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Abstract. We report on the growth of a co-doped divalent-metal monotungstate crystal,
Yb*",Li":ZnWOs, its structure refinement, thermo-mechanical properties and polarized
Raman spectra. Yb** Li":ZnWOy crystals are grown by the Czochralski method using
Pt/Rh and Pt crucibles. The nature of crystal coloration is discussed and assigned to co-
lor centres based on oxygen vacancies as well as Fe?*(Fe*") species and, possibly, other
uncontrolled impurities of transition metal ions. Oxidizing annealing at 800 °C helps to
improve the transparency of Yb**,Li":ZnWO4 leading to a weak residual pink colora-
tion. Yb** Li":ZnWO4 was confirmed to be monoclinic (sp. gr. P2/c — C*:, No. 13)
with lattice constants a = 4.702(2) A, b=5.718(6) A, c =4.930(4) A and = 90.713(5)°.
The coefficients of linear thermal expansion are afioo) = 11.71, ajo10] = 9.90 and ajoo1; =
7.01 [10° K™']. The melting point of the crystal is at 1166 °C and no thermal effects are
found below the melting point. The Yb*",Li":ZnWO4 crystal shows intense and strongly
polarized Raman spectra with the most intense mode at 906.0 cm™! assigned to the W —
O stretching vibrations in the [WOs] octahedra. It is thus a promising gain medium for
laser emission at ~1 pm and for self-Raman frequency conversion.
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1. Introduction

The crystal family of monoclinic divalent-metal monotungstates M>*WOQ4 (where M =
Mg, Zn, Cd, etc.) is attracting a lot of attention in recent years for optical applications [1-5].
These compounds possess the so-called wolframite [(Fe,Mn)WO4] type structure belonging
monoclinic crystal class, sp. gr. P2/c [6]. The M**WOy4 crystals are ordered and exhibit a sin-
gle crystallographic site for the M?" cations with a VI-fold oxygen coordination (site sym-
metry: C2) [7]. Two promising examples of this crystal family are magnesium monotungstate
(MgWOs4, called huanzalaite in the natural mineral form) and zinc monotungstate (ZnWO4,
or sanmartinite).

Undoped M**WOy4 crystals and, in particular, MgWO4 and ZnWO4, are known as scin-
tillators [8-11]. ZnWO4 exhibits a relatively wide transmission range (for oxide crystals) of
0.3-5.5 pum, a broad bandgap (~4.5 eV) and an intense luminescence at ~480 nm with a rela-
tively high quantum yield comparable with that for CdAWO4 [10]. As a result, ZnWOy4 crys-
tals are promising for low-counting experiments to search for double beta (2B) decay, dark
matter and also to study rare alpha (o) and beta () decays [12,13]. From the point of view of
the thermo-mechanical properties, the MgWO4 and ZnWO4 crystals are also attractive be-
cause they possess weak anisotropy of thermal expansion [5], satisfactory thermal conductivi-
ty x [14,15] and attractive elastic properties. For example, the thermal conductivity of un-
doped ZnWO4 at room temperature along the crystallographic axes is x[ioo) = 4.76, x[o10] =
3.17 and ko017 = 4.54 Wm™ 'K [15].

Thanks to these attractive optical and thermal properties, the MgWO4 and ZnWO4
crystals were considered for doping with transition-metal (TM) and rare-earth (RE) ions with
the goal of laser operation. Up to now, laser operation was achieved with MgWO4 crystals
doped with Yb** (at ~1 pm) [3,16], Tm>" [17,18] and Ho>" [5] ions (both at ~2 pm), as well
as with ZnWO4 crystals doped with Yb** (at ~1 um) [19], Tm>" (at ~2 pm) [20] and Dy**
ions (at ~0.58 um) [21]. These studies revealed some advantageous spectroscopic properties
of RE**-doped M**WOQ4 crystals, such as large values and strong anisotropy of transition
cross-sections with polarized light, relatively high Stark splitting of the ground states of
RE**-dopants, as well as inhomogeneous broadening of the spectral bands. These features
originate from the low-symmetry of the RE*" site (the dopant ions replace for the M?* host-
forming cations) and the difference in the ionic radius and valence state of the dopant and the
host-forming cations leading to distortion of the local crystal field [22]. A key role of the
charge compensation mechanism, presumably involving monovalent alkali-metal cations
(e.g., Na' from the flux in the case of MgWOQ4) for the spectroscopic properties of the crys-
tals was also suggested [5,22].

The Yb**:MgWOy4 crystals for 1-um lasers were grown by the Top Seeded Growth
(TSSG) method (from the flux) [3]. Polarized optical spectroscopy and highly-efficient laser
operation were reported in [16]. Unlike MgWOs, its zinc counterpart melts congruently at
1188 °C [23] without any polymorphic phase transitions below the melting point, and thus
large ZnWOy4 crystals can be easily grown from melt by the conventional Czochralski (Cz)



method [24-26]. Yang reported on the Cz growth of Yb*":ZnWO4 and briefly on its spectro-
scopic characterization and first laser operation [19].

Despite the growth of undoped ZnWOy4 crystals is well documented [24,26], the infor-
mation about the growth, coloration, doping mechanism, and structure of Yb**-doped crystals
is scarce. Moreover, the use of charge compensators for Yb**-doped ZnWO4 was not studied
so far. On the other hand, it is known from the early studies that the ZnWO4 crystals may ex-
hibit a notable coloration (ranging from almost colorless to pink and black) affecting their
optical properties [24,27,28]. It is clear that the color centers and defects may also play a key
role in preventing the desired laser operation in Yb**-doped ZnWO4 crystals. In the present
work, we report, for the first time, to the best of our knowledge, on Cz growth of Yb*',Li'-
co-doped ZnWOy4 crystals, as well as on a detailed study of the nature of their coloration and
the ways of removing them, Yb*" doping, structure refinement, thermal expansion and polar-
ized Raman spectra. The parallel paper [29] is dedicated to the polarization-resolved spec-
troscopy of Yb*" ions and first laser operation.

To ensure the charge compensation (the Yb*" ions replace for the Zn** ones, so that the
doping is heterovalent), the crystals were co-doped with monovalent lithium cations (Li").
The use of monovalent alkali-metal cations in crystals with a heterovalent doping is well
documented [30,31].

2. Experimental

2.1. Equipment for the crystal growth

Yb** Li*:ZnWO4 single crystals were grown by the Cz method at the “Kristall-2” (for-
mer USSR) industrial growth facility at Prokhorov General Physics Institute. The growth was
performed in air in Pt/Rh or Pt crucibles with a diameter of 30 mm and a height of 30 mm.
The pulling rate was 1 mm/h and the rotation speed was 6 rpm. The first undoped single-
crystal was obtained by spontaneous nucleation on an Ir wire, so that the growth direction
was spontaneous. The seeds for the following growth runs of co-doped crystals were cut from
this crystal parallel to the crystallographic plane (010). It is the easiest cleavage plane of
ZnWOy4. After completing the growth process and separating the crystal from the melt, it was
slowly cooled (at a rate of 8 K/h) down to room temperature (RT) in order to avoid cracking.

