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Complex sulfides BaDyCuSs, BaHoCuS3 and BaYbCuS3 were synthesized in a flow of sulfiding gases (CSz, H2S) at
900°C from standard solutions of lanthanide and copper nitrates, as well as from the same standard Ba(OH),
solution. The crystal structures of BaDyCuSs, BaHoCuSs and BaYbCuS3 were obtained by the Rietveld refinement
method. All three compounds crystallize in the Cmcm space group (KZrCuSs structural type) as predicted by the
tolerance factor analysis. Their micromorphological, thermal and spectroscopic properties are evaluated.

BaDyCuS3 and BaHoCuS3 melt congruently at 1376.5 °C and 1363.8 °C. BaYbCuS3 melts incongruently at
1353.3 °C. The optical band gap is 2.45 eV for BaDyCuSs, 2.37 eV for BaHoCuS3 and 1.82 eV for BaYbCuS3. The
low bandgap of BaYbCuSs is explained by the charge transfer band of Yb at the bottom of conduction band. The
vibrational parameters of BaDyCuS3, BaHoCuS3 and BaYbCuSs crystals were determined with the use of Raman

and Infrared spectroscopies.

1. Introduction

Many chalcogenide semiconductor crystals have interesting struc-
tural, chemical and physical properties, and such materials are in de-
mand in the fields of electronics and optics [1-17]. The quaternary
chalcogenide compounds containing transition and rare-earth elements
are of particular interest because, in this case, wide freedom in the cation
combination provides a possibility for the change of structure type and
drastic variation of bandgap, electrical and optical characteristics. In
this strategy, a lot of quaternary crystals, among sulfides and selenides,

with valuable physical parameters were discovered [5,18-26]. Among
the compounds, the chalcogenides with general composition ABCX3
were considered, where A is an alkaline or alkaline earth (or analogs)
metal, B is a d- or f-element, C is another d-element and X is a chalco-
genide [1]. It was established that this type of compounds can crystallize
in seven structural types: KZrCuSs (Cmcm), EuyCuS3 (Pnma), Ba;MnS3
(Pnma), BaCulaS3 (Pnma), BaAgErSs (C2/m), NaCuTiS3 (Pnma) and
TICuTiTes (P2,/m) [1]. In addition to the synthesis and crystal struc-
tures of these compounds, the semiconductor, magnetic, optical and
thermodynamic properties were described for selected compositions [1,
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15,17,27-34].

Recently, scrupulous investigations have been performed in the
domain of plasmonic inclusion at the surface, bulk or thin film interface
to increase the efficiency of chalcogenide semiconductor based solar
cells [35]. The solar cell usually has a CdS buffer layer to prevent
shunting, however there are certain issues with this buffer layer such as
toxic Cd waste, absorb light with photon energy greater than ~2.38 eV
etc. [36]. Moreover, advanced technologies in the form of multi-junction
solar cell and multiple quantum well solar cell have got much attention,
as these technologies have the ability to reduce the losses associated
with the single junction solar cell incorporating chalcogenide materials
[37,38]. The development of targeted electronic technologies offered
the prospects for the application of Cu-containing sulfides and selenides
in thin film structures, including solar cells and thermoelectric elements,
because these chalcogenides are characterized by strong light absorp-
tions over the visible spectral range and appropriate thermoelectric
figure of merit [8,13,39-43]. Inspired by this activity, to extend the
spectrum of available materials, the ALnCuXs compounds are of
particular interest because Ln elements are of rich crystal chemistry and
have specific spectroscopic properties. The known Ba-containing BaLn-
CuS3 compounds crystallize in structural types of EuyCuS3 (Pnma) or
KZrCuS3 (Cmcm) [1]. As it is known, both these structures are formed by
the layers of CuS, tetrahedra and LnSg octahedra [44,45]. Previously,
the structures were determined for BaLnCuSs3 (Ln = La, Pr (Pnma) and
Ln = Sm, Er (Cmcm)) [18,27,46]. The unit cell parameters were also
reported for BaGdCuSs [18]. The structural and physical properties of
other compounds BaLnCuS3 remain unclear.

