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We report on an X-ray diffraction study of A4BXs (Tl4Hglg and Tl4Cdls) group crystals.
Structure data and atomic coordinates have been obtained by Rietveld method. The compounds of
Tl4Hgls and T14Cdlg are isomorphous with each other and crystallize in a tetragonal lattice with
the space group of P4/mnc. The results of the infrared and Raman spectra of T14Hgls and T14Cdls
crystals are present. On the basis of a factor group analysis and phonon frequencies calculated for
Tl4Hgls and Tl4Cdlg, the relations between the vibrational spectra and the crystal structures have
been determined. Moreover, the distribution of vibrations for symmetry classes of single crystals
and the selection rules for vibrations in the infrared absorption and Raman spectra are obtained.
Phonon modes frequencies and their origin determination are based on Raman scattering data.
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I. INTRODUCTION

Now reports are being published in the periodical lit-
erature which deal with the possibility of obtaining one
class of A4BXg (Tl4Hgls and Tl4Cdlg) group crystals
and studying their optical, mechanical and spectral char-
acteristics [1-10]. Obviously, obtaining new single crys-
tals puts forward the priority task of investigating their
basic physical and chemical characteristics: X-ray struc-
tural parameters (for Tl4Cdlg present in [11]), the tem-
perature dependence of the linear expansion coefficient
in the region of phase transitions [11,12], determination
of the band gap [13], establishment of the basic opti-
cal characteristics [1,2,8,10-14], investigation of lumines-
cence spectra [2,14] and their interpretation.

The prospects of the compounds under study stem
from their practical application as working elements of
temperature sensors and detectors of ionizing radiation
[7]. That is, these are the materials with controlled phys-
ical parameters which are promising for optoelectronics
and nonlinear optics.

At the same time, there is no information about
Tl4Hgls and Tl4Cdlg infrared (IR) absorption and Ra-
man spectra, and our current knowledge of vibrational
phonon properties is rather limited [8]. Understanding
the specifics of phonon and Raman spectrum of those
structures can help in the development of T1;Hglg and
T14CdlIg based optical and electronic devices.

Thus, the aim of this study was to provide further
insight into the structure of A4BXg group crystals by
means of Raman spectroscopy. In this paper, we present
the results of the studies of X-ray diffraction, IR and
Raman spectra of TlyHglg and T14Cdlg crystals.
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II. SPECIMENS AND THE METHOD OF THE
EXPERIMENT

In order to synthesise thallium cadmium (mercury) io-
dide, we used commercially produced salts of the rele-
vant metal halides. The initial components were taken
according to equimolar ratios. The preliminary purifica-
tion of the salts was by repeated using reiterated recrys-
tallisation from the melt in quartz ampoules, and a vac-
uum sublimation. TlyHglg and T14Cdls single crystals
were grown with a standard Bridgman—Stockburger tech-
nique. The detailed description of the crystals growth
setup can be found in Refs. [11,12]. Samples of the grown
crystals are presented in Fig. 1.

Fig. 1. Typical photo image of studied TlaHgls crystal.

The structure data, atomic coordinates and interatom-
ic distances calculation are based on experimental X-ray
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diffraction data. The X-ray powder diffraction (XRPD)
data for the X-ray phase analysis and crystal structure
refinement were collected in the transmission mode on
a STOE STADI P diffractometer [15] at the room tem-
perature of 295 K. The detailed XRPD setup description
can be found in Refs. [11,16].

IR absorption spectra of Tl4Hglg and T14,Cdls were
obtained on an automatic dual-beam spectrometer UR-
20 in the absorption interval of 200 cm ™! to 5000 cm™!
[17]. The samples under study were small-thickness
(~ 2.5 mm) plane-parallel plates and perfect optical sur-
faces. All measurements were made in unpolarized light.

Raman studies were performed a using DFS-52 double
monochromator. A photomultiplier FEU-136 operating
in the photon counting regime was used as a photodetec-
tor. The measurements were conducted in normal condi-
tions at room temperature. The solid state and He-Ne
laser was used as an excitation source.
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IIT. RESULTS AND DISCUSSION
A. Crystal structure

According to the X-ray phase analysis, the synthe-
sized crystals are practically single-phase samples of the
T1l4Hgls and Tl4Cdls compound, space group P4/mnc
(point group 4/mmm), stable at normal conditions. Fig-
ure 2 presents a typical XRPD pattern for a Tl4Hglg
sample as an example. The unit cell of both crystals con-
sists of two formula units Z = 2 and consists of 22 atoms
respectively. The calculated cell parameters are shown
in Table 1 and values of the atomic coordinates are pre-
sented in Table 2. Lattice parameters difference (b — a)
is zero within the experimental accuracy, and thus the
studied crystals must belong to the middle symmetry.
The structure is illustrated in Figure 3.
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Fig. 2. Room-temperature diffractogram of Tl4Hgls crystals.