To prepare the charge for the crystal growth, we used the following reagents: WO3,
ZnO, Li,CO3 (as a source of Li* ions) and Yb2Os3 (source of Yb** ions). WO3 and ZnO were
weighted according to the molar ratio 1:1 with an accuracy of £0.01 g. The amounts of Yb**
and Li* dopant ions were calculated assuming the substitution of the equimolar amounts of
Zn*" in the crystal. In particular, we prepared charge compositions with 5 at.% Yb*', 5 at.%
Li* and 3 at.% Yb*", 3 at.% Li", as well as the charge for the undoped ZnWO4 crystal. The
chemicals were dried at 700 °C before weighting. The weighted amounts of the chemicals
were thoroughly mixed and the obtained mixtures were calcined at 700 °C for 5 h to perform
a solid phase synthesis of the compound in order to avoid selective evaporation of individual
components of the mixture during melting.

We have used WO3 from two different batches of the same supplier (Lankhit, Ltd.,
Russia). The batches (labeled as WO3 #1 and #2) had a supplier-specified purity of 4N and



5N, respectively. ZnO reagent from two suppliers was used. The first one (ZnO #1) was Ro-
anal, Hungary (the purity was not explicitly specified by the supplier). The second source
(ZnO #2) was the reagent with a composition of 2ZnCO3 x 3Zn(OH)> x H»O (old stock from
Krasnyi Khimik, former USSR), with a specified purity of “OSCh 14-2” (4N). This powder
was calcined at 900 °C for 10 h before usage. According to the X-ray powder diffraction
(XRD) analysis (Siemens D-5000 equipment) and weighting before and after the calcination,
the calcined powder contained solely the ZnO phase (within the precision limits of these
methods).

The only source of Yb** ions in our experiments was Yb203 (YbO-D, Industry Branch
Standard 48-206-81, old stock — p/b M-5649, former USSR, purity: 4N). The source of Li"
ions was Li2CO3, again from Krasnyi Khimik with a specified purity of “OSCh 20-2” (4N).
LiCO3 was added to the crystal compositions for charge compensation of heterovalent Yb**
entering the Zn?" sub-lattice.

The additional post-growth annealing was performed for color elimination in a vertical
cylindrical furnace with Kanthal AF heater. The boules were annealed for 24 h at 800 °C. The
heating and cooling was at a rate of 40 K/h to avoid thermal shocks.

2.2 Crystal characterization

The actual Yb>" concentration Nyp in the crystals was measured by the microprobe
analysis using a Cameca Camebax SX-100 analyzer. The impurity composition of the crys-
tals was also analyzed by the spark-source mass-spectrometry (SSMS) using a JEOL JMS-
01-BM2 mass-spectrometer.

Differential thermal analysis (DTA) experiment was carried out on a MOM Q-1500 D
derivatograph. A Pt-Rh thermocouple and a Pt crucible were used. The heating and cooling
rates were 15 °C/min. The sample weight was 350-400 mg. The accuracy for temperature
measurement was about +5 °C.

The structural characterization of the Yb** Li:ZnWO4 crystals was performed by X-
ray powder diffraction. The measurements were carried out in a 0 - 6 Bragg Brentano config-
uration using a Siemens D-5000 powder X-ray diffractometer with Cu Ka (1.5406 A) radia-
tion. For structure identification, the XRD pattern was recorded in a 26 range from 10° to
70°, a step size of 0.02° and a step time of 16 s. For the structure refinement, the XRD pattern
was recorded over a broad range of diffraction angles 26 = 14.5-120° in three subranges: (a)
14.5° to 60° (step size: 0.02°, step time: 16 s), (b) 60° to 92° (step size: 0.02°, step time: 23 s),
(c) and 92° to 120° (step size: 0.02°, step time: 32 s). For the Rietveld refinement, the merged
diffractogram was converted to counts per second. For temperature dependent (303 - 773 K)
XRD studies, we used the same diffractometer with a temperature chamber (HTK10). A heat-
ing rate of 0.17 K/s was applied, with a delay of 300 s before each measurement. The 26 an-
gle varied from 10° to 70° with a step size of 0.03° and a step time of 5 s.

In order to study the coloration of crystals, we measured their unpolarized RT absorp-
tion spectra in the wavelength range of 0.3-2.0 um using a Varian Cary 5000 spectrophotom-
eter.



The Raman spectra were measured with polarized light using a Renishaw inVia Raman
microscope with a x50 objective. The excitation wavelength was 514 nm (Ar" laser) and the
spectral resolution was ~1 cm™'. The sample for Raman studies was oriented by means of sin-
gle-crystal XRD.

3. Crystal growth

3.1. Growth of single-crystals

As noted above, the growth direction for the first undoped crystal was spontaneous,
whereas the growth direction of all the following samples was lying in the (010) crystallo-
graphic plane. A clear trend for natural faceting and cleavage along the (010) plane was ob-
served in all the grown crystals, Fig. 1(a). The faceting and cleavage along other crystallo-
graphic planes was less pronounced. The cross-section of the boules had a shape essentially
strangulated along the [010] direction, Fig. 1(b,c), as compared to the round one being com-
mon for the Cz method. This behavior is assigned to considerably lower thermal conductivity
of ZnWOQy4 along this direction [15].

Using the single-crystalline seeds fabricated from undoped ZnWOy crystal, first, 5 at.%
Yb**, 5 at.% Li': and 3 at.% Yb**, 3 at.% Li":ZnWOj4 crystals (nominal compositions) were
grown using the available Pt/Rh crucibles. The crystals had a deep black coloration, Fig. 1(a),
almost independent of the WO3 and ZnO batches used. In very thin layers, the crystals were
transparent with deep red or brown color. The reasons for this coloration and the ways for its
elimination are discussed in Section 3.2. Higher Yb*" content increased the tendency for
cracking of the grown crystal boules along the (010) cleavage plane. Note that a crack-free
nominally pure (undoped) ZnWOy4 crystal has been easily grown using the same procedure.

Later on, we grew several Yb*" Li*-co-doped crystals using Pt crucibles (without Rh).
The shape and the cracking behavior of the crystals was similar to those obtained using the
Pt/Rh crucibles. However, the coloration of these samples was different, Fig. 1(d). Even thick
(~1 cm) crystal plates were transparent and slightly red-brown colored.

The actual Yb>" doping concentration (in the crystal) Ny, was measured by the micro-
probe method for the crystal with a nominal composition of 3 at.% Yb**, 3 at.% Li":ZnWOu.
It amounted to 2.0+0.7x10%° cm™ (~1.4 at.% Yb), so that the Yb*" segregation coefficient be-
tween the crystal and the melt in the presence of Li" charge compensator was evaluated by
the equation Kyb = Kerystal/Kmelt to be 0.45+0.16.

