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Establishing the relationship between crystal structure and transport properties is an important issue that is
directly connected with the applicability of functional materials. In this work, we present the analysis of the crystal
structure, chemical bonding, and electronic and thermal transport properties of CuxMeHf3Ss (Me — Mn, Fe, Co, Ni)
compounds. The increase of weighted mobility in the Mn — Fe — Co — Ni series as well as the change of the
dominant scattering mechanism of charge carriers from scattering on point defects to the scattering on acoustic
phonons explains the best electronic transport in CuzNiHf3Ss. Moreover, bonding inhomogeneity between the
covalent 8(Co — S) and §(Hf — S) from one side, and more ionic 8(Cu — S) interactions from the other side leads to
low lattice thermal conductivity in Cu2MeHf3Ss (Me — Mn, Fe, Co, Ni) materials. The work also suggests the link
between the occupation of the octahedral 16d site and the thermoelectric performance of the investigated
thiospinels. Particularly, the best thermoelectric performance is observed in the case of the presence of two valence
electrons in the d-level of atoms in octahedral voids, which can be essential for further enhancement of the

thermoelectric performance in thiospinels.
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Introduction

Development of the new materials with ultralow
thermal conductivity for thermoelectrics and thermal
barrier coatings is among the hot topics in modern
materials science [1-4]. However, materials with low
thermal conductivity usually contain heavy and hazardous
elements [5-8], which is in contradiction with the required
low weight of thermoelectric devices [9,10] and even
more crucial for the thermal barrier coatings used for the
protection of aircraft turbines [4]. However, a lot of recent
works show that ultralow thermal conductivity can be
achieved even in materials consisting of lightweight
elements through the crystal structure complexity
engineering and chemical bonding hierarchy [3,11-15].
Among the most successful approaches for the reduction
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of lattice thermal conductivity are the phonon-liquid
electron-crystal (PLEC) concept (which is based on the
liquid-like  behavior of  superionic  conductors)
[2,12,13,16], bonding anisotropy in layered structures
[8,17,18], lattice anharmonicity induced by the lone-pair-
electrons [5,19-21] and bonding inhomogeneity [22-24].
Following the market requirements, sulfides attract more
attention recently and they are frequent objects of current
investigations [25-28].

A lot of promising environmental-friendly sulfides
with low thermal conductivity were explored recently.
Among them, special attention was devoted to the binary
copper-based sulfides CuyS [29], chalcopyrites [30,31],
ternary Cu-Sn-S semiconductors [32,33], colusites [34],
tetrahedrites [13,35], argyrodites [12,36], and some others
[37]. However, often low thermal conductivity in these
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compounds is caused by weak chemical bonding which in
turn leads to the low thermal stability of the majority of
these compounds (e.g. CuzS, Cu-rich tetrahedrites, and
argyrodites) [2]. This reason restricts the wide utilization
of such materials for energy converters and thermal barrier
coatings due to the structural degradation of the materials
at elevated temperatures [38,39]. Therefore, the effective
compromise between disturbed phonon transport and the
thermal stability of materials is still a great challenge.
Ternary and quaternary transition metal thiospinels are the
perspective materials that can effectively meet both
requirements [40,41].

The phases based on the MgAl,O4 crystal structure
type attract special attention. The structure of spinels with
the general formula AB2X4 is based on the diamond
structure. The 8a site of A atoms corresponds to the
diamond structure, B atoms occupy the 16d site, and X
atoms are in the 32e site. The unit cell of the AB2X4
structures can be expressed as AsBisXz. The cations
occupy one-eighth of the tetrahedral sites and half of the
octahedral sites. Such a structure favors the low thermal
conductivity in the Cu,MeHf;Sg materials (Me = Mn, Fe,
Co, Ni) [9]. However, the finding of the correlation
between the crystal structure and the transport properties
of the spinel structure is an important task.

Aiming to find stable materials with low thermal
conductivity, this study is dedicated to the investigation of
the relations between the crystal structure of Cu,MeHf3Ssg
and electronic and thermal transport properties. With this
goal, we performed the analysis of structural parameters,
chemical bonding, charge carrier mobility, and lattice
thermal conductivity. The effective engineering of carrier
mobility is crucial for designing electronic devices, while
low thermal conductivity is necessary for efficient energy
converters and thermal barrier coatings.

