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Abstract

Lithium molybdate single crystals up to one kilogram have been grown by a conventional
Czochralski process. The growth configuration (geometry, coil, crucible, insulation casing)
was optimized by numerical simulation of heat and mass transfer. Dislocations are shown to
belong to the basal glide system. Their density (< 10* cm™) and luminescence properties
indicate crystal quality similar to that of previously reported crystals grown by Czochralski
technique. Numerical simulation of thermo-elastic stresses suggest that the crack observed in
one of these crystals is rather due to a mechanical accident than to internal stresses during

growth.
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1 Introduction



The growth of bulk Li,MoO, crystals for the large-scale astroparticle physics experiments that
are foreseen by the end of this decade is proceeding apace. The general context of this R&D
effort is related to the quest of the ultimate components of matter, like the neutralino, which is
considered as a viable candidate to be the corpuscular component of the dark matter halo of
our galaxy [1, 2]. In the underground dark matter direct detection sites, it would also be useful
to characterize the ultimate background noise constituted by fast neutrons which mimics the
nuclear recoils possibly induced by Weakly Interacting Massive Particle (WIMP)-nucleus
collisions. And more broadly speaking, it would be interesting to develop transportable
neutron spectrometers based on heat-scintillation cryogenic bolometers [3]. Another
important R&D effort of these last years is focused on the search for neutrinoless double beta
decays (0v2p), predicted but never observed, which would prove that neutrinos are their own
antiparticles, and so, a new kind of matter, and would also help understanding the origin of
their mass [4, 5, 6, 7]. In order to detect these extremely rare events, double readout detector
modules are built with a core made of a bulk crystal. One or several atomic constituents of
these crystals turn out to be an isotope that exhibits the highest capture cross section or
emission properties. All the kinetic energy of the neutralino, or of the fast neutron, is collected
and recovered as heat and light. In the case of 0v2p decays, the crystal itself is the source of
the decay to be detected exactly in the same way. The crystal is typically several hundred
grams heavy, and as the huge mass of the overall detector is to be cooled down to cryogenic
temperatures in 20-25 days, it is necessary to develop crystals that have low specific heat and
high thermal conductivity, that is, thousands of crystals of high quality. Of course, the
scintillation light must be emitted in the spectral range where cheap and 100%-efficient light
detectors exist, typically between 400 nm and 1.7 um. Besides, because of the cost of rare
isotopes like 1®Mo or °Li, it is necessary to develop purification processes of the initial

powders used for the synthesis and recycling processes of the remaining growth loads [8]. The



purification, recycling and growth processes must be fast enough to comply with the
constrained time schedules of these large-scale experiments.

Li,MoO, crystals have been grown by the vertical Bridgman technique in a three-zone
furnace [9, 10], however crystals appeared to be colored, polluted by inclusions and cracked.
Barinova et al. [11], proposed a technique of growth from aqueous solution, with strong
acoustic mixing in order to destroy the oxide clusters occurring in the liquid [12]; while this
technique shows a great potential, only millimetric crystals have been grown so far.
Czochralski technique was used for the growth of the very first single crystals in order to
measure their physical properties [13]. This process has been developed, from crystals 34 g in
mass [14] to more than 700 g [15]. This research effort led to the Low Temperature Gradient
Czochralski (LTG-Cz) method, which is now the reference process for the growth of
Li,MoO, scintillating crystals [15-17]. Rationale for the development of this low gradient
technology was the potential vaporization or reduction of the melt constituents in case of too
high temperature and crack risks in case of large temperature gradients in the solid [18]. In
this technique, the crystal grows inside a totally closed Pt chamber, which prevents
volatilization [16] and allows a mass yield of 80% [8]. This chamber is placed in a three zone
furnace and authors claim that crystals are grown under a gradient as low as 1 K.cm™ [15-18].
However, numerical simulations of heat transfer suggest that it is in fact much larger [19, 20].
The best bolometric results were obtained with crystals produced in this way [6].

However, this LGT-Cz technique has some drawbacks, first of all the low growth rate (< 0.7
mm.h™) imposed by the weak temperature gradient [15]. The Pt chamber and crucible are
complex in shape and then costly. Because of this chamber, observation of the growing
crystal is not possible and growth control remains complex, also due to the three zone furnace

[15].



