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The preparation and characterization of two polymorphic phases of AgNd(WO4)2 are described. The
high-temperature phase of AgNd(WO4)2 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)I4h (No. 82), with two independent crystal sites, 2b and 2d, for Nd3+ cations and structural
disorder around them. The 5 K ground state optical absorption of this tetragonal crystal clearly differs
from that corresponding to the monoclinic SGC2/m (No. 12) ordered phase found in polycrystalline
samples prepared below 800°C. Four times larger bandwidths and a weaker crystal field (CF), that is,
lesser CF splitting for all Nd3+ 2S+1LJ manifolds, are observed for the tetragonal phase. Well-definedS4

polarization rules have been determined in the tetragonal phase, and then the observed 99 Nd3+ energy
levels were labeled with the appropriateΓ7,8 or Γ5,6 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 the 4f3 configuration of Nd3+ in the tetragonal AgNd(WO4)2

single crystal, with finalσ ) 12.6 cm-1. 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 susceptibilityø. As a result of this simulation it is shown that the larger bandwidths of the
tetragonal phase contain nonresolved contributions from the two Nd3+ sites. A method to control
overheating events is proposed on the basis of the nonreversibility of the tetragonal phase into the
monoclinic one.

I. Introduction

Polymorphism is the early, best-known structural charac-
teristic of double tungstate (DT) compounds with stoichi-
ometry XT(WO4)2 [X ) alkaline and Ag monovalent cations;
T ) In, Bi, and rare-earth (RE) trivalent cations]. In fact,
depending on the X-T ionic radii relationship and on the
temperature of the synthesis (or crystal growth), different
phases have been found, including the tetragonal scheelite-
type CaWO4, orthorhombic, monoclinic or even triclinic
symmetries.1

The strong anisotropy (leading to very large optical cross
sections) and large lanthanide impurity acceptance of the
monoclinic [space group (SG)C2/c] KY(WO4)2 and KGd-
(WO4)2 single crystals with “ordered” cation environments
have promoted their use as efficient laser hosts mainly for

Nd3+ 2,3 and Yb3+ 4 ions. Moreover, these crystals are also
known as efficient Raman shifters.5 These 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 shifters,6-8 and they received initial
attention as laser crystals.9,10 These early laser experiments
evidenced larger bandwidths and lower peak optical cross
sections than those observed in the ordered phases prepared

* To whom correspondence should be addressed. E-mail: ccascales@
icmm.csic.es (C.Cascales); cezaldo@icmm.csic.es (C.Zaldo).

† Departamento de Fı´sica Aplicada, Universidad Polite´cnica de Madrid.
‡ Departamento de Quı´mica Industrial y Polı´meros, Universidad Polite´cnica

de Madrid.
§ Universidad Complutense de Madrid.
| Instituto de Ciencia de Materiales de Madrid.

(1) Trunov, V. K.; Efremov, V. A.; Velikodnyj, J. A.Kristallochimija i
sVojstVa dVojnych molibdatoV i Vol’framatoV; Nauka: Leningrad, 1986
(in Russian).

(2) Demidovich, A. A.; Shkadarevich, A. P.; Danailov, M. B.; Apai, P.;
Gasmi, T.; Gribkovskii, V. P.; Kuzmin, A. N.; Ryabtsev, G. I.; Batay,
L. E. Appl. Phys. B1998, 67, 11.

(3) Mayor, A.; Langford, N.; Graf, T.; Burns, D.; Ferguson, A. I.Opt.
Lett. 2002, 27, 1478.

(4) Lagatky, A. A.; Kuleshov, N. V.; Mikhailov, V. P.Opt. Comm.1999,
165, 71.

(5) Dharmadhikari, J. A.; Dharmadhikari, A. K.; Kumar, G. R.Appl. Phys.
Lett. 2003, 83, 2527.

(6) Kaminskii, A. A.; Nishiota, H.; Kubota, Y.; Ueda, K.; Takuma, H.;
Bagaev, S. N.; Pavlyuk, A. A.Phys. Status Solidi A1995, 148, 619.

(7) Kaminskii, A. A.; Ueda, K.; Eichler, H. E.; Findeisen, J.; Bagayev,
S. N.; Kuznetsov, F. A.; Pavlyuk, A. A.; Boulon, G.: Bourgeois, F.
Jpn. J. Appl. Phys.1998, 37, L923.

(8) Kaminskii, A. A.; Bagaev, S. N.; Ueda, K.; Nishioka, H.; Kubota,
Y.; Chen, X.; Kholov, A.Jpn. J. Appl. Phys.1995, 34, L1461.