The study of the same crystal by the SSMS method yielded the value of 0.54x10%° ¢m™
(Kyb > 0.12) which is however close to the upper detection limit of the method (about 2000
ppm) and thus it can be considered only as a lower-limit estimate. For the Li* ions, the SSMS
analysis gave 20 ppm, or, equivalently, Nii = 0.13x10?° cm™ (0.09 at.% Li). Thus, the actual
amount of Li" is essentially lower than that of Yb*" and charge compensation is in part main-
tained by other ways, probably, by zinc vacancies.

In Fig. 2, we plotted the dopant segregation coefficients Kp for several TM (Ni, Fe)
[32,33] and RE (Yb, Tm, Er, Ho, Dy) [19-21,34-36] ions in ZnWOQO4. The Kp values show a
clear dependence on the dopant ionic radius Rp for VI-fold oxygen coordination [37] (assum-
ing substitution of the Zn** cations). This dependence is close to Kp o« -(Rp - Rzn)? in ac-



cordance with well-known Onuma’s principle [38]. According to previous studies by induc-
tively coupled plasma atomic emission spectrometry (ICP-AES) performed for a series of
RE**-doped ZnWO4 crystals grown without charge compensators [19,20,34-36], Kre = 0.10-
0.30, depending on the cation size and, in particular, Kyy, = 0.30 [19]. This value agrees with
our observations within the specified error. The residual difference may originate from the
use of the Li" charge compensator.

Previously, for the isostructural Yb** :MgWOy4 crystal grown by the TSSG method, the
Yb** segregation coefficient between the crystal and the used high-temperature solution Kyp
was determined to be 0.13 using ICP-AES [3]. However, in that case, no charge compensa-
tors were intentionally added (only some Na' cations might have entered from the melt, as
Na,WO4 was used as a solvent for the crystal growth [5]).

3.2. Crystal coloration

The unpolarized absorption spectra of Yb**,Li":ZnWOQ4 crystals grown using different
combinations of ZnO and WO3 batches in Pt/Rh crucibles are presented in Fig. 3. Here and
below, the crystal plates were oriented with their surfaces along the (010) cleavage plane. For
all the crystals, absorption related to the 2F72 — 2Fs» Yb®' transition is observed at ~1 um.
Besides, intense and broad absorption bands in the visible and near-IR occur. The variation of
the ZnO / WO3 batches leads to a change both in the intensity and position of local maxima
of these bands. This effect is more sensitive to the kind of the WO3 batch. The crystal ob-
tained using the WO3 (#1) reagent with 4N purity had a super-intense absorption in the visi-
ble (at ~500 nm, absorption coefficient aaps >100 cm™') making it completely black. Besides
that, it had an additional band in the near-IR (at ~1.36 um). The use of the WO3 (#2) reagent
with SN-purity greatly reduced this absorption yielding a different spectrum. Depending on
the ZnO batch, the resolved absorption peaks were at 450 nm (for both batches), at 545 nm
(atabs = 25 ecm’!, for ZnO #1) or 520 and 600 nm (aabs ~ 18 cm’!, for ZnO #2). Note that the
Yb** band remained unchanged for all the studied crystals.

Uncontrolled impurities. The study of the impurity composition of the grown crystals
by SSMS reveals that the main spectroscopically active uncontrolled impurities in all the
crystals are the 3d transition-metal (TM) ions of the iron group: Fe, Mn, Ni, Cr and Cu. The
content of each of these ions in the crystals exceeded 2 ppm. Their presence is facilitated by
the fact that FeWO4, MnWO4, NiWOs, efc., crystallize with the same structure as ZnWO4
and form isostructural series with it. In particular, the crystal grown using WO3 #1 contained
a lot of Fe (200 ppm) and Ni (20 ppm), see Table 1, as compared to crystals grown with WO3
#2. On the contrary, the use of the WO3; #2 reagent led to a higher content of Cu (20 ppm).
The concentrations of Cr and Mn were comparable in both cases, ~6-10 ppm. One should al-
so note the essential amount of Rh in both crystals, 40-80 ppm. Obviously, the used Pt/Rh
crucible is the source of this impurity.

Annealing. Relatively thick (thickness # = 3.6 mm) crystalline plates cut from the 5 at.%
Yb**, 5 at.% Li*:ZnWOj4 crystal (nominal composition) grown from the Pt/Rh crucible using
WO3 #2 and ZnO #1 were annealed in air at 800 °C for 3 weeks. After annealing, the crystal-
line plates changed their coloration from black to brownish-red, as shown at the inset of



Fig. 4(a). The comparison of the absorption spectra before and after annealing, Fig. 4(a), in-
dicates that the intensity of the broad absorption band in the visible (centered at ~545 nm) is
drastically reduced after this treatment. The calculated differential absorption spectrum (Aaabs
= Olas-grown — Olannealed ) 1S Similar to that of black-colored scheelite-like double molybdate crys-
tals grown in oxygen-deficient atmospheres [39-41]. It contains an intense band spanning
from 0.5 to 1 um and centered at ~580 nm (Aaabs = 21 cm™). In [39-41], a similar absorption
band was assigned to F-centers (free electrons localized at oxygen vacancies). After anneal-
ing, the absorption spectrum contains two distinct peaks at ~440 and ~530 nm (tabs ~8-9 cm’
.

For comparison, we also studied an undoped ZnWO4 crystal grown in a Pt/Rh crucible
with the use of WO3 #2 and ZnO #2 reagents. The absorption spectra of the crystal plate (z =
0.7 mm) before and after the annealing at 800 °C for 3 weeks (the same regime as applied
above), see Fig. 4(b), were similar to those shown in Fig. 4(a) except for the lack of Yb*" ab-
sorption at ~1 um. The intensity of the bands at ~430 and 520 nm was redistributed and their
peak wavelengths slightly shifted. This indicates a possible indirect effect of Yb** ions on the
nature of these optical centers, probably via the alteration of the local multi-ligands.

In Fig. 4(c), we compare two samples of different thickness (# = 0.9 mm and 3.6 mm)
cut from the same sample grown using the ZnO (#1) and WO3 (#2) reagents. Accordingly,
different duration of the oxidizing annealing was needed: 24 h and 3 weeks, respectively. Af-
ter this time, no noticeable change in the absorption spectrum was detected. The spectra are
very similar and the peak absorption at ~520-530 nm (cabs ~8 cm™') is nearly the same.

Crucible composition. Finally, we studied the influence of the crucible composition on
the crystal coloration. We grew a 5 at.% Yb**, 5 at.% Li":ZnWO4 crystal (nominal composi-
tion) from a rhodium free Pt crucible with the use of the WO3 #2 and ZnO #1 batches. Unlike
all the previous samples grown from the Pt/Rh crucible, this crystal appeared to be transpar-
ent with only light pink-brown coloration (even without oxidizing annealing), Fig. 1(d). A
similar coloration of undoped ZnWOs is presented in [42]. The absorption spectrum of the
as-grown crystal is shown in Fig. 5. In the spectrum, a weak and broad band centered at ~450
nm (ctabs ~1.8 cm™') is present.