I. Experimental details

The concentration tetrahedron of the sulfide systems
Cu — Me — Hf — S (Me — Mn, Fe, Co, Ni) is presented in
Fig. 1.

Fig. 1. Quaternary diagram Cu — Me — Hf — S and the
quasi-ternary section Cu,S — MeS — HfS; (Me — Mn. Fe,
Co, Ni).

The quaternary sulfides Cu,MeHf3Sg are formed in the
quasi-ternary systems Cu,S — MeS — HfS; that are one of
the possible sections of the concentration tetrahedron. The
CupMeHf;Sg  sulfides can be obtained by various
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techniques:

a) synthesis from the elementary substances Cu, Mn,
Fe, Co, Ni, Hf and S;

b) interaction of the binary sulfides Cu,S, MeS (Me —
Mn, Fe, Co, Ni) and HfS; taken in the ratio of 1:1:3;

¢) the CuMnHf;Sg and CupFeHf3Sg sulfides can be
synthesized from the Cu;MeS; (Me — Mn, Fe) and HfS;
sulfides taken in the ratio of 1:3.

In the present work, we obtained the samples for
investigation from high-purity elements. The total mass of
a sample was 3g. Co-melting of the elements was held in
evacuated ampoules (residual pressure 1072 Pa) in an MP-
30 programmable electric muffle furnace in two stages.
The first stage was heating to 1423 K (heating rate
12 K/h); exposure to 1423 K for 4 h; cooling to room
temperature (cooling rate 12 K/h). At the second stage to
obtain homogeneous samples, pre-synthesized ingots
were ground into powder and pressed into tablets. These
were again placed in evacuated containers, reheated to
773 K at the rate of 12 K/h, annealed at this temperature
for 500 h, and quenched into room-temperature water
(without depressurizing the containers).

Phase identification was performed with a BRUKER
D8 Advance X-ray diffractometer using CuKa-radiation
(A=1.5418 A, A26 =0.005° 26 range 10 — 120°) with
Bragg-Brentano geometry. Rietveld refinement of the
crystal structure was performed in the WinCSD program
package [42]. Visualization of the crystal structure utilized
VESTA program [43].

Quantum chemical (QC) calculations were performed
using the Firefly QC program package [44], which is
based on the GAMESS (US) source code [45]. The
calculations were performed based on the hybrid
functional B3LYP that used the Becke GGA functional for
the exchange energy, and the Lee-Yang-Parr GGA
functional for the correlation energy [46,47]. For the
calculations, we employed lattice parameters, symmetry
information, and atomic coordinates obtained during the
crystal structure refinement of the Cu,CoHf3Sg and using
literature data for CuCo,Ss and CuHf,S4 compounds. The
basis sets for the self-consistent calculations can be
obtained from the authors. The analysis of the chemical
bonding for the investigated materials was performed by
the electron localization function. For this purpose, the
electron localization function (ELF) maps were calculated
and visualized using the specialized module implemented
in ChemCraft [48] and Vesta [43] software.

I1. Results and discussion

2.1. Chemical bonding analysis in the Cu2MeHf3Sg
(Me — Mn, Fe, Co, Ni) sulfides

Multicomponent chalcogenides are interesting objects
from the point of view of the nature of chemical bonding.
To a large extent, the nature of the bond is determined by
the features of the crystal structure. It is known that the
spinel structure can be represented as a stacking of face-
centered unit cells in which sulfur atoms form a three-
layer closest packing of the ABCABC type (Fig. 2).
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Fig. 2. Closest-packed structure of Cu,MeHf3Sg (Me—Mn,
Fe, Co, Ni) compounds.