(9) Zverev, G. M.; Kolodyny, G. Ya.SoV. Phys. JETP1967, 25, 217.
(10) Kaminskii, A. A.; Kolodyny, G. Ya; Sergeeva, N. I.Zh. Prikl.

Specktrosc.1968, 9, 884.

6635Chem. Mater.2005,17, 6635-6643

10.1021/cm051789l CCC: $30.25 © 2005 American Chemical Society
Published on Web 11/23/2005



at low temperature; therefore, no further laser experiments
were pursued with tetragonal DT phases and their properties
are not well-known. The interest on the tetragonal DT phases
as lasants has been recently renewed by some of the present
authors after the achievement of∆λ ≈ 40 nm of laser
tunability range in a number of DTs doped with Yb11,12and
the demonstration of sub-100-fs laser pulses in the same
crystals.13 Ultra-short laser pulses and tunability are based
on large bandwidths, whose origin must be understood to
allow further improvements. The only hypothesis so far
advanced to explain the large bandwidth assumes the random
distribution of the X-T cations over the single crystal-
lographic 4b site of the centrosymmetric SGI41/a of the
scheelite structure.14

The best known group of DT single crystals obtained as
tetragonal phases is based on X) Na.1,15,16 This is due to
the fact that in these systems the phase transition proceeds
with weak structural changes, and consequently, crystals can
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-
temperatureR-phase (monoclinic SGC2/m, No. 12)f high-
temperatureâ-phase (tetragonal SGI41/a, No. 88) transfor-
mation is easily observed upon heating for all Ce-Lu and
Y compounds, but AgLa(WO4)2 only shows the tetragonal
phase.17,18 Phase transformations observed upon cooling
depend on the ionic radius of the T cation. Theâ f R
transformation is easy only for Er-Lu ions. For Sm-Ho
and Y a phase transition to a new monoclinicâ′ phase is
observed upon cooling at about 550°C.17,18 For Ce, Pr, and
Nd, theR f â transformation is nearly irreversible; that is,
after very long annealing (>50 h to T > 600 °C) only a
partial transformation is achieved,17 and theâ phase fully
remains for fast (>10 °C/h) cooling rates.

The spectroscopic properties associated to all these phases
are scarcely studied. Some preliminary photoluminescence
was provided for Eu and Tb,19 and the Nd3+ energy level
sequence in low-temperature synthesized polycrystalline
AgNd(WO4)2 has been explained in a monoclinicC2 local
point symmetry.20

In the present work we have prepared the two AgNd-
(WO4)2 phases. The tetragonal phase was prepared as a
polycrystalline powder and as a single crystal grown from
its melt by the Czochralski method. Results regarding the
structure, the crystal-field (CF) analysis of 5 K polarized
optical spectra, and the 2-300 K paramagnetic susceptibility
ø of the single crystal are compared to those of the
polycrystalline monoclinic AgNd(WO4)2 phase. As conse-
quence of this study, the broad nature of the optical bands
of Nd3+ in the tetragonal crystal has been evidenced and its
origin discussed. Moreover, applications related to the
nonreversibility of the phase transformation are discussed.

II. Experimental Techniques

Polycrystalline AgNd(WO4)2 phases were prepared by solid-state
reactions using stoichiometric amounts of analytical grade Ag2-
CO3, Nd2O3, and WO2. The mixtures were ground and heated in
air at temperatures of 670, 800, 900 and 1040°C, for 6 days to 2
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 Cu KR radiation,
scanning in steps of 0.02° 2θ in the angular range of 10e 2θ e
80, during 4 s for each step.

Growth of the AgNd(WO4)2 single crystal was carried out by
the Czochralski method. The experimental equipment was described
in a previous work.21 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 the KR
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 method22 of
the XRDP of a ground portion of the AgNd(WO4)2 crystal, mixed
with W as an internal standard,23 which was collected by scanning
in steps of 0.02° 2θ in the range 10e 2θ e 120, during 8 s for
each step.

The differential thermal analysis (DTA) was made in still air
using a simultaneous TG/DTA Stanton equipment, model STA 781.
About 72 mg of compound was heated and cooled at a 10°C/min
rate using Al2O3 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
34 000 cm-1 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 Glan-Taylor 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(WO4)2 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.24
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III. Results and Discussion

Synthesis of Polycrystalline AgNd(WO4)2 Samples.
Samples synthesized at 670°C for 2 weeks show the
characteristic features of a low symmetry phase, whereas
those corresponding to samples prepared at higher than 800
°C temperature appear to be very similar to those observed
for the grown crystal described later. Whereas the preparation
of well-crystallized powders of the tetragonal phase can be
carried out with annealing times of a few days (typically
2-6 days, depending on the annealing temperature), syn-
thesizing the monoclinic phase requires a longer lasting
thermal treatment (∼2 weeks). All prepared samples ap-
peared free of other crystalline phases. Figure 1 shows a
comparison between XRDPs for both phases.