The present work is aimed at the preparation of BaLnCuS3 (Ln = Dy,
Ho, Yb) compounds. These compounds were not synthesized earlier.
However, according to the tolerance factor analysis implemented in
[46], the crystallization is assumed in space group Cmcm. The quasi-
ternary phase diagrams BaS -LnyS3-CusS for Ln = Dy, Ho, Yb were not
investigated previously, but several similar systems for other rare earth
metals were considered and the complex equilibrium patterns, involving
peritectic/eutectic interactions and extensive ranges of solid solutions,
were found [31,32,47-49]. As a consequence, the conditions of the
synthesis of BaDyCuS3, BaHoCuS3 and BaYbCuS3 may be not trivial. In
the present experiment, BaLnCuSs (Ln = Dy, Ho, Yb) compounds are
prepared by the sulfidation technique, and final powder products are
studied in detail to see their structural, morphological and spectroscopic
characteristics.

2. Experimental section
2.1. Synthesis

BaDyCuS3, BaHoCuSs and BaYbCuSs compounds were prepared in
powder forms by the sulphidation of oxide mixtures obtained after the
decomposition of metal nitrate solutions. In the synthesis, the key steps
were the same for all compounds. The high purity starting reagents were
used: Cu (999 %, SZB Tsvetmet, Russia), Ba(OH), the standard titri-
metric substance (0.1 mol/L, LenReactive, Russia), Dy203 (99,99 %,
ultrapure, TDM-96 Ltd. Russia), Ho2O03 (99,99 %, ultrapure, TDM-96
Ltd. Russia), YbyO3 (99,99 %, ultrapure, TDM-96 Ltd. Russia) and
concentrated nitric acid solution (C(HNO3) =14.6 mol/L, ultrapure,
Vekton Ltd., Russia). Ammonium rodanide NH4SCN (98 %, Vekton Ltd.,
Russia) was used as a source of sulfiding gases. Weighing them was
carried out on the assay balances of Mettler Toledo at the accuracy of
0.1 mg. Before weighing, to remove the surface oxide, a ~1 mm in thick
copper plate was etched in the HClIO3 solution and washed out in
distilled water. Then, the Cu plate was cut into segments of ~1—5 mm?.
All starting metal oxides were calcinated in quartz crucibles at 1300 K
for 5h in the air to remove surface adsorbates and decompose the
hydrocarbonates commonly present on the rare-earth oxide surface.

The Ba(OH), solution was prepared from the standard titrimetric
substance (0.1 mol/L, LenReactive, Russia). Dysprosium, holmium and
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ytterbium nitrates were prepared from the calcined rare-earth oxides.
The weighed charge of LnyOs oxide was dissolved in ~ 20 mL of
concentrated nitric acid. The solution was brought into a measuring
flask and brought to the label with bidistillated water. A copper II nitrate
solution was prepared from metallic copper by dissolving in ~ 20 mL of
concentrated nitric acid followed by a transfer to a measuring flask. The
solution was also brought to the label with bidistillated water. As a
result, there is the following set of solutions with exact concentrations: C
(Ba(OH)y) = 0.1 mol/L, C(Cu(NO3)5) = 1.0 mol/L, C(Dy(NOs)3) =
1.0 mol/L, C(Ho(NOs)3) = 1.0 mol/L, C(Yb(NOs)3) = 1.0 mol/L. To
prepare a nitrate mixture solution, 50 mL Ba(OH),, 5 mL Ln(NO3)3 and
5 mL Cu(NO3), were selected. All volumes were transferred to heat-
resistant measuring glass.

The mixed solution was evaporated and the dry residue was
decomposed at 900 °C. Then, the mixture was subjected to the thermal
treatment in a flow of sulfiding gases [46]. At the end stage of reaction,
the sulfiding gas stream was percolated, but the argon flow was left to
remove excess sulfur and avoid a subsequent condensation of NH4CSN
decomposition products. The quartz reactor was removed from the
furnace and cooled to room temperature without blocking the argon
stream. The photo of obtained powder products of BaDyCuS3 (yellow),
BaHoCuSs (green-yellow) and BaYbCuSs (violet) are given in Fig. 1.

