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Abstract

Crystal structure and EPR spectra in a RbNd(WO4)2 single crystal have been studied. RbNd(WO4)2 crystallizes in the monoclinic

structure with the unit cell parameters: a ¼ 10:792ð2Þ Å, b ¼ 10:673ð2Þ Å, c ¼ 7:6703ð15Þ Å, b ¼ 130:51ð3Þ1. Using the X-ray diffraction

measurements, the fractional atomic coordinates, displacement parameters and interatomic distances have been determined. The EPR

spectra are described in terms of the main g-tensor values: gz ¼ 3:291� 0:005, gx ¼ 0:726� 0:005, gy ¼ 1:533� 0:005. Both the magnetic

dipole–dipole and isotropic exchange interactions have been calculated. The exchange interactions are shown to exceed the magnetic

dipole–dipole interactions and to have an opposite sign. These results suggest an appeareance of an antiferromagnetic ordering in

RbNd(WO4)2 at low temperatures.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past years, the family of rare-earth double
tungstates with monoclinic symmetry has attracted sig-
nificant interest. Such crystals can be used as active
elements for excitation of laser action [1] and they show
in addition an unusual physical properties at low tempera-
tures [2,3]. In these crystals, paramagnetic ions are forming
chains along one of the crystallographic axis. This results in
both peculiarities of spin–spin interactions and an unusual
shape of EPR spectrum, for example, as observed in
KDy(WO4)2 [4]. Because of large gz value of the Dy3+ ions,
equal to 14.6, the EPR spectrum is observed at low fields.
This does not allow to observe a full absorption line
because of its large line width. According to Ref. [5], the gz

value of the Nd3+ ions introduced to KY(WO4)2 is equal
of about 3, therefore, the replacement of Y3+ for Nd3+
e front matter r 2005 Elsevier B.V. All rights reserved.
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should allow to observe and analyze the EPR line in fields
of about 2 kGs. However, the KNd(WO4)2 single crystals
belong to the tetragonal syngony and have the structure
different from that of a-KY(WO4)2. Therefore, it was of
interest to grow the RbNd(WO4)2 single crystals having the
monoclinic symmetry and to study both their crystal
structure and peculiarities of the EPR spectrum of Nd3+

ions.
2. Experimental

The single crystals of the potassium rare-earth double
tungstate KRE(WO4)2 (RE ¼ Gdy Lu and also Y) belong
to the centrosymmetric 2/m Laue class of the monoclinic
system. The crystallographic structure of double tungstates
has been studied in Refs. [6–10].
The double tungstate RbNd(WO4)2 undergoes the

irreversible structural phase transition (SPT) at tempera-
tures slightly below its melting points. To lower the
temperature of crystallization below SPT, high temperature
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Table 1

Crystal structure data and refinement details

Empirical formula NdRbO8W2

Formula weight 725.41

Temperature 293(2)K

Wavelength 0.71073 Å

Crystal system, space group Monoclinic, C2/c

Unit cell parameters a ¼ 10:792ð2Þ Å a ¼ 901

b ¼ 10:673ð2Þ Å b ¼ 130:51ð3Þ1

c ¼ 7:6703ð15Þ Å g ¼ 901

Volume 671.7(2) Å3

Z, Calculated density 4, 7.173 g cm�3

Absorption coefficient 48.985mm�1

F(0 0 0) 1236

Crystal size 0.26� 0.17� 0.09mm

Theta range for data collection 3.82–34.991

Limiting indices �17o ¼ ho ¼ 17,

�16o ¼ ko ¼ 16,

�12o ¼ lo ¼ 12

Reflections collected/unique 7472/1453 [R(int) ¼ 0.0613]

Completeness to theta ¼ 32.49 97.9%

Absorption correction Analytical

Transmissions factors Tmin ¼ 0:07707
Tmax ¼ 0:00359

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 1453/0/57

Goodness-of-fit on F^2 1.145

Final R indices [I42sigma(I)] R1 ¼ 0:0254, wR2 ¼ 0:0740 for 1390

reflections

R indices (all data) R1 ¼ 0:0272, wR2 ¼ 0:0752
Extinction coefficient 0.00167(12)

Largest diff. peak and hole 2.063 and �2.922 e Å�3

Table 2

Fractional atomic coordinates and equivalent isotropic displacement

parameters (Å2?103)
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solution growth (HTSG) technique was used. The
RbNd(WO4)2 single crystals were grown by the top seeded
solution growth (TSSG) technique using oriented
RbNd(WO4)2 seeds obtained by the method of sponta-
neous crystallization in K2W2O7 as solvent with slowly
decreasing temperature.

The density of crystals is equal to 7.17 g/cm3. The violet
color of single crystals is connected with optical absorption
of neodymium ions. The energy gap is of about 3.8 eV.