The careful XRDP analysis of samples prepared by low-
temperature annealing indicates that they are isostructural
to the monoclinicR-phase, SGC2/m (No. 12), described for
AgEr(WO4)2 as a representative of the AgRE(WO4)2 family.17

Crystal Growth of AgNd(WO 4)2. The polycrystalline
powder synthesized above 800°C was used as starting
material for the Czochralski crystal growth. This powder was
melted in a Pt crucible, and the crystal growth seeded with
Pt wire. The pulling and rotating speeds were 1 mm/h and
5 rpm, respectively. The boule was cooled to RT at about
10 °C/h until 500°C and at 30°C/h in the 500-20 °C range.
The crystallized boule showed a deep violet color, and a part
of it exhibited good transparency, with few macroscopic
defects. Only this latter part was used in the current study.

The DTA of the crystal (Figure 2) indicated congruent
fusion at 1164°C, and no new features upon cooling have
been observed. The absence of new DTA peaks upon cooling
confirms the unfavorable character of the tetragonalâ f
monoclinicR transformation. Therefore, the tetragonal phase
achieved after the melt solidification is quenched at RT.

XRDP of the ground AgNd(WO4)2 crystal appears to be
similar to that described for the tetragonalâ′-phase of AgRE-
(WO4)2.17 The Rietveld profile refinement, Figure 3, was
currently performed in the tetragonal SGI4h (No. 82), using
starting values of the unit cell and positional parameters

previously reported for the isostructural LiYb(MoO4)2 single
crystal,25 yielding final crystal cell values ofa ) 5.3162(2)
andc ) 11.6167(7) Å.

Crystal Structure of Monoclinic C2/m and Tetragonal
I4h AgNd(WO4)2 Phases.The low-temperature, monoclinic
C2/mAgNd(WO4)2 phase contains four kinds of coordination
polyhedra: Nd3+ cations have a single coordination to eight
oxygens, whereas the Ag+ and the two types of W6+ cations
have environments of six oxygens. Every two NdO8 poly-
hedra are associated by sharing edges along theb axis,
forming isolated Nd2O14 units, which are aligned in rows
parallel tob, linked between them through W2O6 and W1O6

groups ina and c directions, respectively. Figure 4, left,
displays a perspective along the [110] direction of this
structure.

On the other hand, the crystal structure of the high-
temperature, tetragonalI4h phase of AgNd(WO4)2 contains
two types of Nd/AgO8 distorted square antiprisms and W1O4

and W2O4 tetrahedral groups. Along thea andb directions
the structure is built of parallel chains of alternate, edge-
sharing Nd/AgO8 and WO4 polyhedra, of only one type in
each row, and in thec direction Nd/AgO8 polyhedra from
two different consecutive chains are linked through a

(25) Volkov, V.; Cascales, C.; Kling, A.; Zaldo, C.Chem. Mater.2005,
17, 291.

Figure 1. RT XRDP of AgNd(WO4)2 phases. (a) Monoclinic SGC2/m
obtained by 670°C annealing for 2 weeks. (b) Tetragonal SGI4h obtained
by 1040°C annealing for 6 days.

Figure 2. DTA of the AgNd(WO4)2 single crystal obtained by the
Czochralski method.

Figure 3. RT XRDP of a mixture of ground AgNd(WO4)2 single crystal
and W phases. Observed results (circles),I4h Rietveld calculated (continuous
line) and difference (line at the bottom). Vertical marks correspond to the
Bragg reflections of AgNd(WO4)2 (top row) and W (bottom row).

Polymorphism and Optical Bandwidths in AgNd(WO4)2 Chem. Mater., Vol. 17, No. 26, 20056637



common face, forming (Ag/Nd)2O12 dimeric units; see Figure
4, right.

Some features must be retained from the comparison
between the monoclinic and tetragonal structures of AgNd-
(WO4)2. In the first case Nd3+ occupies only oneC2V

crystallographic site, while in the noncentrosymmetricI4h host
Nd3+ and Ag+ cations are sharing, with nearly statistical
occupation, twoS4 crystal sites, 2b and 2d. Accordingly,
these phases can be qualified respectively as “ordered” or
“disordered” with regards to the actual cationic environment-
(s) around the Nd3+ site(s). Furthermore, bothS4 NdO8 square
antiprisms in the disordered tetragonal phase are highly
regular polyhedra, contrasting with theC2V NdO8 polyhedron,
which is characterized by a larger distribution of Nd-O
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 NdO8 polyhedra, will lead the discus-
sion on the observed spectroscopic properties in the following
sections.