For the Yb*",Li":ZnWO4 crystals grown using the Pt/Rh crucibles, the UV absorption
edge Auv is at ~380 nm (after the oxidizing annealing). For the crystals grown from a Pt cru-
cible, it is shorter, Auv ~340 nm, corresponding to an optical bandgap of 3.65 eV. The elec-
tronic structure of ZnWO4 was studied in [43] revealing that it is a direct bandgap material
with the minimum of the conduction band and the maximum of the valence band at the same
Y point of the Brillouin zone (calculated £, ~4.65 eV). Experimental optical studies of un-
doped ZnWOy4 gave the E,; value of 3.9-4.4 eV [44]. Thus, the observed difference in the po-
sition of the UV absorption edge may be associated with some local optical centers (see Sec-
tion 3.3).

3.3. Discussion



The coloration of Yb**-doped ZnWO4 crystals is a relevant issue because it may affect
their laser performance. Let us discuss existing literature on the topic (mostly, for nominally
pure (undoped) ZnWOy4 crystals) and interpret the findings of the present work.

The growth of undoped ZnWO4 crystals by the Cz method is known for many years.
One of the first reports devoted to this crystal is the paper by O’Hara [45]. It was revealed
that the use of Rh crucibles (unlike Pt ones) gave rise to black melts and opaque crystals.
However, neither absorption spectra, nor any discussion about the reasons of black coloration
nor attempts to eliminate it by oxidizing annealing are given in this paper. Nagornaya et al.
reported on the Cz growth of large and transparent ZnWO4 crystals from Pt crucibles [25].
The authors annealed the as-grown boules at 800-1000 °C in oxygen leading to a change of
the crystal coloration from brownish to slightly pink-violet without giving details. Galashov
et al. reported on further improvement of the quality of undoped ZnWOy4 crystals [26]. The
authors used for the growth performed in Pt crucibles high-purity reagents (a home-made
WO3 and commercial ZnO with concentration of impurity TM ions down to 1 ppm). In [26],
the transmission spectra of ZnWO4 before and after annealing were presented without giving
many details. Despite the excellent purity of the starting growth charge, the as-grown crystals
exhibited weak absorption at ~500 nm (aabs ~ 0.10 cm™). The discussion about the nature of
residual coloration is absent in this paper. A systematic study of the optical absorption of
ZnWOy4 crystals with various coloration was performed by Limarenko et al. [28]: from al-
most colorless to pink, dark pink and yellow. The authors discussed such aspects as the pos-
sible assignment of the observed absorption bands to different optical active centers (mainly,
iron ions), the influence of the crystal annealing in different atmospheres on its residual col-
oration and the effect of various decolorating agents (Sb, Bi, Ag, efc.) onto such a coloration.

There also exist studies of ZnWO4 in which the colorating and decolorating impacts of
various impurities were studied by a deliberate doping of the crystal by such impurities. One
clear example is iron doping. The segregation coefficient of iron (Fe) in ZnWOy is close to
unity [33] and, as a result, it is easily introduced in the crystal in its both valent forms (Fe**
and Fe**). FeWOu4 crystallizes with the same structure as zinc oxide and forms a solid solu-
tion with it. Both ions substitute for the Zn?" ones in the lattice. F6ldvari et al. studied Fe-
doped ZnWOy4 crystals [46]. The absorption at ~460 and 350 nm was assigned to Fe’" and
Fe** species, respectively. Watterich et al. have also assigned the absorption of ZnWOj4 crys-
tals at ~460 nm to the divalent iron, Fe?" [27,33]. Therefore, one of the absorption peaks re-
vealed in our crystals (around 430-440 nm) can be assigned to Fe** impurity. Bencs et al. dis-
cussed the possible ways to remove the coloration of ZnWO4 induced by Fe?" and Cr** impu-
rity ions, i.e., by (i) applying an electric field during growth, (ii) using a subsequent oxidizing
treatment, (iii) adding decoloration agents (e.g., Sb>") to the melt or (iv) using chemical puri-
fication of the starting materials [47]. Kornylo ef al. investigated Fe,Li-co-doped ZnWO4
[48]. This study reported on a reduction in the crystal coloration owing to the Li" codoping,
as highlighted by the decrease of the absorption at ~460 nm due to the Fe** — Fe** transfor-
mation. The same effect was also assumed in [27]. Therefore, it can be suggested that in our
case, besides acting as a charge compensator, the addition of Li" into the ZnWO4 crystals
may be in part responsible for the reduced absorption at 430-440 nm. Another impurity ion,



which was proposed as a source of ZnWO4 coloration is trivalent chromium. In particular,
Cr** was considered as the main source of pinkish coloration of undoped ZnWOj4 crystals in
[27].

The point defects in ZnWQO4 and their effect on the crystal coloration have also been
studied. In particular, in the papers [27,33], the crystals still presented slight pink coloration
with an optical absorption at ~510 nm after removing Fe**. Oxygen vacancies, OH™ groups, or
W>* ions were proposed as possible sources of this absorption in [33] although they were
ruled out in [27]. As a result, Cr’" was suggested as the possible source of pinkish coloration
of undoped crystals. The electron spin resonance studies of ZnWOQ4 crystals revealed impuri-
ty centers with small concentrations (few ppm) such as Cr*", Mn?", Fe**, Co*", Cu**, Rh** and
Pt** [33]. The latter two ions may enter into the crystal from the crucible material (Pt or Rh),
while the TM ions are associated with the growth charge as impurities from the reagents. In
the presence of Li" as a charge compensator, as mentioned above, divalent iron is suppressed
at the expense of raising the amount of Fe**, and, moreover, Cr*" impurity ions may be pro-
moted to enter the lattice. Thus, the pink coloration of Li"-doped ZnWO4 was assigned in
[27,28] to Cr**. Wang et al. reported on the growth of both clear and colored ZnWOj4 crystals
[49]. In the latter case, two bands in the excitation spectra centered at ~496 and 520 nm were
observed. The corresponding emission was assigned to defects. It was pointed out that an-
nealing of the colored crystals in oxygen atmosphere can remove their coloration, as ex-
pressed by the disappearance of the absorption in the visible.

Thus, the problem of coloration of undoped ZnWOy4 crystals is well-known and it can
be eliminated to a great extent by (i) using specially purified WO3 and ZnO reagents, (ii) ap-
plying annealing in oxygen atmosphere and (iii) introducing decolorating agents. However,
the influence of the crucible composition (in particular, the role of Rh) has been barely stud-
ied. Moreover, such analysis has never been performed for Yb**-doped crystals.