2.2. Characterization

The powder X-ray diffraction data of BaLnCuS3 (Ln = Dy, Ho, Yb) for
Rietveld analysis were collected at room temperature with a Bruker D8
ADVANCE powder diffractometer (Cu-Ka radiation) and linear VANTEC
detector. The step size of 20 was 0.016°, and the counting time was 6 s
per step. All peaks were indexed by the orthorhombic cell (Cmcm) with
parameters close to those of BaNdCuSs [18]. Therefore, this structure
was taken as a starting model for the Rietveld refinement which was
performed using package TOPAS 4.2 [50].

Fig. 1. Photo of (a) BaDyCuS3, (b) BaHoCuS3 and (c) BaYbCuS; products.
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The particle micromorphology was observed by SEM using a JSM-
6510LV-EDS device. For the SEM analysis, the powder sample was
transferred onto an conductive carbon adhesive tape. The adhesive tape
was attached to a copper cylinder with the diameter of 1 cm and the
height of 1.5 cm. The sample was filled on top and the residues were
shaken to avoid non-sticking particles.

The simultaneous thermal analysis was performed in the He (99999
%, Russia) flow with the use of a STA 449 F3 Jupiter instrument
equipped with a (W3%Re — W25 %Re) thermocouple. The analyzed
powder sample weight was (90-100)+0.01 mg. The temperature
adjustment accuracy was not above 0.3 K. In the temperature range,
where thermal events were observed, the heating rate was 20 K/min.
The results of DSC/TG experiments were processed in the Proteus-
6 software package [51]. The possible error in the phase transition
enthalpy determination was 3 % and, for the melting temperature, it was
2-3°C.

The Raman scattering spectra of BaDyCuSs and BaYbCuSs were
collected in the backscattering geometry using a Horiba JobinYvon
T64000 Raman spectrometer (Jobin Yvon, France). The spectral reso-
lution for the recorded Raman spectra was about 1 cm ™! and a single-
mode krypton laser Lexel Kr' (647.1 nm) was used as an excitation
light source. The Raman scattering spectrum of BaHoCuS3 was collected
using a Bruker RFS100/S Raman spectrometer (Bruker, Germany). In
this case, the 1064 nm Nd:YAG laser radiation was used as an excitation
light source and the spectral resolution was about 1 cm™'. A Fourier-
transform spectrometer VERTEX 70 V (Bruker, Germany) was used to
record the IR (Infrared) absorption spectra with spectral resolution 4
em™!. The spectrum was taken from the samples shaped as thick tablets
prepared from the mixture of the investigated compound thoroughly
ground with KBr. The Globar was used as an IR radiation source, and it
was equipped with a KBr wide range beamsplitter and RT-DLaTGS as a
detector. The reflection spectra were recorded with the use of a Shi-
madzu UV-3600 spectrophotometer.

3. Results and discussion
3.1. X-ray diffraction and crystal structure

In the Rietveld structure refinement, the structure of BaNdCuS3 was
used as a starting model and the Nd ion site was assumed as that
occupied by Dy, Ho or Yb ions (Fig. 2) according to the suggested
chemical formula BaLnCuS3 (Ln = Dy, Ho, Yb). The refinements were
stable and gave low R-factors, as shown in Fig. 3 and Table 1. The atom
coordinates and main bond lengths are given in Tables 2 and 3,
respectively. The linear dependence of cell volume V on the IR radii of
the Ln ion in BaLnCuS3 (Ln = Dy, Ho, Yb) proves the close similarity of
the suggested and real chemical compositions (Fig. 3d). The crystallo-
graphic data are deposited in Cambridge Crystallographic Data Centre

Fig. 2. Crystal structure of BaLnCuS3; (Ln = Dy, Ho, Yb). The unit cell is out-
lined. The lone atoms, except barium, are omitted for clarity.