Optical Reflectance and Color.The colors of the phases
achieved by low- (670°C) and high- (>800°C) temperature
annealing are quite different and depend on the illumination
conditions. Figure 5 shows the colors observed under
sunlight, a quartz halogen lamp, and a UV-filtered fluorescent
lamp. In the first two cases, Figure 5a, the light contains a
significant UV intensity giving rise to a pale gray color for
the low-temperature phase and a deep purple color for the
high-temperature phase. When the UV emission is eliminated
from the irradiation source these colors render into pale green
and grayish blue, respectively, Figure 5b.

Figure 6 shows a comparison of the RT total reflectance
of both phases. The Nd3+ optical absorption bands induce
well-defined reduction in the reflectance. The more obvious
differences between the reflectance spectra of the two phases
are the narrower character of the features associated to the
monoclinic phase and the apparent higher reflectance of the
tetragonal phase in the 450-300 nm region. However, this
latter difference must be taken with caution because Nd3+

fluorescence can be excited in this region giving rise to red
emissions (λ ) 600, 650-700 nm) from the de-excitation
of 4G7/2, 4G5/2, and 4F9/2 to the 4I11/2, and 4I9/2 Nd3+ states.
This fluorescence can contribute to the observed color and

eventually enhance the light intensity collected by the
integrating sphere. So the actual color seen by the eye is a

Figure 4. Left: view along the [110] direction of the structure of the monoclinicC2/m AgNd(WO4)2 phase. NdO8 are the blue polyhedra, and green, red,
and cyan spheres represent Ag, W, and O ions, respectively. Right: theacperspective of the structure of tetragonalI4h. Yellow and blue polyhedra correspond
to NdO8 for the 2b and 2d lattice sites, and red and cyan spheres represent W and O ions, respectively.

Figure 5. Colors of the monoclinic (left) and tetragonal (right) AgNd-
(WO4)2 phases under different illumination conditions. (a) Sun and halogen
quartz lamp light. (b) UV-filtered fluorescent lamp.

Figure 6. RT total reflectance of AgNd(WO4)2 phases. Monoclinic phase
prepared by 670°C annealing, dotted line. Tetragonal phase prepared by
1040°C annealing, continuous line.
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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 achievement
of a temperature level in a process.

For the AgNd(WO4)2 compound the threshold temperature
required to induce its permanent color change is 800°C;
however, other DT compounds based on different alkali ions
(K, Rb, Cs) and the corresponding double molybdates can
be envisaged to select specific transformation temperatures.
All these compounds melt at a temperature 200-400 °C
higher than that corresponding irreversible polymorphic
transformation, providing an acceptable operating overheat-
ing temperature range.

Optical Absorption Spectra. At low enough temperature
it is expected that transitions in the optical absorption
spectrum of Nd3+ originate only from the lowest Stark
component of the4I9/2 ground-state manifold, given that other
excited levels are not populated.

Figure 7 shows an overview of the 5 K polarized ground-
state optical absorption (GSA) spectra for the tetragonal
AgNd(WO4)2 single crystal. According to the crystal-
lographic model both optical Nd3+ centers have 4h inversion
axes parallel to thec crystal axis, and, thus, experimental
spectra have been labeledσ (E ⊥ c; B | c) or π (E | c; B ⊥
c). J manifolds of the 4f3 configuration of Nd3+ are split in
J + 1/2 Stark levels, Kramers doublets in this case. These

measurements give the position of the Stark levels from4I13/2

up to 2H111/2. Even at this low temperature, spectral line
profiles of all observed multiplets exhibit a significant
broadening, and the individual contributions of the 2b and
2d sites of Nd3+ are not resolved. Despite this broadening,
Figure 7 shows that observed Nd3+ transitions possess
polarization characteristics compatible withS4 symmetry
selection rules, and we can reasonably perform the CF
analysis assuming an averageS4 potential.

Energy level positions of the ground4I9/2 manifold have
been derived from the evolution of nonpolarized4I9/2 f 2P1/2

transitions at increasing temperatures, not shown for the sake
of brevity.

The energy level sequence and polarization character of
the transitions generally resemble those of Nd3+ in NaBi-
(WO4)2,26 but as a result of the high Nd concentration in the
AgNd(WO4)2 single crystal ([Nd]) 6.1 × 1021 cm-3) even
transitions with very weak oscillator strength, like2H11/2, can
be now observed. This leads to the observation of more
energy levels than those found for Nd3+ in NaBi(WO4)2, 99
versus 85, respectively.