Crystal | T14Hglg | T1,CdIg
a, A | 9.446 | 9.231
b, A | 9446 | 9.231

b-a Al 0 0
e, A | 9.260 | 9.592

A 2 2

V, A% | 826.24 | 817.35
a,° 90 90
8, ° 90 90

Table 1. Some crystallographic parameters of the crystals
T14Hg16 and T14CdIG [17]
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Atom|Wyck. position]| Site [ x/a | y/b | z/c
T14Hg16
Tl 8g .2 10.3537]0.8529| 0.25
Hg 2a 4/m..| 0 0 0
11 8h m.. [0.3315]0.1449| O
12 4e 4. 0 0 ]0.2841
T1,Cdlg
Tl 8g ..2 |0.1465|0.6465| 0.25
Cd 2a 4/m..| 0 0 0
11 8h m.. [0.1406/0.3161| O
12 4e 4. 0 0 ]0.2888

Table 2. Atomic coordinates of the crystals Tl4Hgls and
T14Cdl.
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Fig. 3. (Color online). The crystal structure and coordi-
nation of Cd ions in TI4Cdls:T1 — green, I — red, Cd — blue
balls.

B. Theoretical calculation of phonon modes

On the basis of the factor group analysis and phonon
frequencies calculated for Tl4Hglg and T14,Cdlg, the re-
lations between the vibrational spectra and the crystal
structures have been determined [18-20]. The equation
that defines the operations group DS, :

DS, = D3 4+ D3 -t(0,0,7) - has (1)

where hos = (—x, —y, —2z) is inversion.

The group theory analysis results in the following clas-
sification of the A4BXg (TlyHgls and T1,Cdlg) lattice
vibration modes in the I" point of the Brillouin zone:

'y =4A,5 +4A1, + 5425 + 542, + 4814 + 3814

+ 3Byg + 2By, + TE, + 11E,,. (2)
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The As, and E,, modes are acoustic (', ). According to
(2), 46 optical modes (T',) respond to normal vibrations,
namely, to the fully symmetrical, external translation,
and are close to libration ones. An expansion of the I'y,
and I', representation gives:

Ty =449, + E., (3)

Iy =4A15 +4A1, +5A2; + 445, + 4814 + 3By
+ 3Bag + 2Bay + TEy; + 10E,,. (4)

By using selection rules, we got active modes in IR
(active modes is u) and Raman spectra (g). The Raman
active A;4 modes correspond to nonzero diagonal ele-
ments of the polarizability tensor and are of the highest
intensity.

C. IR absorption spectra

The recorded experimental IR spectra for the T1,Hglg
and T14Cdlg at room temperature in the region 200—
5000 cm ™! are shown in Fig. 4. These crystals exhibited
an overall transmission between 18% and more than 70%
for Tl4Hgls (18% to 50% for T14Cdls) in the IR spectral
range.

300 AT 200
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Fig. 4. IR spectra of T14Hgls and Tl4Cdls.
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The inspection of the spectra shows two absorption
bands at 5.1-6.1 pm and 11.9-13.9 pm for T14Cdlg.
These bands are local, and the second one’s (11.9-13.9
pum) relative intensity is three times higher than the first
one’s (5.1-6.1 um). The IR spectra of a Tl4Hglg crystal
can be divided into four main groups localized in spec-
tral regions: 5.4—6.2 ym, 10.9-13.0 ym, 17.9-19.7 ym and
23.2-27.9 pm. The first band, observed near 5-6 pm, and
the second one, near 11-13 pm, are very similar for both
samples. The third and the fourth bands are unique and
they have no analogues in the Tl4Cdlg. The optical ab-
sorption is significant for the fourth band (T' ~ 18%,
A ~ 23.2-27.9 um). At higher frequencies, a gradually
increasing absorption caused by electronic transitions is
observed.

D. Raman spectra

Figure 5 shows the Raman spectra of TlyHgls and
T14Cdlg obtained at room temperature. The most in-
tense spectral feature in both crystals is the high-
frequency band at 104.8 cm~! for T1;Cdls (135.2 cm~!
for Tl4Hglg). The mode involving the symmetric mod-
ulation of Cdls (Hgls) octahedron possesses the high-
est intensity in the spectra due to its high polarizabili-
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ty. This peak is attributed to the symmetric vibrations
of the nearly perfect Cdls (Hgls) octahedron [2]. Con-
cerning the molecular vibration modes of an isolated
CdIs (Hglg), there exist Cd(Hg)-I stretching and bend-
ing modes.

The TI1 atoms are distributed to several sites in the
T14Hglg and T1,CdlIg unit cell, therefore, it is difficult to
estimate the number of the whole Raman active phonon
modes in the compound. The Raman spectra, due to the
vibration modes of TI-I lattices in Tl4Hglg and T1,CdlIs,
are expected to be observed in the low frequency region.
But the TII second phase impurity is too low in concen-
tration to be detected by Raman spectroscopy.

In order to make a possible attribution of the modes,
we turn to the analysis of the results of ab initio calcu-
lations [18,21-23]. The active modes in the T14Hgls and
T14Cdlg were calculated in the generalized gradient ap-
proximation (GGA) with the Perdew—Burke—Ernzerhof
(PBE) functional [24].

