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The article is devoted to the technology for obtaining optical ceramics of AgBr−TlI and AgBr−TlBr0.46I0.54 systems and
manufacturing samples with different compositions. The new heterophase crystal ceramics are transparent without
absorption windows in the spectral range from 1.0 to 60.0 μm. In the ceramics’ transparency spectra based on the
AgBr−TlI and AgBr−TlBr0.46I0.54 systems fusibility diagrams, with an increase in the thallium halides mass fraction, as well
as the replacement of the bromine ion with iodine, the maximum transparency shifts to a long infrared region.
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1. Introduction

Currently, themid-infrared (MIR) range is in demand for differ-
ent fields of science and technology. However, it is poorly under-
stood and developed, compared to the ultraviolet (UV), visible,
and near-IR (to 1.0 μm) ranges[1–7]. The element base for the
MIR is very limited, as evidenced by the insufficient number
of existing solid-state and fiber laser systems that are capable
of generating radiation in the range of 3–14 μm. Therefore,
scientists all over the world, including Russian, are actively
investigating and creating new optical materials for the genera-
tion and transmission ofMIR radiation. In addition tomaterials,
they are developing compact equipment and devices for the
emission, transmission, and reception of MIR radiation. Wide-
spectrum laser systems are particularly important, including
covering “atmospheric transparence windows” (3–5 μm) and
absorption bands of numerous molecular compounds: water
molecules and oxygen- and carbon-containing impurities.
Technologies for the synthesis of new crystals[6–11],
glasses[6,7,12–14], laser ceramics based on spinels[15–18], and lumi-
nescent materials with a low-frequency phonon spectrum based
on oxohalogenide systems—fluoride, chloride, bromide, and
iodide—are being developed[19–24]. The authors note that the
replacement of fluorine with other ions—chlorine, bromine,
or iodine—in systems significantly extends the transparency
range of glass-crystal ceramics to a longer-wave region.
However, methods for producing glass-crystal ceramics are
energy- and time-consuming, multi-stage, and technologically

difficult (taking into account the heat treatment of glasses)
processes. Furthermore, glass ceramics are transparent in a rel-
atively narrow spectral range: in the visible and IR range, it is no
more than 5 μm, which limits its use in MIR optical and laser
systems.
For two decades Ural Federal University has carried

out research in the field of exploring and creating a new photon-
ics’ element base for optical and laser instrumentation,
crystals[10,11,25–33]. The key materials of our research are solid
solutions of silver and monovalent thallium halides, such
as AgCl–AgBr, AgBr–TlBr0.46I0.54, AgBr–TlI, AgCl–AgBr–
TlBr0.46I0.54, AgCl–AgBr–TlI, AgCl–AgI, AgBr–AgI, and
AgCl–AgBr–AgI. These materials are transparent from visible
to far IR, as well as in the terahertz (THz) range. Among
other things, the materials have high ductility, which makes it
possible to obtain windows and lenses from them by hot
pressing, as well as by extrusion of fibers for the range of
2.0–25.0 μm[11,27–30,34–40].
The process of manufacturing ceramics is fast, because it takes

place in two stages: the production of a high-purity raw materi-
als and ceramics synthesis by the vertical method of directed
crystallization. The technology is environmentally friendly
and energy efficient; moreover, it is more cost effective in com-
parison with growing crystals, since it requires less material and
time costs. Ceramics connect different crystal phases of two or
more solid solutions of the AgBr–AgI–TlI–TlBr system. The
boundaries of homogeneous and heterogeneous regions of solid
solutions existence at low (298 K) temperatures were
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determined based on thermodynamic studies of AgBr–TlI and
AgBr–TlBr0.46I0.54 systems’ new phase diagrams in the temper-
ature range from 298 K to 773 K and at a pressure of
101.325 kPa[25,29,30,41]. The new systems are quasi-binary cross
sections of the AgBr–AgI–TlI–TlBr section of the Ag–Tl–Br–I
concentration tetrahedron [Figs. 1(a) and 1(b)]. Figure 1(b)
shows the composition areas where it is possible to synthesize
ceramics, which is described below.
It should also be noted that the AgBr–AgI–TlI–TlBr materials

system has a number of significant advantages over the AgCl-
based system. It has increased material’s photo and radiation
stability[26,30,31,36]. Thus, as a result of replacing lighter elements
with heavier ones, the material’s stability to external negative
environmental factors increases, which makes it possible to
extend the life of optical products.
The technology of optical ceramics synthesis of AgBr–TlI and

AgBr–TlBr0.46I0.54 systems is eco-friendly, waste-free, energy-
and resource-saving, and includes two stages: the production
of a high-purity charge and ceramics synthesis by the vertical
method of directed crystallization.