Materials Research Bulletin 140 (2021) 111314

(CCDC # 2048615-2048617). The data can be downloaded from the site
(www.ccdc.cam.ac.uk/data_request/cif).

As it is known, the compounds ABCX3 (A = Sr, Ba, Eu?*, Pb%;
B =1Ln, Y; C=Cu; X =S, Se) crystallized in Cmcm or Pnma structures.
Previously, the tolerance factor t = IR(A) xIR(C)/IR(B)? was introduced
and it controls the appearance of Cmcm or Pnma structures depending on
the selection of A, B and C elements in ABCX3 compounds [46]. Ac-
cording to the analysis carried out in [46], the Cmcm structure was
predicted for the compounds ABCX3 with t > 0.908. The tolerance fac-
tors calculated for sulfides BaLnCuS3 (Ln = Dy, Ho, Yb) are given in
Table 4 and the related points are presented in the diagram shown in
Fig. 4. The ion radii values reported in [52] were used in the calcula-
tions. As it is seen, the compounds BaLnCuS3 (Ln = Dy, Ho, Yb) should
crystallize in space group Cmcm, and this prediction is successfully
confirmed in the experiment implemented in the present study. This
result confirms that the tolerance factor t well controls the formation of
Cmcm or Pnma structures in the compounds ABCuX3 (A = Sr, Ba, Eu2+,
Pb%*; B=1n, Y; X =S, Se).

3.2. Morphology

The microstructure of BaLnCuSs3 (Ln = Dy, Ho, Yb) samples prepared
by sulfidation method is shown in Fig. 5 and 1S. In general, the particle
morphologies of all three samples are similar. According to the SEM
observation, the obtained sulfide products are mostly formed by spongy
agglomerates of 10—100 pm in size. The agglomerates contain partly
coalesced 1—5 pm grains. The contrast in SEM patterns is uniform and it
confirms the chemical composition homogeneity.

3.3. Thermal properties

In the DSC/TG experiments, the samples of BaDyCuS3 and BaHoCuS3
were brought to the melting state two times. However, one heating/
cooling cycle was recorded for BaYbCuSs. First, the BaDyCuSs; and
BaHoCuS3 samples were heated up to the melting state and, in this
heating/cooling cycle, the number of heat effects, possible weight loss
and melting temperature were estimated. Besides, after the cooling and
solidification, the sample is in a tight contact to the crucible walls and
this is a significant factor for the precise measurement of thermal pa-
rameters. Thus, the first heating was carried out from 10 to 1600 °C.
Only one heating/cooling cycle from 10 to 1450 °C was implemented for
BaYbCuSs. No weight loss was recorded for all compounds and it indi-
cated their high thermal stability. The second heating to 1450 °C was
carried out for the measurements and the resulted curves are shown in
Fig. 6. The obtained melting temperatures and heats of melting are listed
in Table 5. As shown in Fig. 6, the melting point is determined by the
extrapolation from the maximum melting point at the tangential point of
the melting start to the heating baseline [53]. This method is applied
because of the wide melting range and the presence of thermal gradient
in the sample.

In all three substances, only one melting effect was observed, and no
other thermal effects were detected on heating. BaDyCuSs; and BaHo-
CuS3 melt congruently at 1376 and 1363 °C, respectively. BaYbCuS3
melts incongruently at the temperature of 1353 °C. In BaYbCuS3, two
superimposed crystallization peaks were clearly registered upon cooling
and this is a robust indicator of the compound decomposition on
melting. As it is seen in Table 5, at the transition from Dy to Ho and Yb,
the melting temperature decreases by 23 °C. The enthalpy of fusion, in
turn, increases by nearly twice and it reaches the level as high as
162.8 + 4.8 kJ/mol in BaYbCuSs.