The information about the coloration and defects of RE-doped ZnWO4 crystals is
scarce. There is a series of studies dedicated to the growth and characterization of ZnWOQO4
crystals with various RE** dopants (RE = Yb, Er, Tm, Ho, Dy) [19,20,34-36], however, with-
out giving details about their coloration. Nevertheless, in the absorption spectra of
Ho*":ZnWO4 given in [36], a strong absorption band in the visible, at ~500 nm (ctabs ~5 cm™)
is shown. Kowalski ef al. reported on the growth of undoped, Ca**-doped and Ca*",Eu**-co-
doped ZnWOy crystals [50]. Particularly in the latter case, a dark internal part of the grown
boule was detected indicating the effect of the RE*" ions.

Taking into account the literature data and our results, we can assume that for the as-
grown crystals obtained using relatively pure reagents (e.g., ZnO #1 and WO3 #2) and Pt/Rh
crucibles, there are probably two main sources of absorption in the visible, namely (i) the iron
ions (the band from Fe** at ~350 nm, manifested by the red-shift of the UV absorption edge,
and the band from Fe?" at ~450 nm) and (ii) the F-centers based on free electrons localized at
oxygen vacancies (the broad band centered at ~580 nm spanning into the near-IR). The latter
defects result from a partial reduction of the crystal composition that leads to losing a part of
oxygen. Moreover, it is obvious that rhodium from the crucible acts as a catalyst for such a
reduction. Rhodium (like all other metals of platinum group) is well-known to have a strong



catalytic activity in respect to many redox chemical reactions, which is widely used in chemi-
cal industry. Note that in [51], the coloration of oxide crystals with oxygen vacancies was
assigned to small polarons rather than F-centers while there is no evidence of such assign-
ment for tungstate crystals.

A combination of the above mentioned optical centers leads to black coloration of the
as-grown crystals. The oxidizing annealing removes the oxygen vacancies and reduces the
amount of the Fe?" species simultaneously giving rise to the Fe*" ones. As a result, the an-
nealed crystalline samples are pinkish. This color is determined by the residual Fe*" species
(the band at ~440-450 nm) and by the band at ~520-530 nm the nature of which is still un-
known. This band cannot be assigned to Cr** (see [27,28]) due to the following reasons: (i)
the absorption spectra of ZnWO4 crystals intentionally doped by chromium revealed two al-
most equal in intensity absorption bands at ~520 and 700 nm and the latter one is not ob-
served in our case, and (i1) the absorption cross-section obtained by dividing the peak absorp-
tion coefficient at ~520 nm by the actual Cr*" concentration in our crystals (see Section 3.2)
is by order of magnitude higher than the values commonly accepted for parity forbidden *A,
— “T vibronic transition of Cr**. In addition, it seems that the use of the Pt crucibles (instead
of the Pt/Rh ones) somehow diminishes the concentration of TM ion-related defects (for the
same composition of the growth charge).

4. Crystal structure

4.1. Differential thermal analysis

The DTA curves for the 5 at.% Yb**, 5 at.% Li*:ZnWO4 crystal (nominal composition)
corresponding to sample heating and cooling are shown in Fig. 6. One can see just one strong
and reversible endothermic (at heating) and exothermic (at cooling) effect, which, certainly,
corresponds to the congruent melting of the compound. The starting temperature of melting
and that of crystallization well correspond to each other at 1166 °C, in contrast to the DTA
curve for undoped ZnWO4 given in [42], where these two temperatures differed by more than
30 °C. The determined melting point for 5 at.% Yb*>", 5 at.% Li":ZnWO4 is by 22 °C lower as
compared with the data given for the undoped crystal [23]. Lowering of the melting point of a
crystal with introduction of impurities into its composition is a usual situation. The absence
of any additional thermal effects reflects the absence of polymorphic phase transformations
of the 1 type below the melting point.

4.2. Structure refinement

The crystal structure and the phase purity of the crystals were confirmed using XRD.
The RT XRD pattern of the 5 at.% Yb>", 5 at.% Li*:ZnWO4 crystal (nominal composition) is
shown in Fig. 7. The crystal composition of Znoss Ybo.o1sLio0oisWO4 was assumed. The ac-
tual concentration of Yb (1.8 at.%) was determined by the micro-probe analysis and an equal
atomic fraction of Yb and Li was considered. The relative intensity and position of the dif-
fraction peaks of the sample agree well with the JCPDS (Joint Committee on Powder Diffrac-
tion Standards) card #96-210-1676 for undoped ZnWO4. No other phases except the mono-
clinic one are found. All this indicates that the sample is of single-phase nature. The XRD

10



pattern measured for a broader range of diffraction angles 26 of 14.5-120° was refined by the
Rietveld method using the FULLPROF package; the calculated pattern showed a good
matching with the experimental one, Fig. 8. The crystal structure of undoped ZnWO4 [52]
was taken as the starting model for the Rietveld refinement.

Yb** Li*:ZnWO4 is monoclinic belonging to the space group P2/c — C*xn, No. 13 and
the centrosymmetric point group 2/m. The lattice constants are a = 4.702(2) A, b = 5.718(6)
A, ¢ =4.930(4) A, the unit cell volume Veae = 132.571 A3, the monoclinic angle f = a’c =
90.713(5)° and the theoretical crystal density peaic = 7.553 g/cm? (the number of the formula
units Z = 2). The R-factors were Rwp = 11.6 and R, = 8.11 (the reduced chi-squared value y*
= (Rwp/Rexp)* = 7.03 and the Bragg factor Ry = 0.89), cf. Table 2. The obtained fractional
atomic coordinates are listed in Table 3.

The determined lattice constants are slightly higher than those for an undoped ZnWO4
crystal (a = 4.69263(5) A, b=5.72129(7) A, ¢ = 4.92805(5) A and p = 90.6321(9)°) [7], see
also Table 4. The higher precision in the reported lattice constants for undoped ZnWOy is
explained by the use of neutron diffraction in [7].

The Yb** ions in ZnWO4 are expected to replace the Zn** cations. The charge compen-
sation is partially maintained by Li" cations and the excessive charge difference originating
from the remaining Yb>" ions is most likely compensated by cationic (probably, zinc) vacan-
cies (see Section 3.1). There is a single crystallographic site for Zn>" in the structure of
ZnWO4 (Wyckoff symbol: 2e, symmetry: Cz). The Zn?" cations are located in the [ZnOs]
octahedra and, consequently, they are VI-fold oxygen-coordinated. The ionic radii of the cat-
ions involved in the doping process are 0.868 A (Yb*"), 0.74 A (Zn**) and 0.76 A (Li") [37],
so that an increase of the unit-cell volume is expected. The significant difference of the ionic
radii of Zn**, Yb*" and Li", as well as the difference of their valence are expected to result in
inhomogeneous broadening of the absorption and luminescence spectral bands of Yb*" ions.