Therefore, a more classical Czochralski process, provided that too high temperatures are
avoided, could be a less expensive, more productive technique for the growth of high quality
Li,MoOQy, crystals. In preceding papers [21, 22], numerical simulation was used for optimizing
the hot zone of a Czochralski furnace in order to prevent melt overheating or undercooling,
avoid large stresses in the crystal and provide a slightly convex solid-liquid interface (seen
from the melt). Based on this approach, the growth of several crystals is described.
Characterization is performed in terms of dislocation density and luminescence properties.

Special attention is paid to the analysis of the thermal stresses in the growing crystal.

2 Growth process and crystals

Li,M0OQy, is synthetized from stoichiometric mixtures of MoO3 (Alfa Aesar 5N5) and Li,CO3

(Fox-Chemicals, 5N) (% ~ 1.948). Powders are first mixed for 12 hours, then heated at
LIz 03

673 K in an alumina crucible for another 12 hours. This mixing-heating process is repeated,
with heating at 773 K. Then the obtained powder is mixed again and heated at 873 K for 24
hours, in the Pt crucible (99.99% purity), which will be used for the growth. The obtained
partially sintered powder is molten at 993 K for 3 hours in order to reduce its volume and
provide room for other powder charges. The entire process is repeated until the Pt crucible (80
mm diameter and 100 mm in height, for a crystal diameter of 50 mm) is full. This heating
process, with several steps, is preferred in order to avoid vaporization of MoOj3 at high
temperature. Table 1 gives the qualitative chemical evolution of the powder all along the

process, measured from X-ray diffraction (XRD) diagrams.

After heating at 873 K (before
After heating at 673 K After heating at 773 K
melting)

Li,MoQ, (Large amount) Li,MoQ, (Large amount) Li,MoQ,




LisM050;7 (Small amount) LisM050,7 (Small amount)
MoO; (Large amount) MoO; (Very few)

Li,CO; (Large amount)

Table 1 XRD qualitative analysis of the chemical composition of the (MoO; + Li,CO3) powder
mixture along the heating steps.

The crucible is then placed in the center of an open air vessel, with the various heating and
screening elements as defined through the numerical simulation optimization [21]. Figure 1-
left shows this heating configuration. It is based on the induction heating of a susceptor
element (Kanthal®), which provides much more flexibility than direct coupling to the Pt
crucible. The alumina pulling shaft and Pt seed holder are introduced through the top opening,
with special care for concentricity of the whole system. A viewing port, also used for
pyrometric temperature measurements, exists on the top plate (not shown). The external
jacket is continuously cooled with water at a controlled temperature of 28°C. All growth
parameters are controlled by automation software (Cyberstar®) through continuous
measurement of the crystal weight and adjustment of the induction coil power. Therefore, the
sequence of shoulder-cylinder-tail growth phases is programmed in terms of pulling rate,
rotation rate and diameter increase-decrease versus time, from the very beginning of the

pulling.
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Figurel Left: Heating and screening elements inside the open air set-up. Right: view from the top of
the equipment, during the melting phase.

The material is slowly melted (Figure 1-Right) and soaked for 24 hours at 1003 K, as
measured by the pyrometer on the liquid surface. Seeds oriented [1120] and [0001] were
used, without significant effect on the growth progress. After careful seeding, growth is
usually begun while the measured weight is slightly decreasing, in order to get a seed necking.
Then the fully programmed pulling is started. The rotation rate was always 5 rpm and pulling
rate 2 mm.h™>. While the extraction process can also be performed by the pulling software, it
was usually performed manually (at 30 mm.h™) in order to avoid a too strong thermal shock
to the crystal. The furnace is then slowly cooled down. It should be noted that absolutely no
deposit of any kind has been found in the chamber after growth.

Three crystals with a diameter of 50 mm (Figure 2) have been grown under the conditions

presented above. Masses scaled from 532 g to 967 g and material yield from 66% to 81.4%.



Two other crystals, with a diameter 40 mm, were grown from 3N LMO powder (Sigma-
Aldrich) in a slightly modified configuration. However, they presented a yellowish color and

some inclusions (cf. Figure 5).
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Figure 2 Li,Mo00O; crystals, 50 mm in diameter and, respectively, 820 g, 967 g, and 532 g in mass,
pulled with the optimized Czochralski configuration.