Table 1 includes all observed Nd3+ energy levels in the
AgNd(WO4)2 single crystal, along with the line widths (full
width at half-maximum, fwhm)∆E0 of selected GSA
transitions.

It is noteworthy that 5 K nonpolarized GSA spectra of
polycrystalline samples synthesized by thermal treatments
at T > 800°C are found to be nearly identical to the (2σ +
π)/3 average spectra of the above tetragonal single crystal.
This is clearly seen by analyzing the4F9/2 and4F3/2 absorption
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 of4F9/2 (or 4F3/2) are similar to those found using
powder; see Figure 8b,c. As previously indicated, given the
thermal region of stability of the disordered tetragonal phase,
these prepared polycrystalline samples are isostructural to
the grown single crystal. Obviously, the determination of
the polarization character of a given transition, that is, more
complete information on irreducible representations (IR) of
the observed energy levels, can be derived only with
measurements on the AgNd(WO4)2 single crystal.

On the other hand, the 5 K GSA nonpolarized spectra
observed in the present work for AgNd(WO4)2 polycrystalline
samples synthesized at 670°C are identical to those reported
in a previous work20 and, as already discussed, correspond
to the C2/m monoclinic structure. In this low-temperature
phase, only one Nd3+ center exists, and consequently the
4I9/2 f 2P1/2 transition has a unique and narrow (fwhm∆E
) 7 cm-1) band at 23 160 cm-1; see Figure 8a.

More differences between the optical absorption spectra
of the high-temperature tetragonal phase (the single crystal
and the polycrystalline sample synthesized at 1040°C) and
the low (670°C) temperature monoclinic AgNd(WO4)2 phase
are also evidenced in Figure 8. The most relevant differences
found are the larger bandwidths for the tetragonal phase,

(26) Méndez-Blas, A.; Volkov, V.; Cascales, C.; Zaldo, C.J. Alloys Compd.
2001, 323, 315.

Figure 7. GSA (5 K) of tetragonal AgNd(WO4)2 single crystal, [Nd])
6.1 × 1021 cm-3. π spectra, continuous line.σ spectra, dashed line.

Polymorphism and Optical Bandwidths in AgNd(WO4)2 Chem. Mater., Vol. 17, No. 26, 20056639



Table 1. 5 K Experimental (E0) and S4 Calculated (Ec) Energy Levels (cm-1) of Nd3+ in the AgNd(WO4)2 Single Crystala

a | indicates the polarization of the observed band, and IR represents the corresponding irreducible representation.∆E0 is the observed fwhm for some
selected OA transitions. The energy difference between equivalent energy levels for the 2b and 2dS4 sites, calculated with SOM, appears as∆Ec. Reduced
U4/4 tables have been utilized for the2H211/2 multiplet.

6640 Chem. Mater., Vol. 17, No. 26, 2005 Colón et al.



typically up to four times that found for the monoclinic one,
and the more intense CF splitting of all manifolds for the
monoclinic phase, as can be clearly observed for multiplets
depicted in Figure 8b,c.

To quantify the Nd3+ energy level differences between
the 2b and the 2d sites in the tetragonal phase we shall
complete the following steps: (a) calculation of an optimized
set of phenomenological free ion (FI) and CF parameters to
reproduce the energy level sequence of an average Nd3+

center; (b) validation of the latter set and associated wave
functions by independent measurements of the paramagnetic
susceptibility; (c) simulation of individual subsets of CF
parameters for the 2b and 2d sites by using the simple overlap
model, SOM; and (d) calculation of separate energy level
sequences for these sites by using common FI parameters
but CF parameters specific for each site. The energy
difference between these sequences for a given level is
compared with its experimental bandwidth.

CF Analysis of Nd3+ in the AgNd(WO4)2 Tetragonal
I4h Phase.The method used for calculating the energy levels
of the Nd3+ 4f 3 configuration assumes the central-field
approximation. The total Hamiltonian consists of two parts,
first that corresponding to the FI interactions,HFI, and then
the external effects represented by the CF arising from the
influence of the surrounding charges of the crystalline lattice
on the 4f electrons,HCF. The FI part includes the spherically
symmetric one-electron term of the Hamiltonian, the elec-
trostatic repulsion between equivalentf electrons, the spin-
orbit interaction, and terms accounting for higher-order
corrections,27 which for Nd3+ include up to 20 FI parameters

The CF effect accounted for in the simulations includes
only the standard one-electron part. The CF Hamiltonian28

is expressed as a sum of products between the spherical
harmonicsCq

k and the CF parametersBq
k

with k ) 2, 4, 6 (with |q| e k). For Nd3+ occupying sites
with the rather highS4 symmetry in the tetragonal AgNd-
(WO4)2 host, the number ofBq

k 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
are the first steps of the fitting procedure. As starting values
for FI parameters we used those of Nd3+ in NaBi(WO4)2.26

Initial values for the six CF parameters were those calculated
from crystallographic data applying the semi-empirical
SOM.29 The calculations have assumed Nd3+ in both theS4

2b and 2d sites in the AgNd(WO4)2 host and the distances
to their respective coordination oxygens. The two obtained
sets of parameters are collected in the SOM columns in Table
2.