The structure of Yb** Li*-doped ZnWOQ4 is shown in Fig. 9 according to the atomic co-
ordinates determined by the Rietveld refinement. The metal — oxygen (M — O) interatomic
distances in the [WO¢] and [(Zn|Yb|L1)Os] polyhedra determined by the analysis of the cif
file by VESTA software are listed in Table 5. W®" is bonded to six oxygen ions O* forming
distorted [WOs] octahedra that share corners with eight equivalent [(Zn|Yb|L1)Os] octahedra,
and edges with two equivalent [WOs] octahedra as shown in projection on the crystallo-
graphic plane b-c. The W — O bond lengths are in the range 1.752(2) — 2.166(4) A, see
Fig. 10(a). Zn*"|Yb**|Li" is bonded to six oxygen cations O* to form [(Zn|Yb|Li)Os] octahe-
dra which, in their turn, share corners with eight equivalent [WOg] octahedra and edges with
two equivalent [(Zn|Yb|Li)Os] ones. There are two shorter (1.981(0) A), two intermediate
(2.032(9) A) and two longer (2.319(5) A) Zn—O bond lengths, Fig. 10(b).

As a result, the structure of Yb** Li*:ZnWOy is a chain structure determined by zig-zag
chains formed by edge-sharing [(Zn|YDb|Li1)O¢] octahedra or edge-sharing [WOs] octahedra
running parallel to the c-axis. Each chain formed by [(Zn|Yb|Li)O¢] is corner-linked to four
chains formed by [WOs]. Thus, the structure contains open channels also going parallel to the
c-axis. The shortest distance Zn|Yb-Zn|Yb observed in Yb**,Li":ZnWO4 is 3.269(6) A along
the vector [u v w] =[0-0.3756 0.5].
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Besides, it is clear from Fig. 9(b) that the structure of ZnWO4 contains [WOg] layers
bonded to each other by Zn?" ions only. These ions are not very strong bonders and the break-
ing energy of the [O-Zn-O] chemical bond (which is predominantly ionic) is not very high.
Therefore, the existence of very well expressed cleavage plane in this crystal is easily ex-
plainable. Moreover, when the crystal is doped with Yb>" ions with not enough amount of the
charge compensator (that is somehow valid in our case), a substantial concentration of zinc
vacancies may appear. It should additionally weaken the bonds between the neighboring
[WOs] layers in the crystal structure leading to enhanced cleavage ability. This phenomenon
occurred in the Yb**,Li*-co-doped ZnWOy4 crystals grown in the present work. An increase of
the crystal cracking was observed previously for CdAWO4 crystals [42] which are isostructural
to ZnWOy4 in the case of Cd*" deficiency. Thus, optimization of charge compensation during
the crystal growth will probably help to reduce the cracking of Yb**-doped ZnWO4 crystals
in further studies.

4.3. Thermal expansion
The unit-cell parameters as a function of temperature 7 were refined with the
FULLPROF program. The relative evolution of the parameters L = a, b, ¢ and c* = cXxcos(f-
90°) with respect to their values at 303 K (L3o3k), Fig. 11, was used to determine the compo-
nents of the linear thermal expansion tensor, a = (AL/L3o3k)/AT, in the crystallophysical
frame with the mutually orthogonal axes (i.e., X1 || @, X2 || b and X3 || ¢*). All the unit-cell
parameters increase nearly linearly with temperature indicating a positive thermal expansion.
The monoclinic angle g slightly increases with 7.
The linear thermal expansion tensor in the crystallophysical frame is:
11.710 0 -0.006
a;=| 0 9901 0 |x10°K™.
-0.006 0 7.009

The non-diagonal 13 = a31 elements are very small and the tensor is quasi-diagonal. The eig-
en-frame of this tensor in which it takes the diagonal form is very close to the crystallophysi-
cal one, X'1 || a, X'2 || b and X'3 || ¢*, see Fig. 12.

The eigen-values of the thermal expansion tensor of Yb*",Li*:ZnWO4 are a'11 = aa =
11.71x10° K, a2 = o = 9.90x10° K" and a'33 = aicx = 7.01x10°° K. Thus, the anisotropy
of the thermal expansion is relatively weak, as expressed by the ratios a'11 : a33 = 1.67 and
a'2 @ a'33 = 1.41. The coefficient of the volumetric thermal expansion avol = 11 + a'22 + a'33
=28.62x10° K",

In Table 6, we compare the thermal expansion coefficients for various M**WOy4 crys-
tals reported so far [4,5,14,53]. Our results are close to previously reported values for a
Ho**:MgWOj crystal, o = 11.22x10° K!, ap = 8.09x10° K! and a. = 8.77x10° K [5].

5. Raman spectra

The polarized RT Raman spectra of the 5 at.% Yb*", 5 at.% Li*:ZnWOj4 crystal (nomi-
nal composition) are shown in Fig. 13. The measurements were carried out using a rectangu-
lar sample cut in the crystallophysical frame {a, b, c*}. For simplicity, we will designate c*
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as ¢ due to the closeness of the monoclinic angle to the right angle, within the accuracy of the
sample orientation. The Porto’s notations for Raman spectroscopy, m(nk) , are used, where m

and / are the directions of propagation of the incident and scattered light, and » and k are the
corresponding polarization states [54]. We studied all three principal crystal cuts: a-cut, b-cut
and c-cut.

The primitive cell of ZnWO4 contains two formula units (Z = 2). The factor group
analysis predicts a total of 36 degrees of freedom for 12 atoms in each primitive cell. The cor-
responding irreducible representations at the center of the Brillouin zone I' (k = 0) are 8A¢ +
10B; + 8Ay + 10Bu of which the even (gerade, g) vibrations are Raman-active and the others
are IR-active [55]. Thus, 18 Raman modes (8Ay + 10Bg) are possible. We observed 17
modes out of 18 possible ones (except for the low-frequency one at <100 cm™'). The modes
are labeled in Fig. 13 and their peak frequencies and symmetries (A or By) are listed in Ta-
ble 7. Here, the assignment is according to [56,57].

Monotungstates are well-known Raman-active materials. One prominent example is
CaWOs, having a tetragonal (scheelite-type) structure (sp. gr. [41/a). For this material, the
Raman spectra can be divided into two sets of frequencies at 0-409 cm™! and 797-912 cm™,
showing a characteristic “gap” at intermediate frequencies. This “gap” is related to tightly
bound atoms in the [WO4]* molecular group with internal vibrations generally occurring at
higher frequencies. In contrast, the external vibrations due to the loosely bound Ca** and
[WO4]* occur at lower frequencies. Such a behavior is not observed in ZnWO4 due to the
closeness of two tungstate groups [WO4] corresponding to the octahedra [WOs]. It is only
possible to attribute the high-frequency modes at 707 cm™ (A) and 785 cm™ (B,) (both as-
signed as v2) and at 906 cm™ (A,) (assigned as v1) to internal (stretching) vibrations of the W
— O atoms in the [WO¢] octahedra [55,56].