To consider the nature of chemical bonding in the
CuMeHf;Sg (Me — Mn, Fe, Co, Ni) structure, we
employed the data on atomic and ionic radii (Table 1).
From the results of the calculation of experimental
diffraction patterns, it can be seen that the Cu — S bond has
mostly covalent component, with the bond ionicity
increasing in the Mn — Fe — Co — Ni series of the
CupMeHfsSg  compounds. The opposite situation is
observed for the Hf — S bonds where the covalent

component increases in this series. For the Me — S bond,
the ionicity fraction increases in the Mn — Fe — Co —
Ni series. Considering the above analysis, an important
role in the structure plays the Me metal atoms, which cause
the strengthening of the ionic component. If we consider
the formation of these phases from the point of view of a
three-component system, it is appropriate to compare the
values of interatomic distances (Table 2) of the
experimentally obtained starting phases Cu.S, HfS;, MnS,
FeS, CoS, and NiS (Table 3). Hence, in binary
compounds, the covalent component prevails.

The crystal structure of the quaternary phases
Cu,MeHf3;Sg (Me — Mn, Fe, Co, Ni) has cubic symmetry.
The calculated and experimental diffractograms of the
compounds are presented in Fig.3. Having the crystal
structure with high symmetry of the structural elements, it
is simplier to find the relationship between crystal
structure and properties because each elements (atomic
site, plane etc.) is responsible for appropriate properties

The lattice parameter a changes substantially in the
Mn—Fe transition. The stable d°-state in which all
electrons of the d-sublevel are valence electrons
transforms to dS-state with 4 valence electrons with
subsequent reduction of valence electrons (Co—d’, Ni—d®).
Thus, Ni atoms have only two valence electrons. Hf atoms
also have a d>state (two-valence electron state).

Table 1.
Data for analysis of the nature of chemical bonds
Electron Electron N
configuration of | r*cov, A | meta, A ion, A configuration r(Me) r(MeZ_X)+
- +r(S) r(s%)
atoms of ions
Cu [Ar]3d*%4s? 1.17 1.28 0.98 (Cu*h [Ar]3d*04sP 2.19 2.8
Mn [Ar]3d°4s? 1.17 1.30 0.91 (Mn*?) [Ar]3d34s? 2.19 2.73
Fe [Ar]3d®4s? 1.17 1.26 0.80 (Fe*?) [Ar]3d*4s? 2.19 2.62
Co [Ar]3d74s? 1.16 1.25 0.78 (Co*?) [Ar]3d°4s? 2.18 2.6
Ni [Ar]3d®4s? 1.15 1.24 0.74 (Ni*?) [Ar]3d®4s? 2.17 2.56
Hf [Xe]4f“5d%6s? 1.44 1.59 0.82 (Hf*) [Xe]4f145d%s? 2.46 2.64
S [Ne]3s23p* 1.02 - 1.82 (S?) [Ne]3s23p° —
*- Bokiy G. B. Kristallokhimiya. Izd. Tretye. pererabotannoye i dopolnennoye. izdalstvo «Naukay. 1971 g.. str. 400
Table 2.
Interatomic distances in the Cu,MeHf;Sg (Me — Mn, Fe, Co, Ni) structure
Bond 6(Me -X )exp, A
CuMnHf3Sg CuzFeHfsSg Cu2CoHf3Sg CuzNiHf3Sg
Cu-S 2.302 2.318 2.334 2.344
Hf - S 2.571 2.538 2.524 2.511
Mn-S 2.571
Fe-S 2.538
Co-S 2.524
Ni-S 2.511
Table 3.
Interatomic distances Me — S
Compound Bond d(Me — X)exp, A
Cu,S (Fm-3m) Cu-S 2.3155
HfS, (P6s/mmc) Hf - S 2.51278
MnS (P63/mmc) Mn—S 2.4264
FeS (P63/mmc) Fe-S 2.4529
CoS (P6s/mmc) Co-S 2.3412
NiS (P6s/mmc) Ni-S 2.3779
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Fig.3. The calculated and experimental diffractograms of
Cu;MeHf;Sg (Me — Mn, Fe, Co, Ni) compounds.
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Accordingly, the filling of the 16d site with Hf and Ni
atoms contributes to the reduction of the thermal
conductivity of Cu,MeHf3Sg thiospinels. The change of
lattice parameters, interatomic distances, atomic
coordinates, and bond angles of the compounds are
presented in Fig.4(a)(b).