3 Characterization
X-ray diffraction analyses only show rhombohedral (R3) Li,MoQ, peaks. Several Laue back

reflection diagrams, taken on various places on the ingots, have shown that they are single



crystals without twin or grain. As the material is hygroscopic, cutting and polishing are

performed under ethanol instead of water.

3-1 Dislocations

Etch pit densities have been measured on polished (roughness 0.15 pm) and acetone-cleaned
surfaces randomly cut inside the crystals. Water, chosen with consideration to the crystal
hygroscopicity, appeared to be an excellent etchant. Typical etching times, at ambient
temperature, range from 20 s to 40 s, depending on the surface orientation. Dislocation
densities were automatically measured on the microscopic photographs, using the “particle
analysis” ImageJ® routine. This numeric procedure has been validated by comparison with
one-by-one pit counting. Figure 3 shows the counting procedure applied to a [1120] surface,
etched 20 seconds, on which pits appear as small diamonds elongated along the ¢ direction.
The dislocation density is taken as the mean value of the etch-pit densities of all the areas
analyzed on the surface. The results are in the range [0.8 — 1.4] 10* cm™ for the crystals 50
mm in diameter. The less pure crystals 40 mm in diameter are in the range [1.7 — 2.8] 10" cm™
with numerous dislocations appearing around precipitates occurring in the material. Energy
dispersive shows that these precipitates contain Si, P and V, possibly coming from the 3N raw

material and the old, smaller, Pt crucible used for these crystals.
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Figure 3 Etch-pit density measurement with ImageJ software. a) Full sample [1120] surface; b) one
of the analyzed areas; c) binary (B&W) image; d) etch-pit numbering.

Figure 4 shows the etched (0001) and (1120) faces of a cube cut inside a crystal. The
(1120) surface, etched for 20 s, shows well defined etch-pits, while the (0001) surface
shows only polishing defects and no pits in spite of a 40 s etching time. This result suggests
that dislocations in Li,MoO, are oriented along the [1120] direction and contained in the
(0001) plane, corresponding to the basal glide system. This is the most common slip system in

rhombohedral crystals [23, 24].



Figure 4 Photos of two etched faces of a Li,M00, cube. a) [0001] face, b) [1120] face.

3-2 Luminescence properties

Luminescence features of the grown crystals have been studied by the techniques described in
[25]. They are similar to those in Li,MoQO, crystals grown by the conventional Czochralski
and Low-Temperature-Gradient Czochralski methods [26]. The emission spectrum at 4.2 K is
represented by a non-elementary band in the region of 1.5-3 eV (Figure 5). The peak position
of the emission band varies from 2.1 to 2.2 eV depending on the exciting photon energy
(compare curves 1 and 2). The high-energy component of the emission is excited more
efficiently in the band near 4.4 eV, while the low-energy part is more intense under excitation
deeper in the fundamental absorption region (curves 3 and 4). According to the time-resolved
spectroscopy studies, the emission spectrum of Li,MoO, crystals comprises two strongly
overlapping bands peaking at 2.08 and 2.25 eV, which are attributed, respectively, to the
radiative decay of self-trapped excitons (STEs) and excitons stabilized by crystal structure
defects, probably oxygen vacancies [26]. The ratio of their intensities depends on the
excitation energy and number of structural defects in the sample. The decay times of the STE
and defect-related emissions are substantially different at 4.2 K (130 and 35 ps, respectively),
which allows reliable distinguishing of the corresponding emissions in time-resolved
spectroscopy experiments. The ratio of the integrated intensity of the STE emission to that of

the defect related emission, both calculated from a decay curve recorded at excitation 4.75 eV,



was suggested in [26] as a measure of the relative number of defect-related centers in a
crystal. Its value was equal to 4.7 in the best Li,Mo0Oy crystals grown by Low-Temperature-
Gradient Czochralski technique and 2.7 in the case of growth by the conventional Czochralski
method studied in [26]. The decay curve recorded for a present crystal at 4.2 K is shown in
the inset of Figure 5. It can be reliably decomposed into two decay components with decay
times 71=130 and 7,=35 us, whereas the ratio of their intensities S1/S,=2.3 is close to 2.7. This
shows clearly that large-size single crystals grown here by an optimized Czochralski
technique possess a relative number of lattice defects and structural quality similar to those of