The Raman spectra are strongly polarized. The most intense band in the spectra is
found at 906.0 cm™. Its full width at half maximum (FWHM) Av is 11.9 cm™. This band is
slightly shifted and broadened as compared to undoped ZnWO4 for which vi = 906.8 cm™
and the corresponding Av = 8.3 cm™! (all the values specified at RT) [56]. Yb**,Li":ZnWOy is
a high phonon energy material.

The Yb** Li":ZnWO4 crystals are promising for self-Raman conversion of the funda-
mental radiation (~1.05 pm, the Fs» — 2F7, Yb*" transition) to the spectral range of ~1.16
um. Kaminski et al. demonstrated Stokes and anti-Stokes stimulated Raman scattering rely-
ing on the ~906 cm™' mode in undoped ZnWO4 using pulses with picosecond duration [57].

6. Conclusions

To conclude, we have grown for the first time Yb>*,Li*-co-doped ZnWOj4 crystals with
the goal of developing a novel laser gain material at ~1 pm. This compound melts congruent-
ly at 1166 °C and large-volume crystals were obtained by the conventional Czochralski meth-
od. Yb** Li*:ZnWO4 crystallizes in the monoclinic system (sp. gr. P2/c). The main issues for
fabrication of laser-quality crystals are (i) suppressing the unwanted crystal coloration; (ii)
avoiding excessive crystal cracking which seems to be enhanced by Yb** doping despite the
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relatively weak anisotropy of thermal expansion; and (iii) reaching high actual Yb** doping
concentrations for efficient optical pumping.

We studied in detail the coloration of as-grown Yb**,Li":ZnWOy4 crystals as a function
of the purity of the reagents (WO3 and ZnO) and crucible composition (Pt/Rh and Pt). For
crystals grown from the Pt/Rh crucibles, the coloration caused mainly by the oxygen vacan-
cies can be greatly eliminated by oxidizing annealing at ~800 °C for 1 — 20 days (depending
on the sample thickness). The nature of the residual pink coloration of samples is probably
due to iron ions, as well as other uncontrolled impurities. Therefore, it can be further elimi-
nated by special purification of the growth charge. The material of the crucible seems to af-
fect the coloration of the crystals acting as a catalyst of a partial reduction of the crystal-
forming compound and promoting formation of other impurity centers, such as Fe*'(Fe’"),
etc. in the case of Rh. Thus, there exist two possibilities for obtaining laser-quality
Yb** Li*:ZnWOu4: (i) the use of Pt/Rh crucibles and a subsequent oxidizing annealing, or (ii)
the use of pure Pt crucibles.

Our studies indicate a moderatelly high segregation coefficient for Yb>" ions in ZnWO4
(Kyb = 0.45+0.16), despite the heterovalent doping mechanism and the notable difference of
ionic radii of Yb*" and Zn?". Indeed, Ky, well exceeds that for the isostructural MgWO4
crystal. This is assigned in part to the used charge compensator (Li"). Further studies are
needed to clarify the role of oxygen vacancies and Li" cations in the doping mechanism of
ZnWOs. An optimization of the Li* content in the charge, and / or the search of a more ap-
propriate charge compensator should be performed.

The quality of obtained crystals was sufficient to achieve diode-pumped laser operation
with Yb*",Li":ZnWOy4 at ~1 um (see the parallel paper [29]).
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List of figure captions

Figure 1. Photograph of the as-grown 5 at.% Yb*', 5 at.% Li":ZnWOj4 crystal
(nominal composition): (a-c) Pt/Rh crucible, ZnO (#1) and WO3 (#2) batches, (a)
as-grown boule; (b) central part oriented by means of single-crystal XRD; (c)
thick (z = 5 mm) plate cut orthogonal to the growth direction. The growth direc-
tion is along the [100] axis; (d) Pt crucible, ZnO (#1) and WO3 (#2) batches.
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Figure 2. Segregation coefficients of transition-metal (TM) and rare-earth (RE)
ions in monoclinic ZnWOg4 vs. their ionic radius for VI-fold oxygen coordination:
this work (blue squares) and literature data (red circles) [23,29-34]. Curve: para-
bolic fit of the data according to the Onuma’s principle, Kp = 1 - C(Rp - Rzn)?, C
=35+3 A2

I ! I ! I ! I ! I !
B 2+ VI-fold oxygen |
1.0 ®Fe coordination
e
50 -
)
% 0.6
ol |
o
é 04l RE-ions |
©
()]
2 .H03+
%O.Z = 3, -
() @Dy

00 . 1 . 1 : 1 . . : 1 .
065 070 075 080 085 090 095 1.00
lonic radius R (A)

Figure 3. Unpolarized absorption spectra of Yb*",Li":ZnWO4 crystals (nominal
composition) at RT (293 K) grown using different ZnO and WO3 reagents.
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Figure 4. Effect of oxidizing annealing on the unpolarized absorption spectra of
ZnWOy4 crystals at RT (293 K): (a) 5 at.% Yb**, 5 at.% Li":ZnWO4 (nominal
composition) grown using the ZnO (#1) and WO3 (#2) reagents, annealing at 800
°C for 3 weeks; (b) undoped ZnWO4 grown using the ZnO (#2) and WO3 (#2)
reagents, annealing at 800 °C for 3 weeks; (c) 5 at.% Yb*", 5 at.% Li*:ZnWO4
(nominal composition) grown using the ZnO (#1) and WO3 (#2) reagents and an-
nealed at 800 °C for 24 h or for 3 weeks. 1 — sample thickness. Inset: (a) photo-
graph of the thinner crystal plates before (lower) and after (upper) the annealing,

(c) photograph of the crystal plates before (leff) and after (right) the annealing at
800 °C for 24 h.
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Figure 5. Unpolarized absorption spectrum at RT (293 K) of a 5 at.% Yb*", 5
at.% Li":ZnWOy crystal (nominal composition) grown in a Pt crucible using the
Zn0O (#1) and WO3 (#2) reagents, before and after the annealing at 800 °C for 3
weeks. Inset: photo of the polished sample (£ = 2.9 mm).
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Figure 6. Differential thermal analysis (DTA) curves for the 5 at.% Yb**, 5 at.%
Li":ZnWOy crystal (nominal composition).
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Figure 7. RT X-ray powder diffraction (XRD) pattern of the as-grown 5 at.%
Yb**, 5 at.% Li":ZnWO4 crystal (nominal composition); the theoretical pattern of
undoped ZnWOy4 is shown for comparison, JCPDS card #96-210-1676, numbers

indicate the Miller’s indices, (hkl).
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Figure 8. Results of the Rietveld refinement of the RT X-ray powder diffraction

(XRD) pattern of the as-grown Zno.ge4 Ybo.o18Lio.0is WO4 crystal.
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Figure 9. Fragment of crystal structure of Yb*"-doped ZnWO4: (a) projection in
the b-c plane; (b) projection in the a-b plane. Black lines indicate the unit-cell.
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Figure 10. Nearest-neighbor coordination of (a) tungsten and (b) zinc | ytterbium
| lithium cations in the monoclinic Yb**,Li*:ZnWOj4 crystal.
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Figure 11. Temperature evolution of the unit-cell parameters (L = a, b, ¢ and c*)
of 5 at.% Yb**, 5 at.% Li":ZnWO4 (nominal composition) according to the data
of high-temperature XRD.