X-ray structural investigations of powdered
RbNd(WO4)2 were performed using a D-5000 Siemens
type diffractometer with CuKa radiation at the room
temperature.

Diffractional measurements of the prismatic
RbNd(WO4)2 single crystal (dimensions: 0.26� 0.17�
0.09mm3) were performed using a Kuma KM4CCD
four-circle k-axis diffractometer with graphite-monochro-
matic MoKa radiation, in which an omega scan technique
was applied. The crystal was positioned at 65mm from the
KM4CCD camera. The collection of data was obtained
with reduced accelerating voltage to 34.2 kV to eliminate
evident ‘‘l/2 contamination’’ effect [11]. The data were
corrected taking into account the Lorentz and polarization
effects. Analytical absorption correction was applied using
the shape optimization procedure based on reflections,
which are higher than their error by a factor 20. The data
analysis was carried out using the Kuma diffraction suit of
programs.

The unit cell parameters obtained were based on 10,000
reflections in the 2y range from 81 to 1001 with 11 intervals,
while the structure was based on reflections under change
of 2y–701.

The structure was solved by both the direct method [12]
and refined one using SHELXL [13]. The refinement
was based on F2 for all reflections except those with
very negative F2. Scattering factors were taken from
Tables 6.1.1.4 and 4.2.4.2 in Ref. [14].

For EPR investigations, the RbNd(WO4)2 single crystal
was cut in the form of parallelepiped with orientation
established by the X-ray diffraction method.

The EPR spectra studies were carried out in an X-band
spectrometer with high-frequency modulation. The mag-
netic field was changed from 0 to 1T. The EPR spectra
measurements were performed over a temperature range
from 4.2 to 300K with use of the EPR Oxford Instrument
ESR9 continuous flow cryostat. The rotation of sample in
the various planes with angle accuracy of 11 was carried
out using the goniometer.
Wyckoff

position

x y z U(eq)

Nd(1) 4e 1.0000 0.7725(1) 0.7500 7(1)

W(1) 8f 0.8079(1) 0.5014(1) 0.7680(1) 6(1)

Rb(1) 4e 1.0000 0.8022(1) 0.2500 14(1)

O(1) 8f 0.9756(4) 0.3943(3) 1.0261(6) 9(1)

O(2) 8f 0.8141(4) 0.4295(3) 0.5641(6) 11(1)

O(3) 8f 0.6325(4) 0.4253(4) 0.6940(6) 12(1)

O(4) 8f 0.7314(4) 0.6568(3) 0.6363(6) 12(1)
3. Crystal structure

For the RbNd(WO4)2 powder, we have obtained the
following unit cell parameters: a ¼ 10:7832ð5Þ Å,
b ¼ 10:6363ð1Þ Å, c ¼ 7:6527ð6Þ Å, b ¼ 130:453ð1Þ1, which
are in good agreement with results obtained for the single
crystal.
The crystal structure data together with the refinement
details obtained for the RbNd(WO4)2 single crystal are
given in Table 1. Fractional atomic coordinates, aniso-
tropic displacement parameters and selected interatomic
parameters are given in Tables 2–4, respectively.
For the RbNd(WO4)2 single crystals, we have obtained

the following unit-cell parameters (Table 1):
a ¼ 10:792ð2Þ Å, b ¼ 10:673ð2Þ Å, c ¼ 7:6703ð15Þ Å,
b ¼ 130:51ð3Þ1, with Z ¼ 4 and the monoclinic space group
C2/c.
According to Table 2, Rb and Nd ions occupy special

positions 4e according to Wyckoff notation in C2/c space
group. The local symmetry of these ions is C2 in the
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Table 3

Selected interatomic distances (Å) for RbNd(WO4)2

Nd(1)–O(1)]1 2.367(3) W(1)–O(2)]9 2.347(3)

Nd(1)–O(1)]2 2.367(3) Rb(1)–O(2)]1 2.908(4)

Nd(1)–O(3)]3 2.385(4) Rb(1)–O(2)]11 2.908(4)

Nd(1)–O(3)]4 2.385(4) Rb(1)–O(2)]3 2.921(4)

Nd(1)–O(4)]5 2.444(4) Rb(1)–O(2)]12 2.921(4)

Nd(1)–O(4)]6 2.444(4) Rb(1)–O(3)]3 3.007(4)

Nd(1)–O(4) 2.721(4) Rb(1)–O(3)]12 3.007(4)

Nd(1)–O(4)]7 2.721(4) Rb(1)–O(1)]11 3.111(3)

W(1)–O(2) 1.782(3) Rb(1)–O(1)]1 3.111(3)

W(1)–O(3) 1.781(3) Rb(1)–O(4)]13 3.165(4)