Then, it is intriguing to compare the thermal parameters determined
for BaLnCuS3 (Ln = Dy, Ho, Yb) samples with those previously reported
for other sulfides ALnCuS3 (A = Sr, Ba, Eu?"). The values of temperature
and entalpy of melting in the known sulfides ALnCuS3 (A = Sr, Ba, Eu®h)
are summarized in Tables 1S and 2S, respectively, and the related
experimental points are displayed in Fig. 7 [24,26,34,46,47,54,55]. As
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Fig. 3. Difference Rietveld plots of BaLnCuSs: (a) Ln = Dy; (b) Ln = Ho; (c) Ln = Yb. Linear cell volume dependence V(IR) per ion radii IR (d).

Table 1
Main parameters of processing and refinement of the BaLnCuS; (Ln = Dy, Ho,
Yb) samples.

Table 2
Fractional atom coordinates and isotropic displacement parameters (A%) of
BaLnCuS; (Ln = Dy, Ho, Yb).

Ln  Space Cell parameters (A), Cell Volume (A%) Ruwp, Rp, Ra, 7>
group
Dy Cmcm a = 4.02150 (3), b = 13.4455 (1), 2.13,1.62,
¢ =10.19622 (8), V= 551.319 (7) 1.23, 1.47
Ho Cmcm a=4.01228 (3), b = 13.4364 (1), 2.80, 2.12,
¢ =10.16414 (8), V = 547.955 (8) 1.51, 1.56
Yb Cmcm a = 3.98469 (2), b = 13.42090 (7), 3.11, 2.31,
¢ =10.06351 (5), V=538.178 (5) 0.79, 1.53

to the melting temperature variation, as shown in Fig. 7a, the general
trends are similar in ALnCuSs3 (A = Sr, Eu®h). First, on the move from La
to Nd, the Ty, value decreases to the minimum at 1429 and 1470 °C in
SrNdCuS3 and EuNdCuSs, respectively. However, on the further move
from Nd to Er, the drastic increase of Ty, is evident up to the record level
of 1720-1735°C in EuLnCuS; (Ln=Gd, Dy, Er). It should be
mentioned that the position of minimum on this noncontinuous curve is
less clear because the thermal parameters of sulfides APmCuS3 (A = Sr,
Eu?") remain unknown. With a high probability, the compounds APm-
CuSs (A = Sr, Eu?") can just have the minimum T, values. Compara-
tively, other trend is observed in sulfides BaLnCuSs. In these crystals, a
continuous increase of Ty, is observed on the move from La to Yb.
Generally, it can be concluded that, in compounds ALnCuSs (A = Sr, Ba,
Eu?"), the high melting temperatures are characteristic of the sulfides of
heavy Ln elements.

The variation of enthalpy of melting in compounds ALnCuSs3 (A = Sr,
Ba, Eu®") is shown in Fig. 7b. The values of Hy, are relatively low in
ALnCuS; (A = Sr, Eu?"; Ln = La, Ce, Pr, Nd) and BaLaCuSs, and the
extremely low values of Hy, are observed in SrSmCuS3 and EuLnCuSs
(Ln = Sm, Gd, Dy, Er). Contrary to that, a drastic increase in Hp, is
observed in BaLnCuSs (Ln = Pr, Dy, Ho, Yb). On this basis, even a higher

Atom x y 4 Biso Occupancy
Ln = Dy

Dy 0.5 0 0 0.24 (3) 1
Cu 0.5 0.53360 (16) 0.25 0.39 (6) 1
Ba 0.5 0.25577 (7) 0.25 0.35(3) 1
S1 0.5 0.63402 (19) 0.0613 (2) 0.50 (7) 1
S2 0.5 0.9321 (3) 0.25 0.56 (9) 1
Ln = Ho

Ho 0.5 0 0 0.16 (3) 1
Cu 0.5 0.53282 (14) 0.25 0.46 (5) 1
Ba 0.5 0.25608 (7) 0.25 0.42 (3) 1
S1 0.5 0.63344 (17) 0.0599 (2) 0.50 (6) 1
S2 0.5 0.9346 (2) 0.25 0.56 (8) 1
Ln=Yb

Yb 0.5 0 0 0.43 (4) 1
Cu 0.5 0.53355 (11) 0.25 0.85 (5) 1
Ba 0.5 0.25536 (6) 0.25 0.65 (4) 1
S1 0.5 0.63083 (16) 0.05789 (18) 0.50 (6) 1
S2 0.5 0.9343 (2) 0.25 0.56 (8) 1

Hy, value could be assumed in BaLuCuSs if this sulfide exists. As for now,
a satisfactory explanation of so specific behavior of thermal parameters
for compounds BaLnCuSs is elusive and a further accumulation of
experimental results is topical.