For theS4 CF potential the Stark components of a2S+1LJ

state of Nd3+ are characterized by crystal quantum numbers
µ ) (1/2, (3/2, corresponding to theΓ5,6 and Γ7,8 IR,
respectively, which must be assigned following the polariza-
tion rules for dipolar electric and dipolar magnetic transi-
tions.30 The IR of 2P1/2 is Γ7,8, and because the 5 K optical
absorption transition is observed in theσ spectrum, the
ground level from which this transition originates has also a
Γ7,8 IR. Accordingly, 5 K transitions from the ground Stark
level to theΓ7,8 levels will be observed in theσ spectrum,
whereas those to theΓ5,6 levels will be observed simulta-
neously inσ andπ spectra. The 99 observed energy levels
collected in Table 1 have been labeled with theσ or σ and
π polarization character of the absorption transition and with
the corresponding IR as discussed above.

The procedure followed in the fitting process is similar to
that previously described and successfully used for other
RE3+ in ordered31,32as well as in disordered25-27,33DT single
crystals, with a simultaneous treatment of both FI and CF

(27) Rico, M.; Volkov, V.; Cascales, C.; Zaldo, C.Chem. Phys.2002, 279,
73.

(28) Wybourne, B. G.Spectroscopic properties of Rare Earths; Wiley: New
York, 1965.

(29) Porcher, P.; Couto dos Santos, M.; Malta, O.Phys. Chem. Chem. Phys.
1999, 1, 397.

(30) Görller-Walrand, C.; Binnemans, K. Rationalization of crystal-field
parametrization. In Handbook on the Physics and Chemistry of Rare
Earths; Gschneidner, K. A., Jr., Eyring, L., Eds.; North-Holland:
Amsterdam, 1996; Vol. 23, p 121.

(31) Zaldo, C.; Rico, M.; Cascales, C.; Pujol, M. C.; Massons, J.; Aguilo´,
M.; Dı́az, F.; Porcher, P.J. Phys.: Condens. Matter2000, 12, 8531.

(32) Pujol, M. C.; Cascales, C.; Rico, M.; Massons, J.; Dı´az, F.; Porcher,
P.; Zaldo, C.J. Alloys Compd.2001, 323-324, 321.

(33) Méndez-Blas, A.; Rico, M.; Volkov, V.; Cascales, C.; Zaldo, C.; Coya,
C.; Kling, A.; Alves, L. C.;J. Phys.: Condens. Matter2004, 16, 2139.

Figure 8. Comparison of the 5 K Nd3+ GSA of tetragonal and monoclinic
phases of AgNd(WO4)2. Polycrystalline tetragonal phase, squares. Poly-
crystalline monoclinic phase, dashed line. Spectra of the tetragonal single
crystal, continuous line. (a)σ spectra; (b and c) (2σ + π)/3 average spectrum.
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Mkmk + ∑
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effects conducted using the entire, untruncated basis set of
Nd3+ wave functions.34

Taking into account the similarity between the two sets
of calculated SOM CF parameters for Nd3+ in the 2b and
2d crystallographic sites, which moreover is expected from
the very close nature of the cationic sites and the comparable
distances to their coordination oxygens, both individual fits
of the energy level scheme finally converge, in the limit of
the estimated standard deviations, to a unique collection of
final values. This simulation reproduces accurately the
observed energy levels sequence, with a lowσ ) 12.6 cm-1.
Final results of the refinement are summarized in Table 1
for the energy levels and in Table 2, theS4 column, for FI
and CF parameters. The confidence and physical meaning
of the fit are indicated by the lowσ value obtained, but even

more important is that no large discrepancies between
calculated and experimental values of individual levels are
observed. Furthermore, they are also sustained by the
assignment made of the IR to each observed energy level,
the simultaneous treatment in the fitting procedure of FI and
CF interactions, and the utilization of the complete basis set
of wave functions for the 4f3 configuration.