2. Materials and Methods

Ceramics synthesis at the first stage involves the production of
high-purity raw materials based on solid solutions by a
hydrochemical method, thermozone crystallization synthesis
(TZCS)[11]. The TZCS method is the basis for the quality ceram-
ics production and allows us to stably obtain high-purity raw
materials (99.9999 wt.% and higher) with cationic impurities
in the form of polycrystalline solid solutions with the specified
composition[42]. The solubility and crystallization of monova-
lent thallium and silver halides in hydrogenated acid aqueous
solutions in a wide temperature range have been studied for
theoretical and practical justification of the TZCS process[43].
Supersaturation of the liquid phase is created and maintained
by continuous circulation of this phase in a closed hardware
chain, where it passes through zones with different tempera-
tures: the saturation zone with a higher temperature and the
crystallization zone with a lower temperature (Fig. 2). It is
important that TZCS has been successfully implemented at
the industrial level, where it has proven itself in all technological
indicators as a simple and effective method. The TZCS method
has a high yield of pure raw materials up to 97%–98%, is envi-
ronmentally safe, and is energy-saving, since it does not require
expensive equipment and provides the process organization
with minimal waste in a closed cycle.
Using the TZCS method, the raw materials of the AgBr–TlI

and AgBr–TlBr0.46I0.54 systems were synthesized. The chemical
and impurity composition of the rawmaterials and ceramics was
determined by X-ray analysis and atomic emission spectroscopy
with inductively coupled plasma. The total content of impu-
rities, such as Mg, Al, Si, Cr, Mn, Fe, and others, was no more
than 0.000035 wt.%. It is worth noting that the removal of water
and oxygen-containing impurities from the raw material is car-
ried out by combined cleaning, which includes the process of
“leaking through” the molten charge in combination with
directed crystallization from the melt.
The second stage of obtaining AgBr–TlI and AgBr–

TlBr0.46I0.54 systems heterophase ceramics is its synthesis by
the vertical directed crystallization method from the melt. In
order to do this, a raw material was loaded into an ampoule
made of Pyrex glass, which had a hole in the lower part, and

Fig. 1. (a) Concentration tetrahedron of Ag–Tl–Br–I and (b) isothermal cross
section of AgBr–AgI–TlI–TlBr. Fig. 2. Schematic diagram the TZCS method.
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it was placed above the second ampoule. At a temperature of
470°C–480°C, the raw material melts, and then the process of
leaking through the melt into the second ampoule occurs.
After the leaking through process ends, the second ampoule is
moved at a speed of 3–4 mm/h to the installation’s lower zone,
which has a temperature of 250°C–260°C. In the conical part of
the second ampoule, composite structures are crystallized based
on cubic (Fm3m and Pm3m) and rhombic (R-3) phases of silver
halides and monovalent thallium solid solutions. When the
growing process ends, crystalline ceramics is obtained as a
single-crystal sample with a cubic lattice and interspersed in
the form of a rhombic phase. For all subsequent studies, includ-
ing X-ray and spectral studies, we used plates with an optical sur-
face. Small pieces were cut off from the grown sample, which
were pressed into thin plane-parallel plates by hot embossing.
Thus, property studies were already carried out on a polycrystal-
line material. Figure 3 shows a photo of the thin plane-parallel
plates’ surface obtained with a ZEISS Crossbeam 550 electron-
ion microscope. The figure shows two phases of different colors:
the main dark gray phase is a solid solution with an Fm3m struc-
ture, and light gray inclusions are a solid solution with Pm3m
structure.

X-ray diffraction (XRD) analysis was made by setup Rigaku
MiniFlex 600, while the anodematerial was copper, the radiation
type was CuKα, λ = 1.54056Å �1Å = 0.1 nm� , the scanning
range was from 3° to 90° with increments of 0.02°, and the scan-
ning rate was 10° per minute. Samples are placed on a quartz
glass substrate to achieve the required position. Obtained
XRD patterns were processed using the Rigaku PDXL XRD
analysis software.
The main optical materials’ characteristic is their transpar-

ency range. The spectral range study of the new ceramics was
carried out on flat-parallel plates with a thickness of 300–
1000 nm and made on a manual hydraulic press Specac 15T
by the hot embossing technique[44]. The plates corresponded
to different solid solutions’ compositions of the AgBr–TlI and
AgBr–TlBr0.46I0.54 systems. Determination of the ceramics spec-
tral transmittance was performed using IR Fourier spectrome-
ters IRPrestige-21 (Shimadzu), operating in the spectral range
of 7800–240 cm−1 (1.28–41.7 μm) with various combinations
of detectors and dividers, and VERTEX 80 (Bruker) with an
extended IR range of 680–165 cm−1 (14.7–60.6 μm). The
Tl2AgI3 card (ICSD ID 38723 or COD ID 1509393, trigonal)
was taken as a basis for calculating the lattice parameters of
the material with the R-3 structure.