3.4. Optical properties
The investigation of the optical properties of sulfides is of great

importance to define their possible applications in photonics. As an
example, the optimal bandgap of semiconductors for photovoltaic
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Table 3

Main bond lengths (A) in BaLnCuS3 (Ln = Dy, Ho, Yb).
Ln =Dy
Dy—Sl?_ 2.7713 (18) Cu—Slm 2.351 (3)
Dy—S2" 2.7074 (11) Cu—s2™ 2.430 (2)
Ln = Ho
Ho—S1! 2.7585 (16) Cu—S1 2.359 (2)
Ho—S2" 2.6889 (10) Cu—S2™ 2.4016 (19)
Ln=Yb
Ybfsli 2.7188 (14) Cufslm 2.333 (2)
Yb—S2" 2.6660 (9) Cu—S2™ 2.3967 (17)

Symmetry codes: (i) -x+1/2, -y+1/2, -z; (ii) x, y-1, z; (iii) -x+1/2, y-1/2, -2+1/2.

Table 4

Calculated tolerance factors t and predicted space group of compounds BaLn-

CuS3 (Ln = Dy, Ho, Yb).

Compound t Space group Reference
BaDyCuS3 1.024 Cmcm This study
BaHoCuS3 1.050 Cmcm This study
BaYbCuS3 1.131 Cmcm This study
0.86{ Yb HoDy
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Table 5
Melting temperatures and enthalpies of compounds synthesized in this
contribution.
Compound Melting point, °C Enthalpy of fusion, kJ/mol
BaDyCuS3 1376 + 2 91.4+27
BaHoCuS3 1363 + 2 1259+ 3.8
BaYbCuS; 1353+ 2 162.8 + 4.8




N.O. Azarapin et al.

17504 | ™ Sr
® Eu ° [ ]
A Ba e
1700 4 BaYbCuS,
1650 BaDyCuS; A . l
A
« 16004 . u
= ° BaHoCuS;
'\E
1550 2
. ®
1500 °
[] °
1450 - .
|}
1400 +— T T T T T T T T T
118 116 1.14 112 1.10 1.08 1.06 1.04 1.02 1.00
R(Ln*®), A
a
180
m Sr BaYbCuS,
1604 | ® Eu A
A Ba
Ly BaHoCus,
SN
120 |
S BaDyCu$
100 4 Y 3
5 .
2 A
: 804
T
604
404
2] & © ©
u?
0 " = e 'Y
—— —— S —
118 116 1.14 112 1.10 1.08 1.06 104 1.02 1.00
R(Ln*3), A
b