We suppose that the bands at 104.8, 63.5, 44.8 cm ™!
for T1,Cdlg (135.2 em™! for TlyHgls) frequencies cor-
respond to the A;, vibrating mode, which is allowed
and the most intensive one in the spectra, and the peaks
at 55.4, 51.7 and 26.5 cm~! for Tl4Cdlg (54.9 and 14.2
em~! for Tl4Hglg) frequencies correspond to Bo, and E,
modes.
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Fig. 5. Raman spectra of Tl4Hgls and T14Cdls.

IV. CONCLUSIONS

On the basis of the XRPD patterns analysis of the
Tl4Hgls and T14Cdlg crystals, it was established that the
compound crystallizes in an orthorhombic structure with
P4 /mnc space group. The cell parameters and atomic co-
ordinates in Tl4Hglg and T14Cdlg were calculated from
the XRPD analysis. On the basis of the factor group
analysis, it was found out that the phonon spectra of
Tl4Hgls and T14,Cdlg crystals contain 48 vibrating modes
of 10 types (A1g7 A2ga Blg; BQg; Alua AQu; Blua B2ua Eua
E,), which include 46 optical and 2 acoustic modes in the
I" point of the Brillouin zone.
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The IR spectra of the Tl4Hglg crystal can be divided
into four main groups localized in spectral regions: 5.4—
6.2 pym, 10.9-13.0 pm, 17.9-19.7 pym and 23.2-27.9 um
(5.1-6.1 pm and 11.9-13.9 pm for T14Cdls).

The experimental Raman spectra curve exhibits one
intensive peak at 104.8 cm~! for T1,Cdlg (135.2 cm™!
for Tl4Hglg). This peak is attributed to symmetric vi-
brations of the nearly perfect Cdlg (Hgl6) octahedron.
The bands of the highest intensity for the T1yHglg and
T14Cdls crystals correspond to the A, vibrating mode,
which is allowed and most intensive one in the spectra.
We assume that the impurity of the TII structural phase
may be present in our crystal. But, it is too low to be
detected using traditional Raman spectroscopy.
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JUHAMIKA I'PATKU KPUCTAJIIB I'PYIIU A,BX;

A. I. Kamy6at?, M. B. Conogiios!, T. C. Magmit!, I. A. ®panis®, O. O. Tomonnaii?, O. B. Bosrupa!,
0. B. ®yreii?, A. B. ®panis’!, B. B. Craxypa'
L @izumnuti garyavmem, Jvsiecvruts nayionarvnutd yrnieepcumem imeni Isana Ppanxa,
eya. Kupuaa i Megodia, 8, JIvsis, 79005, Yxpaina
2 Dakysvmem eaekmponiKy ma KoM I0MeEPHUT MeTH0A02IT,
Jveiscoruti nayionarvrul yrisepcumem imeni Ieana Ppanka,
sya. Taprascvkozo, 107, Jlveis, 79017, Yxpaina
3 Hayionaavrutl ywisepcumem “/Ivsiscoka nosimexnira”, eya. C. Bandepu, 12, Jlveis, 79018, Yrpaina
4 Qizuunut Paryavmem Yorczopodcokudi HAUIORAALHUT YHISEpCUME,
eya. Boaowuna, 54, Yorceopod, 88000, Yxpaina

ITosimomieHo npo crpyKTypHi mocimkenns kpucranis rpynu AsB X (TlyHgls 1 T14Cdlg). [lapamerpu xpuc-

TaJiYHOl I'PATKY Ta IMOJIOKEHHSI aTOMIB B eJIeMEHTapHiil KomipIiii Bu3HadeHO MeTomoM PiTBenbma. YcTaHOBIIEHO,

mo TlyHgle i Tl4Cdls € i3oMmopdHUME Ta KPUCTATIZYIOTHCS B TETPArOHAJILHIN KpHUCTa/IuHili IPATIi TPOCTOPOBOT

rpynu P4/mnc. Tlogano pe3ysibraTy eKCIepUMeHTAIBHAX JIOCHIKeHb CIeKTPiB KOMOIHAIIHHOrO po3ciroBaHHs Ta

indpadepsonux cuexrpiB kpucramnis T14Hgls i T14Cdls. Ha ocnoBi Teopernko-rpymnoBoro anasizy 3pobsieHo cumeT-

piitny kiacudikaiio GOHOHHUX MOJI. 30KpeMa BCTAHOBJIEHO PO3IIOJILI KOJIUBAHD JIOCJII/XKYBAHOIO MOHOKDHUCTAJIA

3a KJIaCaMHU CHMeTpil, a TAaKOXK BH3HAYEHO MIPABUJIa BiTOOPY KOJUBAHD /s iH(MPATEPBOHUX CIIEKTPIB Ta CIIEKTPIB

KoMbiHaIiifHOro po3ciroBanHs. 3a ceKTpaMy KOMOIHAIIHOIO pO3CifoBaHHS i1eHTU(MIKOBAHO [TOJIOXKEHHS CMYT Ta

3pObJIEHO TPUITYIIEHHS PO TX MOXO/ZKEHHSI.
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