Paramagnetic Susceptibility Simulations from CF Ef-
fects.The phenomenological parametrization of a given CF
potential through accurately determined wave functions
associated to the well-adjusted energy levels of RE3+ in solids
is a well-proven tool for the interpretation not only of
spectroscopic properties but also of some magnetic ones,
namely, the thermal variation of the paramagnetic suscep-
tibility ø, the magnetic momentµ, and the magnetic splitting
factorg for each Kramers doublet for a RE3+ configuration
with an odd number of electrons, all of them in each
crystallographic direction.35 This is done using the van Vleck
formalism:36

whereN is Avogadro’s number,â the Bohr magneton,k the
Boltzmann constant,E and φ the nonperturbed by the
magnetic field energy levels and wave functions, respectively,
described on the|SLJMJ〉 basis and provided by spectroscopic
measurements and CF analysis, andL + geSis the component
(i) of the magnetic interaction associated to a tensorial
operator of rank 1, where the magnetic dipole operator,ge

) 2.0023, is the gyromagnetic ratio, beingu the unitary
vector corresponding to thei axis. The sums run over
thermally populated levels, according to the thermal partition
law Ba ) exp(-Ea/kT)/∑a exp(-Ea/kT). In this expression
the matrix elements are calculated using the Racah algebra
rules.

The formula is the sum of a temperature-dependent
diagonal term and a temperature-independent off-diagonal
term, which is reminiscent of the classical Curie-Weiss law.
The off-diagonal term, a result of the second order perturba-
tion, usually has little importance, with the exception of the
ground states withJ ) 0 (RE3+ ) Eu). The sum runs over
all other states (b * a). Energy levels up to 5000 and 10 000
cm-1, for the diagonal and off-diagonal terms, respectively,
which are largely sufficient to cover the thermal population
effect above 300 K, were accounted in the calculation along
with the J mixing of the levels.

For the actualS4 symmetry of Nd3+ in the single-crystal
host, the anisotropicøi components are calledø| (component
0 of the tensor) andø⊥ (components(1 of the tensor). They
have been also calculated34 on the basis of the wave functions
from the FI andS4 CF parameters of Table 2.

(34) Porcher, P.Fortran routines REEL and IMAGE for simulation of dN

and fN configurations inVolVing real and complex crystal field
parameters, 1989

(35) Sáez-Puche, R.; Climent, E.; Romero de Paz, J.; Martinez, J. L.;
Monge, A.; Cascales, C.Phys. ReV. B 2005, 71, 024403.

(36) van Vleck, J. H.J. Appl. Phys.1968, 39, 365.

Table 2. FI and S4 Average CF Parameters (cm-1) for Nd3+ in the
Tetragonal AgNd(WO4)2 Crystala

SOM AgNd(WO4)2 Nd:NaBi(WO4)2

2b(I) 2d(II) S4 C2

E0 23 492(2) 23 484(1)
E1 4781.0(7) 4792(7)
E2 23.10(1) 23.15(2)
E3 481.72(7) 479.98(8)
R 21.79(3) 21.90(2)
â -629(3) -686(3)
γ [1500] [1500]
ú 880.7(6) 890.4(6)
M0,b 1.76(6) 2.05(6)
P2,c 233(13) 27.75(13)
T2 [340] [348]
T3 19(2) 30(2)
T4 68(2) 93(2)
T6 -295(4) -283(5)
T7 354(5) 326(6)
T8 [335] [331]
B0

2 715 697 486(11) 386(18)
B2

2 100(14)
B0

4 -904 -827 -841(26) -1011(33)
B2

4 229(42)
S2

4 -90(59)
B4

4 (939 (821 (995(16) -664(33)
S4

4 -795(26)
B0

6 -281 -343 -157(27) -96(46)
B2

6 -63(39)
S2

6 -179(63)
B4

6 (1025 (951 (774(20) -717(23)
S4

6 (358 (185 (250(30) -363(32)
B6

6 -68(45)
S6

6 -98(44)
S2

d 320 312 217 184
S4 521 475 546 605
S6 433 392 322 328
ST 433 399 386 411
NL 99 85
σe 12.6 13.6
residue 12 802.3 10 775.6

a Italics indicate CF parameters calculated from SOM (F ) 0.05; effective
charge for oxygen) -0.8) for 2b and 2dS4 Nd3+ sites in AgNd(WO4)2.
Values in parentheses refer to estimated standard deviations in the indicated
parameter. Values in square brackets were not allowed to vary in the
parameter fitting. FI and C2 CF parameters for the isostructural Nd-doped
NaBi(WO4)2 crystal26 appear in the right column.b M0, M2, and M4 were
constrained as M2 ) 0.5625M0, M4 ) 0.3125M0. c P2, P4, and P6 were
constrained as P4 ) 0.50P2 and P6 ) 0.10 P2. d Sk ) {1/(2k + 1)[(B0

k)2 +
2∑q[(Bq

k)2 + (Sq
k)2]]}1/2 ST ) [(1/3)∑kSk

2]1/2. e σ ) [∑(E0 - Ec)2/(NL -
NP)]1/2, whereNL is the number of levels andNP is the number of parameters.