Fig. 7. Dependences of (a) melting temperature and (b) enthalpy of melting on
the effective ion radii of the Ln element in compounds ABCuS3 (A = Sr, Ba,
Eu?'; B = Ln).
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structures is 1.4-1.5 eV [56,57]. In such advanced photovoltaic chal-
cogenide as CIGS, the bandgap can be tuned in the range of 1.0-1.7 eV by
the chemical composition variation. The reflection spectra of BaDyCuSs,
BaHoCuS3 and BaYbCuSs are presented in Fig. 8. In all three sulfides, the
band edges are in the visible range. As is seen in Fig. 8a, the individual
characteristic bands corresponding to the f-f transitions of rare earth
ions are detected in BaHoCuS3 and BaYbCuSs. The band related to the
2R, ;o — 2Fs9 transitions of Yb>* ions is positioned in the region below
1000 nm for BaYbCuSs, and, in the reflection spectrum of BaHoCuS3, the
well-pronounced °Ig - °F5 band at 660 nm and weakly pronounced °Ig —
5S,, °F4 band at 550 nm can be observed. The Kubelka-Munk plots for
BaDyCuSs, BaHoCuS3 and BaYbCuSs are presented in Fig. 8b. The op-
tical bandgap values derived from Kubelka-Munk plotting are 2.45 eV
for BaDyCuSs, 2.37 eV for BaHoCuS3 and 1.82 eV for BaYbCuSs. While
the bandgap values of BaDyCuS3; and BaHoCuSs3 are typical of multi-
cation sulfide materials comprising a monovalent copper ion,
alkaline-earth ion and one rare earth ion, the BaYbCuS3 bandgap is
noticeably smaller. Surprising is that the BaYbCuSs bandgap is even
smaller than that in recently studied EuErCuSs (1.94 eV) [24], where the
bandgap narrowing can be assigned to the 5d states of Eu?" ion posi-
tioned at the conduction band bottom. As a possible explanation of the
significant bandgap narrowing in BaYbCuS3 with respect to isostructural
BaHoCuS3 and BaDyCuSs, the presence of minor Yb?* ion fraction in the
crystal lattice (or, in a more complex case, the mixed valence state
YbZ*+Cu?") can be considered. To check this suggestion, we examined
the BaYbCuS3; luminescence under the excitation at 647 nm and at
410 nm. The characteristic luminescence of Yb2" ions in sulfides in the
near IR range was not detected. Therefore, the most probable explana-
tion for the additional absorption of BaYbCuSs; in the range of
500—600 nm and the corresponding bandgap narrowing must be
explained by the charge transfer states associated with Yb>*. Typically,
these states in trivalent rare earth ions in oxides are at 5—6 eV. However,
the divalent Yb ion with its electronic configuration 14 must have its
enhanced stability of the completely filled f shell. This enhanced sta-
bility must lead to lower-lying charge-transfer states. Alongside with the
lower electronegativity of sulfur, with respect to oxygen, the assignment
of the bottom states of conduction band in BaYbCuS3 as charge transfer
states is reliable. This result shows that the optical bandgap of chalco-
genides can be efficiently tuned by the addition of Yb>*. However, the
photovoltaic efficiency of charge transfer absorption needs an additional
study.

3.5. Vibrational spectroscopy

The Raman and Infrared spectra of BaLnCuS3 (Ln = Dy, Ho, Yb) are
displayed in Fig. 9a and b, respectively. The Raman spectra of BaDyCuSs
and BaYbCuS3 shown in Fig. 9a were recorded under the excitation at
647.1 nm, whereas, to avoid excitation of the Ho>" luminescence, the
1064 nm excitation wavelength was used in BaHoCuSs. In the later case,
the recording of spectral signal is possible only from 100 cm ™! [58].

The Cmcm crystal structure of investigated compounds contains two
formula units (Z = 2) per primitive cell. The irreducible representations
for vibrational modes associated with Ba, Ln, Cu and S atoms are listed in
Table 6 [59]. Taking into account data from Table 6, the mechanical
representation for BaLnCuSs (space group Cmcm) at the Brillouin zone
center can be written as: I'vipy = 5Ag + 2Ay + 4B1g + 7B1y + Bag + 7Boy +
5B3; + 5B3y. The A, modes are silent and By, + Bay + B3, modes are
acoustical. Herein, the g-labeled phonon modes are Raman active, while
Infrared active modes are u-labeled.

As it was shown above, the tolerance factor t can be a useful indicator
for the determination of ABCXj3 crystal structure symmetry [46]. In case
of BaLnCuSs (Ln = Dy, Ho, Yb), this method showed that compounds
under investigation should belong to Cmcm space group but not to Pnma,
and this result is in agreement with the XRD data. As for the vibrational
spectroscopy method, the Raman and Infrared spectra are strongly
dependent on the arrangement of crystal structure units, and the number
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Fig. 9. (a) Raman spectra from BaDyCuS3; and BaYbCuS; recorded with the
excitation at 647.1 nm and the Raman spectrum of BaHoCuS3 recorded with the
excitation at 1064 nm, and (b) Infrared spectra of BaLnCuS3 (Ln = Dy, Ho, Yb)
in the Far-IR subregion.