0.7
0.6
X
20.5
o
J i
%0.4 _
0.3
~ I
=2 0.2
0.1
0.0
300 400

a |
b A
C
Cc

|
®
v
A

xcos(-90°)

100x

500 600 700 800
Temperature (K)

Figure 12. Mutual orientation of the crystallographic axes (a, b, ¢) and principal
axes of the thermal expansion tensor (X'1, X'2, X'3) in Yb** Li*:ZnWOu.
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Figure 13. Polarized Raman spectra of the as-grown 5 at% Yb*', 5 at.%
Li":ZnWO4 crystal (nominal composition) for the (a) a(ij)a, (b) b(ij)b and (c)

c(ij)c geometries (Porto’s notations). The numbers indicate the frequencies of

Raman bands in ecm™. dexe =

514 nm.
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Table 1. Results of the impurity compositional analysis of the as-grown zinc
tungstate crystals: 3 at.% Yb*", 3 at.% Li*:ZnWO4 (nominal composition; rea-
gents: ZnO (#1) and WO3 (#1)) and undoped ZnWO4 (reagents: ZnO (#2) and
WO3 (#2)) by the SSMS method.

Element ppm, weight Element ppm, weight
Yb*" Li":ZnWO4 ZnWO4 Yb**Li":ZnWO4 ZnWO4
Li 20 0.8 Zn host-forming
(0] host-forming Zr <0.05 <0.05
Na 0.6 20 Nb 40 10
Mg 2 6 Mo 10 60
Si 20 10 Ru <0.1 <0.1
Cl 800 1000 Rh 40 80
K 0.4 2 Cd 2 <0.1
Ca 2 30 In <0.1 <0.1
Sc 0.2 0.2 Sn <0.1 <0.1
Ti <0.01 <0.01 Er <0.1 <0.1
A% 0.4 <0.01 Tm <0.1 <0.1
Cr 9 10 Yb >2000 20
Mn 8 6 w host-forming
Fe 200 50 Re <0.2 <0.2
Co <0.02 <0.02 Os <0.2 <0.2
Ni 20 2 Ir <0.2 <0.2
Cu 2 20 Pt <0.2 <0.2
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Table 2. Parameters of the Rietveld refinement of the structure of the
as-grown Zno.g64 Ybo.018L10.01s WO4 crystal.

Parameters Values
System Monoclinic
Space group P2/c—C*y
Laue class 2/m
Space group IT number 13
Lattice constants (@ — b — c) (A) 4.702(2) — 5.718(6) — 4.930(4)
Angles o — f — y (deg) 90 —-90.713(5) - 90
Cell volume Veale (A%) 132.571
Number of the formula units Z 2
Crystal density pealc (g/cm?) 7.553
20 range (deg) 14.5-120
Radiation Cu-Kal (A =1.5406 A)
No. of reflections 399
No. of points 5270
Background Parameters — No. Linear interpolation — 72
Refinement Rietveld (FullProf)
Reliability factors Rp=8.11, Ryp =11.6, " =7.03,

Ry =0.89, Rr=10.38

Table 3. Fractional atomic coordinates (x, y, z), occupancy factors
(O.F.) and isotropic displacement parameters (Biso,) of the as-grown
Zn0.964 Ybo.018L10.01sWO4 crystal.

Atom Site X y z Biso O.F.
Zn 2e 12 0.687(8) 1/4 0978  0.964
Yb 2e 12 0.687(8) 1/4 0978 0.018
Li 2e 12 0.687(8) 1/4 0978 0.018
Y 2f 0 0.189(9) 1/4 0.552 1

01 4g  0.256(4) 0.365(0) 0.412(0) 1.513 1
02 4g  0.220(8) 0.894(2) 0.429(0) 1.722 1
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Table 4. Lattice constants of undoped and RE**-doped ZnWOy4 crystals reported

so far.
Crystal a, A b, A c, A B ° Ref.
ZnWOy4 4.69263(5) 5.72129(7) 4.92805(5) 90.6321(9) [7]
ZnWOy4 4.6902(1) 5.7169(1) 4.9268(1) 90.626(1) [28]
Yb¥ Lit:ZnWO4  4.702(2)  5.718(6)  4.930(4) 90.713(5) This work
Eu’",Ca’":ZnWO4  4.697 5.727 4.938 90.69 [47]

Table 5. Characterization of the [WOs] and [(Zn|Yb|Li)Os] polyhedra in the 5 at.% Yb*",
5 at.% Li":ZnWOj4 crystal (nominal composition).

Polyhedron [WOs] [(Zn]YD)Os]
Interatomic distances (W-02) =2.166(4) X2  (Zn]Yb-02) = 1.981(0) x2
M-0, A (W-02) = 1.963(4) X2 (Zn|Yb-O1) = 2.032(9) x2
(W-O1) = 1.752(2) 2 (Zn|]Yb-O1) = 2.319(5) x2
Average bond length, A 1.9607 2.1112
Polyhedral volume, A* 9.5065 12.1496
Distortion index (bond length) 0.07089 0.06581
Quadratic elongation 1.0455 1.0267
Bond angle variance, deg.’ 128.863 73.8797
Effective coordination number 4.0237 4.9634

Table 6. Thermal expansion coefficients for M>**WOy4 crystals reported

so far.
Crystal a, 100 K! Method* Ref.
[100]  [010] [001]
Cr’:MgWO0s  10.5 15.7 10.8 DIL [14]
Ho**:MgWO4 11.22  8.09 8.77 XRD [5]
CdWO4 6.39  10.9 6.45 DIL [49]
ZnWO4 9.64  8.63 6.45 DIL [4]

Yb*",Li":ZnWO4 11.71 9.90 7.01 XRD  This work
*XRD — high-temperature XRD, DIL — dilatometry.
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Table 7. Raman-active modes observed in Yb**,Li":ZnWO4 (at RT).

No. Frequency, cm Symmetry Internal
Yb*',Li":ZnWO4 ZnWOj4 [55] mode

1 906 906.8 Ag +

2 784 785.9 B¢ +

3 707 709.1 Ag +

4 677 678.7 B,

5 545 546.4 Ag

6 513 5153 B,

7 406 406.9 Ag +

8 353 355.4 B,

9 340 341.8 Ag +

10 312 314.6 B,

11 275 274.4 Ag

12 266 267.3 B,

13 194 195.3 Ag

14 188 190.0 B¢ +

15 163 164.5 B,

16 144 146.3 B,

17 122 123.2 Ag

18 - 91.5 B,

30