The interatomic distances d(Me/Hf — S) decrease with
the decrease of Me atomic radii, whereas the 3(Cu-S)
distance increases which indicates increasing bond
ionicity. The arrangement of atoms in this structure
indicates that the change in the 32e site coordinates should
be considered since the first coordination environment for
this site consists of (Me/Hf) and Cu atoms. The analysis of
graphical dependence (Fig. 4(b)) indicates that the 32e site
shifts in the direction of the 16d site in which the Me/Hf
statistical mixture is located. Moreover, the Cu — S —
(Me/Hf) angle decreases in the Mn — Fe — Co — Ni
series, and the decrease is almost linear. At the same time,
the value of the (Me/Hf) — S — (Me/Hf) angles increases
linearly in the Mn — Fe — Co series, stabilizing at 90° for
CUzNingSg.
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Cu,MeHf3;Sg (Me — Mn, Fe, Co, Ni).

The nature of the change in isovalent parameters of
atoms is ambiguous. This can be ascertained by analyzing
the dependence of thermal oscillations of atoms on the
qualitative composition of the studied sulfides (Fig. 5). It
can be concluded from the presented dependences that the
largest oscillations are shown by copper atoms. It is worth
noting that the respective Bis value is stabilized at 1.03 A2
in the CupNiHf3Sg structure. Expectedly, the lowest Biso
value is for heavy Hf atoms. The value of the isovalent
parameter of S atoms has a tendency to increase in the
structure of Cu,MnHf3Sg, Cu,FeHf3Ss, and Cu,CoHf3Sg
while this parameter is decreasing to 0.70 A? in the
CuzNiHfsSg structure. Clearly, copper atoms will have the
largest effect on weighted mobility.

@B -Cu
1.1 o -Hf
10| A-°
= 09 |
2
B as |
0.7 V
0.6 ] ] ] ]
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Me in Cu,MeHf,Sg

Fig. 5. Dependence of isovalent atomic parameter on
composition.

The weighted mobility of state-of-the-art
thermoelectric materials decreases with temperature as
T7%2 pecause the electrons are scattered by phonons [49].
To calculate the weighted mobility for Cu,MeHf3Sg
samples, we used numerical data of temperature-
dependent Seebeck coefficient and electrical conductivity
from our previous work [9]. The change of weighted
mobility of the Cu,MeHf3Sg phases (Fig. 6(a)) shows that
the increase of mobility with temperature indicates, that
the carrier scattering on defects (ionized impurities or
grain boundaries) is dominating [49]. The low mobility
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Fig.6. The properties of Cu;MeHf;Sg (Me — Mn, Fe, Co, Ni): a) weighted mobility, b) thermal conductivity, and (c)
the composition and thermal conductivity at 300, 400, 500, and 600 K.

below room temperature could be a sign of grain boundary
scattering. However, in contrast with Cu;MeHf;Sg (Me —
Mn, Fe, Co) phases, CuzNiHfsSg shows decreasing
tendency of weighted mobility above 400 K, suggesting
that electrons are mainly scattered by phonons as in the
state-of-the-art thermoelectric materials [50]. Such a
tendency of weighted mobility together with its highest
values in the series indicates the best electronic transport
in CuaNiHf;Ss.

Fig. 6(b) shows the lattice thermal conductivity (kiat )
of the studied Cu,MeHfsSg samples after sintering. All
specimens possess very low thermal conductivities, in the
range of 0.7-1.2 W m™ K at 300 K, decreasing to 0.4—
0.7 W m~ K- at 673 K which are among the lowest values
observed in spinel-type materials. Fig. 6(c) shows the
compositional dependence of lattice thermal conductivity
at selected temperatures for Cu,MeHf3Sg. The values of
Kiardecrease in series Mn — Fe — Co and slightly increase
for the Ni-contained sample.