the crystals grown by the conventional Czochralski method.
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Figure 5 Emission spectra of a Li,MoO, crystal measured at excitation energies 4.8 (1) and 4.6 eV (2)
and excitation spectra for 2.7 eV (3) and 1.95 eV (4) emissions. Inset: the decay curve measured at
excitation energy 4.75 eV (blue circles) and fitting of the experimental curve with two decay
components of 35 and 130 ps (red solid line).

4 Stresses in the growing crystal



Metal molybdates are known as fragile materials where cracks are expected to occur during
growth [18]. As depicted in figure 6, one of the 40 mm diameter crystal, grown from 3N
commercial molybdate, has shown a transverse crack at the end of growth. The crack plane
was characterized as (0001) by Laue pattern analysis, which is the weakest plane in such

crystals. The specific orientation is due to seed at 15° from < 1120 >.
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Figure 6 Li,M00O, crystal, 40 mm in diameter, and 366 g in mass, showing crack during growth
process.

In order to understand the origin of this crack better, stresses occurring during growth have
been calculated by finite element numerical simulation of heat transfer and thermo-elasticity,
by the Comsol ® software. The modelling procedure is the same as presented in [21, 22],
applied to the specific set-up configuration used for growing this crystal. Several pseudo-
stationary calculations (i.e. taking into account pulling rate and latent heat release) have been

performed. Figure 7 shows the temperature field at three times during the growth. The



interface deflection is small, < 4 mm. The temperature gradient in the solid reaches a

maximum of 50 K.cm™, and is always situated close to the triple phase line.

Melting temperature
(975 K)

Figure 7 Temperature field in the crystal and surroundings at three times during growth: a) end of
shoulder, b) 3cm of cylinder, ¢) end of growth.

Thermo-elastic stress calculations are based on the computed axi-symmetric temperature field
and take into account anisotropic dilatation coefficient [27] and elastic constants [28]. Figure

8 shows the distribution of tensile stresses projected on the crack plane observed on figure 6.
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Figure 8 Compressive and tensile stresses during growth, projected on the fracture plane of the crystal
shown on figure 6.

It can be seen that the maximal tensile stress is 2 MPa, below the fracture stress measured at
high temperature as 3 MPa [28]. This maximum is located on the cylinder side, far from the
upper or lower ends of the crack, where it was likely to begin. This result suggests that the
crack was rather due to some unexpected vibration or shock occurring during the growth and

that its expansion was helped by the precipitates observed in the crystal.

5 Conclusion

After the optimization of the synthesis process, three Li,MoO, crystals, 50 mm in diameter
and up to 1 kg in mass, have been successfully grown by a conventional Czochralski process,
at a velocity of 2 mm.h™ and a mass yield larger than 80%. It should be noted that these
parameters have not been optimized during this study: in view of the fluency with which the

crystals have been pulled, they can certainly be increased. No chemical deposit has been



observed in the setup after growth, so that material evaporation, if any, can be considered as
negligible.

This growth ease and reproducibility is certainly due to the combination of a careful
optimization of the furnace design, by numerical simulation, and the efficiency of the
Cyberstar® control software. By the way, the crystals shown on figure 3 have been produced
after only ten experiments, including mechanical and power adjustment. This demonstrates
the usefulness of numerical simulation optimization, in terms of time, manpower and money
saving.

Dislocation densities are less than 10* cm™ for the best crystals and the luminescence
properties are similar to those of previously reported smaller crystals grown by a conventional
Czochralski process.

One smaller crystal, grown from less pure raw material and having inclusions, has shown a
crack after growth. Computation of thermo-elastic stresses during this growth show that the
crack was likely due to unexpected shock occurring during the growth, rather than to too high
thermo-elastic tensile stresses.

All in all it appears that the numerically optimized conventional Czochralski pulling is an
efficient process for the mass production of Li,MoO, single crystals. One bolometer has been

built from one crystal and is now under evaluation at the Canfranc underground laboratory.
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