3. Results

Figures 4 and 5 show XRD patterns for samples of AgBr–TlI and
AgBr–TlBr0.46I0.54 systems.
For the AgBr–TlI system, two solid solutions represent

the cubic phase of the AgxTl1−xBrxI1−x (0 < x < 0.30 and
0.77 < x < 0.99) composition and the rhombic phase of the
Tl2AgBr3−xIx (0 < x < 3) composition. Similarly, in the AgBr–
TlBr0.46I0.54 system, solid solutions with cubic and rhombic
phases have the following compositions: Ag1−xTlxBr1−0.46xI0.54x
(0 < x < 0.31 and 0.75 < x < 1) and Tl2AgBr3−xIx
(0 < x < 3). Thus, two-phase crystalline ceramics can be
obtained in composition ranges, where both the Fm3m (or
Pm3m) and R-3 phases exist. The presence of cubic and rhombic
phases in both systems was confirmed by the X-ray analysis
(Figs. 4 and 5). In order to confirm that all of the crystal phases
are solid solutions, the dependence of the crystal lattice param-
eters on the composition for each of the phases was obtained. An
example of the obtained dependences for the AgBr–TlI system is
presented in Fig. 6. For the AgBr–TlBr0.46I0.54 system, a similar
picture was observed. The lattice parameters for the Fm3m
phase linearly increase to ∼30mol:% TlBr0.46I0.54 in AgBr, after
which it passes to other phases. At the same time, the lattice
parameters of R-3 increase to ∼25mol:%. Then, the lattice is
distorted with a decrease in the c parameter after ∼35mol:%
and the transition to other phases. There is a complex mixture
of several rapidly changing phases in the concentration
range of ∼35mol:%–43mol:%, which are not suitable for
obtaining any kind of optics. Further, the R-3 phase appears
again, and its lattice parameters increase to approximately
77 mol.%, after which a rearrangement occurs with a decreaseFig. 3. Surface structure photos of polycrystalline plates after hot embossing.
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in the lattice parameters, and the Pm3m phase appears in
the system. Lattice parameters of the Pm3m phase increase
linearly.

The ceramics quality and the solid crystal phase ratio depend
primarily on the homogenization degree of the initial compo-
nents and to a lesser degree on the growth rate. A low homog-
enization degree (for example, with a simple mechanical mixing
of finely divided AgBr and TlI raw materials), even at a low
growth rate (∼1mm=h), leads to the formation of the rhombic

Fig. 4. XRD patterns for ceramic samples of AgBr–TlBr0.46I0.54 (KRS-5) system:
solid square, Fm3m; open diamond, R-3; open square, Fm3m.

Fig. 5. XRD patterns for ceramic samples of AgBr–TlI system: solid square,
Fm3m; open diamond, R-3; open square, Fm3m.
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phase in a large proportion. It leads to the degradation in the
material’s flexibility and complicates the manufacturing of opti-
cal products. With a high homogenization degree (TZCS
method), even at a high growth rate (up to 10 mm/h), the rhom-
bic phase proportion is less.
Figures 7 and 8 show the transmission spectra of composite

ceramics based on two solid solutions of the AgBr–TlI and
AgBr–TlBr0.46I0.54 systems. Also, for comparison, the transmis-
sion spectrum of AgBr is shown in these figures. The

transmission spectra demonstrate the displacement and expan-
sion typical of most optical materials in the direction of the long-
wavelength transmission limit. Such a shift occurs with an
increase in the ions’ atomic mass, which makes up the optical
materials’ structure. Substitution both in the cationic (Ag� to
Tl�) and in the anionic sublattice (Br− to I−) can significantly
expand the spectral range. It was established that, depending
on the composition, ceramics based on AgBr–TlI systems are
transparent in the range from 0.497–0.568 μm to 45.0–
67.0 μm, and ceramics based on AgBr–TlBr0.46I0.54 system are
transparent from 0.486–0.522 μm to 45.0–55.0 μm.

4. Conclusions

Based on the research findings, we can conclude that multi-
phase crystalline ceramics based on several silver and thallium
(I) halide solid solutions are promising for the manufacture
of various optics and are not inferior to single crystals in their
optical properties.
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