Interestingly, such a compositional dependence of
lattice thermal conductivity reflects well the deviations in
bond angles and atomic coordinates from its ideal values,
asitis shown in Fig. 4(b). This observation suggests a very
strong interconnection between the crystal structure
distortion and lattice thermal conductivity in the
investigated materials. For the deeper analysis of
electronic and thermal transport in Cu,MeHf3;Sg materials
and their structural origin, we performed the analysis of
chemical bonding between atoms in studied thiospinels.

We decided to start the analysis of chemical bonding
from the ternary thiospinels CuCo0,S4 and CuHf;S.. In the
CuCo,S, structure, the overlapping of electron clouds
between Cu-S atoms is weaker than for Co-S, suggesting
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a more covalent nature of Co-S bonds. However, in the
case of CuHf,Ss, the overlapping of electron clouds
between different cations and anions is very similar,
suggesting small bonding inhomogeneity. To understand
the chemical bonding environment in Cu,MeHf3Sg (Me —
Mn, Fe, Co, Ni), we calculated the electron localization
function (ELF). The visualized 3D maps of the ELF sliced
on the planes [1 0 1] and [1 0 -1] are shown in Fig. 7.

In order to calculate the electron localization function
(ELF) maps for disordered Cu,CoHf3Sg with the statistical
occupation of the 16d site by Co/Hf, we created a
structural model with a random distribution of Co and Hf
over this site.

This analysis indicates that the electron clouds of Co
and Hf atoms strongly overlap with chalcogen atoms
highlighting the existence of strong covalent bonding
between d(Co — S) and d(Hf — S). In this pair of bonds,
3(Co — S) shows slightly stronger overlapping of electron
clouds than 8(Hf — S) in Cu,CoHfsSs. The overlapping of
electron clouds between §(Co — S) and 8(Hf — S) is much
stronger in Cu,CoHf3Sg compared to CuCozS4 [51] and
CuHf,Ss (Fig. 6 a-c). On the other hand, the weaker
overlapping of electron clouds between Cu and S atoms
reveals a more ionic nature of chemical bonding between
them. Such bonding inhomogeneity between the covalent
3(Co—S) and d(Hf-S) from one side, and more ionic
3(Cu—S) interactions leads to low lattice thermal
conductivity in Cu,MeHfsSg (Me — Mn, Fe, Co, Ni)
materials.

Moreover, even if the bonding inhomogeneity is
present in the CuCo,S4 structure, this material shows quite
high values of sound velocity (vi=4377m s%
vi= 2367 m st) which leads also to relatively high lattice



Oleksandr Smitiukh, Oksana Soroka, and Oleg Marchuk

(101

(cube)

(cube)

Strongly
polar covalent

),
Van-der-Waals (10 -1)
interactions

Fig.6. Bonding analysis in Cu,CoHf3Sg (a), CuCo2S4 (b), and CuHf,S4 (c) by means of electron localization function
(ELF) with isosurface value of 0.02 e bohr sliced on the planes [1 0 1] and [1 0 -1], respectively.

thermal conductivity in this material (ranging from
1.48 W miK? at 323 K to 0.57 W m'K'* at 723 K) [51].
Interestingly, strong bonding inhomogeneity observed in
Cu,CoHf3Sg leads to the lowering of its sound velocity
(vi= 4072 m s%, vy = 2172 m s1) as was hypothesized by
Grin [22], this fact causes a significant lowering of lattice
thermal conductivity in the material (ranging from
0.78 W mK at 298 K to 0.50 W mK at 673 K). This
work confirms that bonding inhomogeneity can be
effectively used to disturb thermal transport in functional
materials.

Conclusions

The analysis of the crystal structure of Cu,MeHf3Sg
(Me —Mn, Fe, Co, Ni) sulfides indicates that if the 16d site
in spinel structures is occupied by a d-element, then the
number of electrons in the d-sublevel is important.
Additionally, the formation of a statistical mixture in this
site has an important effect on the electronic properties.
Specifically, it was established that the best electronic
transport is observed in the presence of the same two
valence d electrons in both [1Ni:3Hf] atoms. Moreover,
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random occupation of the 16d site by Me/Hf atoms in
Cu;MeHf;Sg (Me — Mn, Fe, Co, Ni) leads to a strong
bonding inhomogeneity and one of the lowest lattice
thermal conductivity in materials with spinel structure
type. The best thermoelectric performance of Cu,NiHf3Sg
can be explained by its highest weighted mobility
described by electron scattering on phonons and the low
lattice thermal conductivity due to strong bonding
inhomogeneity.
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Omnexcanap CumiTiox!, Okcana Copoka?, Oner Mapuyk?