W(1)–O(4) 1.836(3) Rb(1)–O(4)]6 3.165(4)

W(1)–O(1) 1.961(3) Rb(1)–O(3)]13 3.389(4)

W(1)–O(1)]2 2.097(3) Rb(1)–O(3)]6 3.389(4)

Symmetry transformations used to generate equivalent atoms: ]1
x,�y+1,z�1/2; ]2 �x+2,�y+1,�z+2; ]3 x+1/2,y+1/2,z; ]4 �x+3/2,

y+1/2,�z+3/2; ]5 x+1/2,�y+3/2,z+1/2; ]6 �x+3/2,�y+3/2,�z+1;

]7 �x+2,y,�z+3/2; ]8 x,y,z+1; ]9 x,�y+1,z+1/2; ]10 x�1/2,y�1/2; z

]11 �x+2,�y+1,�z+1; ]12 �x+3/2,y+1/2,�z+1/2; ]13 x+1/2,

�y+3/2,z�1/2.

Table 4

Anisotropic displacement parameters (ADP) (Å2?103)

U(11) U(22) U(33) U(23) U(13) U(12)

Nd(1) 8(1) 5(1) 8(1) 0 5(1) 0

W(1) 6(1) 5(1) 7(1) 1(1) 4(1) 0(1)

Rb(1) 13(1) 15(1) 13(1) 0 8(1) 0

O(1) 9(1) 4(1) 12(1) 0(1) 6(1) �1(1)

O(2) 13(1) 8(2) 12(1) 1(1) 9(1) 0(1)

O(3) 10(1) 13(2) 13(1) 1(1) 7(1) �2(1)

O(4) 12(1) 5(1) 11(1) 3(1) 6(1) 1(1)

Fig. 1. The unit cell with W and Nd polyhedrons.

Fig. 2. Thermal ellipsoids with probability factor equal to 99%.

M.T. Borowiec et al. / Physica B 371 (2006) 205–209 207
Schoenflies notation. The W1 cation occupies a general
position, although its y coordinate is very close to 1

2
. This

location influences thermal motions (Table 3) of this
atom—the off-diagonal anisotropic displacement para-
meters (ADP) are almost equal to zero, within the
experimental error (see U(23) and U(12) in Table 4).

The coordination figures of W, Nd and Rb cations are
shown in Figs. 1–3. There are three kinds of polyhedrons in
the RbNd(WO4)2 structure depending on the central
cation. These are octahedron, dodecahedron and icosahe-
dron around W, Nd and Rb ions, respectively (Fig. 3).
Because of the low symmetry of this structure, each
polyhedron is distorted. For the tungstate unit, there are
three short distances W–O (ca. 1.8 Å), two distances close
to 2 Å and one longer than 2.3 Å. So the octahedron is
elongated in one direction. The distances between both
neodymium and oxygen ions and Rb and O change from
2.37 to 2.72 Å and from 2.91 to 3.39 Å, respectively. Nd–O
and Rb–O polyhedrons form chains along the a+c axes,
whereas the tungstate octahedrons compose the layers
perpendicular to the b direction (Fig. 1).
4. Angular dependence of the Nd3+ EPR spectrum

The electronic configuration of the trivalent neodymium
ion is 4f3. The ground multiplet 4I9/2 is split by a double
tungstate crystal field into five Kramers doublets, on the
lowest of which microwave absorption is observed.
According to the measurements of the angular dependence
of the EPR spectrum in various crystalline planes two main
axes of the g-tensor (gmax ¼ gz and gmin ¼ gx) were
established to lie in the ac plane. The third main axis of
the g-tensor is parallel to the second-order axis C2 and
coincides with the crystallographic b-axis perpendicular to
ac plane. The EPR spectrum represents the superposition
of three lines of different intensity and width. The angular
dependence of the central line of the spectrum in the ac

plane is presented in Fig. 4 and it allows to find the
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Fig. 3. Nd, Rb and W polyhedra with marked distances to ligands.
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Fig. 4. The angular dependence of central line of EPR spectrum for the

RbNd(WO4)2 single crystal in the ac plane (the points are experimental

data, the solid line is the fitting curve obtained using the Hamiltonian (1)).
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Fig. 5. The experimental EPR spectrum for the RbNd(WO4)2 single

crystal for B:z as a function of temperature.
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directions of gmax and gmin (the main axes z and x; the z-
axis is perpendicular to the x-axis). The line positions in
magnetic field are strongly anisotropic and can be
described by spin-Hamiltonian with the effective spin S ¼ 1