øi ) Nâ2∑
a

[〈φa|(L + geS)u|φa〉
2

kT
-

2∑
b

〈φa|(L + geS)u|φb〉〈φb|(L + geS)u|φa〉

Ea - Eb
]Ba (3)
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The experimental curves of the molarø versusT measured
along parallelø| and perpendicularø⊥ directions to thec
crystal axis of AgNd(WO4)2 have been plotted in Figure 9.
Taking into account that both 2b and 2d Nd3+ sites have the
4h inversion axis in the same tetragonal primary [001] crystal
direction, measuredø| corresponds to the meanS4-calculated
ø along thez direction for Nd3+ sites,øz, and measuredø⊥

to mean calculatedøx or øy.
It can be observed that above∼25 K that ø| values are

higher than theø⊥ ones, and the paramagnetic susceptibility
obeys a Curie-Weiss law in a wide range of temperatures
∼ 55-300 K. Magnetic susceptibility curves calculated (eq
3) usingS4 CF parameters of Table 2 reproduce adequately
the experimental values, with excellent concordances for
temperatures from 45 K up to 300 K, and the crossing of
theø| andø⊥ curves is also quite well-simulated. The bending
at low temperature of theø⊥ curve is especially well-
reproduced, although some incertitude in the determination
of CF parameters, maybe related to areal small distortion
in the close-range localS4 Nd3+ environments, is slightly
affecting the reproduction of low-temperatureø|.

Therefore, the optimized set of FI and CF parameters
achieved for tetragonal AgNd(WO4)2 crystal in Table 2
describes correctly the experimental optical and anisotropic
paramagnetic susceptibility results for Nd3+.

Influence of the CF on the Bandwidth.To describe the
contribution of the two Nd3+ S4 crystal sites in the observed
line width of GSA transitions∆E0, we have calculated two
series of 4f3 energy levels using the optimized FI parameters
of Table 2 and the SOM derived CF parameters for the 2b
and 2d sites, also in Table 2. The energy difference between
equivalent levels originated from these two sites,∆Ec, can
be found in Table 1. Generally,∆Ec e ∆E0, supporting that
although the individual line profiles of these two centers were
not resolved in the experimental 5 K GSA measurements,
they are a major contribution to the observed bandwidths.

From the comparison between previously reportedC2 CF
parameters for the also tetragonalI4h Nd-doped NaBi(WO4)2

26

with currentS4 CF results for the AgNd(WO4)2 single crystal,
Table 2, it can be established that despite of differences in
the symmetry around Nd3+ centers, the strength of the local
CF around Nd3+ centers is in both cases very similar. In
fact, S4 magnitudes are the more important ones, and the
describedC2 local distortion for Nd-doped NaBi(WO4)2 is
quantitatively of small importance, that is, the CF parameters
involved in the distortion are small, even negligible, mainly
B2

k (k ) 2, 4), which are related to the close-range
coordination around Nd3+.

IV. Conclusions

Two RT stable phases can be achieved for AgNd(WO4)2:
(i) polycrystalline powders prepared by annealing in the
800-1164 °C range or single crystals grown by the Czo-
chralski method at 1164°C adopt the symmetry of the
tetragonal SGI4h (No. 82) and (ii) polycrystalline powders
synthesized below 800°C 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. Nd3+ are located on a single
C2V crystal site in theC2/m host, while twoS4 crystal sites,
2b and 2d, randomly shared with Ag+ cations, are occupied
by Nd3+ cations in the tetragonalI4h phase; thus, several
different local cationic environments around each one of
these two sites can be envisaged. Nd3+ cations experience a
more intense and anisotropic CF, and consequently larger
splitting for 2S+1LJ 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, Nd3+ centers
remain with well-defined relative orientations, exhibiting
polarization rules featuring theS4 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(WO4)2 single crystal. On the basis
of the CF analysis it is concluded that the two Nd3+ sites
are contributing inside the experimental bandwidth, despite
that they are not currently resolved in 5 K GSA experiments.
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Figure 9. Comparison between experimental (symbols) and calculated
(lines) curves of the thermal variation oføm

-1 for the AgNd(WO4)2 single
crystal.
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