BruinB KpUCTAJIYHOI CTPYKTYPH TA XiMIYHHUX 3B’A3KIB HA eJIEKTPOHHI Ta
Tem10Bi BaacruBocti y mmineasax CuMeHf;Sg (Me — Mn, Fe, Co, Ni)

YDaxynomem ximii, exonozii ma papmayii, Boruncoruii nayionansuuii ynieepcumem imeni Jleci Yipainxu, m. JIyyok, Yepaina,

Smitiukh.Oleksandr@vnu.edu.ua
2Jgano-DpanxiecoKuii HayioHanbHuil Meouunuii yuisepcumem, leano-Dpanxiscok, Ypaina

BcTaHOBIIEHHST B3a€MO3B’SI3KIB MK KPHCTAIIYHOIO CTPYKTYPOIO Ta TPAaHCHOPTHUMH BIACTHBOCTSAMH €
B)XJIMBOIO MPOOJIEMOI0, IO Oe3MocepeHbO OB’ s3aHa i3 3aCTOCYBaHHAM (YHKIIOHAIBHUX MarepiaiiB. Y wii
poOOTi HAMK TPEACTaBICHO aHAJI3 KPHCTANIYHOI CTPYKTYpPH, XIMIiYHHX 3B’S3KiB, CNEKTPOHHHX Ta TEIUIOBHX
TpaHCIOPTHUX BiaactuBocteit cronyk CuzMeHfsSs (Me — Mn, Fe, Co, Ni). 36i1bIeHHs pyxanBoOCTi HOCIIB 3apsiay
B pany Mn — Fe — Co — Ni, a Takox 3MiHa JOMiHYIOUOr0 MEXaHi3My pO3CitOBaHHs HOCIiB 3apsiy Bin
POCitOBaHHA Ha TOYKOBHX JAe(pEeKTaX 10 PO3CIIOBaHHA Ha aKyCTHYHHX (DOHOHAX MOSICHIOE HalKpamuil pyx
enektpoHiB y cronyi CuzNiHf3Ss. Okpim 11p0ro, HEOAHOPIAHICT 3B’s13KiB MiK KoBaneHTHUM st 8(Co —S) i
8(Hf—S) 3 omuoro Goky Ta Oimbmr ioHHEM st 3(Cu—S) 3 iHOIOT CTOPOHM NPU3BOANTH O HHU3BKOI
TeronposinHocTi B Matepianax CuzMeHf3Ss (Me —Mn, Fe, Co, Ni). Y po6oTi Takox IPONOHYETHCS OTIISIX 3B’ A3KY
Mix 3aiiHaATICTIO OKTepryHOi 16d TICT i TepMOENeKTPHYHHME MTapaMeTpaMu JOCIIKeHHX Tiomimineneil. BapTo
3a3HAYNTH, 10 HAWKpalll TepMOENEKTPUYHI MapaMETPH CIIOCTEPIraloThCs y TOMY BUIAIKy, KOJH B CyMIIIi
MIPUCYTHI /IBa BAICHTHUX €JIEKTPOHH Ha O-TiApiBHI aTOMIB, 10 3adMAIOTh OKTASIPUYHI MO3HIIil, 10 MOXe OyTH
BaXITMBHUM JIJISI TOJABIINX JTOCTIKEHB 3 METOIO TIOKPAIIEHHs TEPMOCIEKTPUIHUX TIapaMeTpiB TiOIIiHeeH.

KiouoBi cioBa: HEOTHOPIMHICT 3B’SI3KiB;, KpUCTANidYHAa CTPYKTYpa, PYXJUBICTH HOCIIB 3apsmy;
TEIJIONPOBIIHICTh; TETPapHi Cybdiny.
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