2

Ĥ ¼ mBBgŜ, (1)

where mB is the Bohr magneton, Ŝ the spin operator, g the
g-tensor of the spectroscopic splitting, B the induction of
external magnetic field. The main values of g-tensor are:
gz ¼3:291� 0:005, gx ¼ 0:726� 0:005, gy ¼ 1:533� 0:005.
The gmin direction (x-axis) has a deviation of about 51 from
the crystallographic c-axis.
In accordance with crystallographic data, the nearest
rare-earth ions are located in chains directed along the a+c
direction. As it follows from elementary geometrical
calculations, the angle, which the z-axis forms with a chain
formed by the rare-earth ions is of about 9.61. The
determination of this angle is important for the estimation
of the spin–spin interaction between the neodymium ions.
5. The shape and width of EPR line

Fig. 5 presents the derivatives of the absorption line for
various temperatures at BJz. The absorption spectrum
observed has several peculiarities. At low temperatures
(To15K), the spectrum consists of the three lines of
different intensities. The spectrum becomes asymmetrical
with decreasing temperature, namely, the intensity of low-
field line is smaller than the intensity of high-field one. The
increase of the temperature causes a broadening of the
lines, the fine structure of spectrum disappears, and as a
result, a single wide symmetric line is observed. The further
increase of the temperature above 50K causes so strong
broadening of single line that it becomes not observable.
The temperature broadening is attributed to the strong
spin–phonon interaction, which is characteristic of the
unquenched orbital momentum systems (the rare-earth
ions excluding the Gd3+ ions).
In oxide crystals, in the case of a low concentration of

paramagnetic ions, the EPR line width usually does not
exceed several Gs. As the EPR line width of K(Y+0.1%
Dy3+)(WO4)2 is 0.7mT, the hyperfine structure of spec-
trum is distinctly observed [15]. In the case of low
concentration of the Nd3+ ions, a similar structure should
be observed because the neodymium nuclei have an odd
isotopes with nuclear spin of I ¼ 7=2 (143Nd ¼ 12.7%,
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145Nd ¼ 8.3%). The greatest contribution to the absorp-
tion intensity is expected to be given by the nuclei with even
isotopes. The increase of neodymium concentration leads
to an increase of the contribution of spin–spin interactions
(SSI) to the line widths, and as a result the diminishing of
the hyperfine structure is observed.

The analysis of the EPR spectrum of Dy3+ ion pairs in
KY(WO4)2 [16] has shown that the nearest ions located
along the chains have the highest energy of interaction,
approximately one order of magnitude, as compared with
far removed ions.

Two simplifying assumptions were made to estimate the
magnitude of SSI:
(1)
 The interaction occurs only along the Nd3+ ions chain.
In this case, the Hamiltonian describing the EPR
spectrum of Nd3+ ions in RbNd(WO4)2 can be
presented as a sum of contributions from all ions in
the chain:

Ĥ ¼ mBg
X

Ŝi þ
X

ŜiKŜiþ1, (2)

where the first term is the Zeeman interaction, the
second one is the spin–spin interaction,. Ŝi is the spin
operator of ith ion in the chain and K is the tensor of
the spin–spin interaction.
(2)
 Kzz is the most important component of the K-tensor,
and it is confirmed by the fact that gz is greater than gx

and gy. In this case, the calculated EPR spectrum of the
chain becomes considerably simpler and consists of
only three components [17]. In our experiments, we
have observed the similar picture. The distance between
the extreme lines in experimentally found triplet is
equal to 2Kzz (Fig. 5), where Kzz ¼+728� 10�4 cm�1.
The sign of Kzz is determined by the ratio of intensities
of the low- and high-field lines of the triplet.
The basic mechanisms determining the K-tensor are a
magnetic dipole–dipole interaction (MDD) and an iso-
tropic exchange interaction (Ex):

K ¼ KMDD þ KEx. (3)

The contribution of these mechanisms into K is
quadratic in g [18]:

KMDD
pq ¼

m2

r3
ðdpq � 3npnqÞgpgq, (4)

KEx
pq ¼

gpq

gJ

� �2

ðgJ � 1Þ2j, (5)

where r is the interionic distance; nk is the directional
cosines of the line connecting the ions; p and q are x, y, z; gJ

is the Lande factor and j is the constant of isotropic
exchange interaction.

Using Eq. (4), we have obtained that KMDD
zz ¼

�0:1987 cm�1 and KEx
zz ¼ þ0:2715 cm

�1. From Eq. (5), it
results that the value of isotropic exchange interaction of
j ¼ +0.025 cm�1 is 2.4 times less than the exchange
interaction for the dysprosium ions in similar crystal lattice
[16].
Thus, the analysis of EPR spectrum and estimation of

SSI allow to conclude that in the crystal investigated, the
exchange interaction exceeds the magnetic dipole–dipole
interaction and has an opposite sign. Such character of
spin–spin interactions should lead to an antiferromagnetic
ordering of RbNd(WO4)2 at low temperatures.
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