from SQM-(0.05; effective (i) of the magnetic interaction assoqatgd to a tensorial
charge for oxygen= —0.8) for 2b and 2d5, NdB* sites in AgNd(WQ). operator of rank 1, where the magnetic dipole operajer,

Values in parentheses refer to estimated standard deviations in the indicated— 2.0023, is the gyromagnetic ratio, beirnlgthe unitary

parameter. Values in square brackets were not allowed to vary in the di hi is Th
parameter fitting. FI and £CF parameters for the isostructural Nd-doped vector corresponding to the axis. € sums run over

NaBi(WOQy); crystaP® appear in the right colum®.M?, M2, and M were thermally populated levels, according to the thermal partition

constrained as M= 0.5625M, M4 = 0.3125M. ¢ P2, P* and P were law B, = exp(—E /kT)/z exp(—Ea/kT) In this expression
trained as®P= 0.50P and P = 0.10 P. 9 S = {1/(2 + 1)[(BH? + __ & N "
gg:ﬁéjﬁ;i ezss”z]]}uz STa:n [(1/3)5,S3 V2. e?; = {[Z((Eo - Ei[)(Zl(Ol:)L _ the matrix elements are calculated using the Racah algebra

Np)]¥2, whereN_ is the number of levels arldb is the number of parameters.  rules.

The formula is the sum of a temperature-dependent
effects conducted using the entire, untruncated basis set ofiagonal term and a temperature-independent off-diagonal
N3+ wave function$* term, which is reminiscent of the classical Cuti&/eiss law.

Taking into account the similarity between the two sets The off-diagonal term, a result of the second order perturba-
of calculated SOM CF parameters for Ndn the 2b and  tion, usually has little importance, with the exception of the
2d crystallographic sites, which moreover is expected from ground states witd = 0 (RE*" = Eu). The sum runs over
the very close nature of the cationic sites and the comparable2ll other statesi{= &). Energy levels up to 5000 and 10 000
distances to their coordination oxygens, both individual fits €M * for the diagonal and off-diagonal terms, respectively,
of the energy level scheme finally converge, in the limit of Which are largely sufficient to cover the thermal population
the estimated standard deviations, to a unique collection of €fféct above 300 K, were accounted in the calculation along
final values. This simulation reproduces accurately the With the J mixing of the levels.

observed energy levels sequence, with adow 12.6 cntl. For the actuas, symmetry of Nd" in the single-crystal
Final results of the refinement are summarized in Table 1 host, the anisotropigi components are callggl (component
for the energy levels and in Table 2, tBgcolumn, for Fl 0 of the tensor) ang (componentst1 of the tensor). They

and CF parameters. The confidence and physical meaninghave been also calculafédn the basis of the wave functions
of the fit are indicated by the low value obtained, but even  from the FI andS CF parameters of Table 2.

(34) Porcher, PFortran routines REEL and IMAGE for simulation of d (35) Sa&z-Puche, R.; Climent, E.; Romero de Paz, J.; Martinez, J. L.;
and N configurations imolving real and complex crystal field Monge, A.; Cascales, ®hys. Re. B 2005 71, 024403.
parameters 1989 (36) van Vleck, J. HJ. Appl. Phys1968 39, 365.
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Figure 9. Comparison between experimental (symbols) and calculated
(lines) curves of the thermal variation gf, ! for the AgNd(WQ), single
crystal.

The experimental curves of the mojaversusT measured
along parallely, and perpendiculay directions to thec
crystal axis of AgNd(W@), have been plotted in Figure 9.
Taking into account that both 2b and 2dNdites have the
4 inversion axis in the same tetragonal primary [001] crystal
direction, measureg, corresponds to the me&y-calculated
x along thez direction for N&* sites,y,, and measuregp
to mean calculategl or yy.

It can be observed that above?5 K thaty, values are
higher than the ones, and the paramagnetic susceptibility
obeys a CurieWeiss law in a wide range of temperatures
~ 55—300 K. Magnetic susceptibility curves calculated (eq

Chem. Mater., Vol. 17, No. 26, 2005643

From the comparison between previously repo@ecF
parameters for the also tetragot@Nd-doped NaBi(WQ),2®
with currentS, CF results for the AgNd(Wg). single crystal,
Table 2, it can be established that despite of differences in
the symmetry around Nd centers, the strength of the local
CF around Né&" centers is in both cases very similar. In
fact, S, magnitudes are the more important ones, and the
describedC; local distortion for Nd-doped NaBi(W£ is
guantitatively of small importance, that is, the CF parameters
involved in the distortion are small, even negligible, mainly
BX (k = 2, 4), which are related to the close-range
coordination around Nd.

IV. Conclusions

Two RT stable phases can be achieved for AgNd@¥O
(i) polycrystalline powders prepared by annealing in the
800-1164 °C range or single crystals grown by the Czo-
chralski method at 1164C adopt the symmetry of the
tetragonal S@4 (No. 82) and (ii) polycrystalline powders
synthesized below 80T possess the monoclinic symmetry
of the SGC2/m (No. 12). These phases have quite different
colors. As a result of the nearly nonreversible monoclinic to
tetragonal transformation, the color phase can be used to
evidence overheating events. Ndare located on a single
C,, crystal site in theC2/m host, while twoS, crystal sites,
2b and 2d, randomly shared with Agations, are occupied
by Nd®* cations in the tetragond# phase; thus, several
different local cationic environments around each one of

3) usingS, CF parameters of Table 2 reproduce adequately these two sites can be envisaged3Neations experience a
the experimental values, with excellent concordances for e intense and anisotropic CF, and consequently larger

temperatures from 45 K up to 300 K, and the crossing of
theyy andyn curves is also quite well-simulated. The bending
at low temperature of thep curve is especially well-

reproduced, although some incertitude in the determination

of CF parameters, maybe related toeal small distortion
in the close-range loce, Nd®™ environments, is slightly
affecting the reproduction of low-temperatyse

Therefore, the optimized set of FI and CF parameters

achieved for tetragonal AgNd(WQ crystal in Table 2

describes correctly the experimental optical and anisotropic

paramagnetic susceptibility results for Nd

Influence of the CF on the Bandwidth. To describe the
contribution of the two N&" S, crystal sites in the observed
line width of GSA transition®\E,, we have calculated two
series of 4fenergy levels using the optimized FI parameters

of Table 2 and the SOM derived CF parameters for the 2b

splitting for 251 ; multiplets, in the monoclinic phase than
in the tetragonal disordered one. Moreover, bandwidths of
low-temperature optical transitions are up to four times larger
in the tetragonal phase. Despite this broadening! Nenters
remain with well-defined relative orientations, exhibiting
polarization rules featuring th&, symmetry, which allows
the analysis and parametrization of CF effects conducted with
corresponding IR for each energy level. The correctness of
the results is assured through the successful reproduction of
the thermal evolution of the anisotropic paramagnetic
susceptibility in a AgNd(WG@), single crystal. On the basis

of the CF analysis it is concluded that the two3Ndites

are contributing inside the experimental bandwidth, despite
that they are not currently resolvad% K GSA experiments.

and 2d sites, also in Table 2. The energy difference between Acknowledgment. The authors acknowledge the financial

equivalent levels originated from these two sitAg&., can

be found in Table 1. GenerallAE. < AE,, supporting that
although the individual line profiles of these two centers were
not resolved in the experimehta K GSA measurements,

they are a major contribution to the observed bandwidths.
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