Table 6
The irreducible representations for Raman and Infrared modes in BaLnCuS3 (Ln
= Dy, Ho, Yb) in respect to the positions of atoms.

Atom Wyckoff position Irreducible representations

Ln 4b 2By, + 2By, + B3y

Cu, Ba, S2 4c Ag + Byg + B3g + By + Bay + B3y

S1 8f 2Ag +Byg + Bog +2Bg + 2By, + 2By, + B3y

and activity of vibrations in spectra are determined by the crystal
symmetry [60]. However, it is hard to find the difference between
experimental Raman spectra of BaLnCuSs compounds crystallized in
space groups Cmcm and Pnma in the case of powder samples because the
polarized spectra can not be recorded [46]. As it can be seen in Fig. 9a
and b, the Raman and Infrared spectral profiles of BaHoCuS3, BaDyCuS3
and BaYbCuS3 are almost identical with a small shift in wavenumber
values and it verifies that these compounds are isostructural. The posi-
tions of spectral bands of all compounds under investigation are pre-
sented in Table 3S. On the other hand, it can be clearly seen that the
Infrared spectra of Cmcm and Pnma members of the BaLnCuSs family are
noticeably different, as exhibited in Fig. 2S [26]. This fact confirms that
BaLnCuS3 (Ln = Dy, Ho, Yb) compounds are isostructural and belong to
the Cmcm space group, but not to that of Pnma. As it can be observed in
Fig. 9a and b, the vibrational modes of BaLnCuSs (Ln = Dy, Ho, Yb) are
located in the range of 50—350 cm ™}, and that is in agreement with the
vibrational spectra of other orthorhombic (space group Cmcm) BaLn-
CuSs crystals [46]. As it was previously shown [46], the vibrational
modes below 150 cm ™! are associated with the vibrations of the layers
formed with CuS4 tetrahedra and LnSg octahedra which form crystal
structure of BaLnCuSs compounds. The spectral region between 190 and
290 cm ™! contains bands related to the vibrations of predominantly
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1

sulfur ions, while the spectral bands above 290 cm™ " are attributed to

the stretching-like modes of tetrahedral CuS4 groups.
4. Conclusions

This study addresses the synthesis, structure, optical and thermal
properties of the new complex sulfides BaDyCuSs, BaHoCuSs and
BaYbCuSs. All three compounds crystallize in the Cmcm space group
(KZrCuS3 structural type). According to structural and vibrational
properties, all substances are in the single phase state. The compounds
have a linear change in unit cell parameters, as induced by the substi-
tution of Ln element. Also, the symmetry of the phases is consistent with
the tolerance factor introduced earlier for this crystal family. The
powder samples morphology is described by the irregular agglomerates
consisting of particles ranging in size from 1 to 5 pm. BaDyCuSs and
BaHoCuS3; melt congruently at 1376.5 and 1363.8 °C, respectively.
However, BaYbCuSs melts incongruently at 1353.3 °C. The compounds
are characterized by extremely high enthalpy of fusion in the range of
91.4-162.8 kJ/mol, and the value obtained for BaYbCuS3 (162.8 kJ/
mol) is the highest known in ABCuXs (A = Sr, Ba, Eu?*, Pb>"; B = Ln,
Y). The optical band gap is 2.45 eV for BaDyCuSs, 2.37 eV for BaHoCuS3
and 1.82 eV for BaYbCuS3. The anomalous decrease of the bandgap for
BaYbCuS;3 is explained by the charge transfer band of Yb at the bottom of
conduction band. This finding can be of importance in photovoltaics for
tuning the bandgap of complex sulfides by the addition of Yb" ions.
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