
20/2018

www.chemphyschem.org

A Journal ofCover Feature:
A. R. Khabibullin et al.

Compositional Effects and Electron Lone-pair Distortions
in Doped Bournonites



1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

Compositional Effects and Electron Lone-pair Distortions in
Doped Bournonites
Artem R. Khabibullin+,[a] Kaya Wei+,[b] Tran D. Huan,[c] George S. Nolas,*[a] and
Lilia M. Woods*[a]

Bornite materials are naturally occurring systems composed of

earth-abundant constituents. Bournonite, a representative of

this class of materials, is of interest for thermoelectric

applications due to its inherently low thermal conductivity,

which has been attributed to the lattice distortions due to

stereochemically active electron lone pair distributions. In this

computational and experimental study, we present analyses of

the lattice structure, electron and phonon dynamics, and charge

localization and transfer properties for undoped and Ni and Zn

doped bournonites. The results from our simulations reveal

complex relations between bond length and bond angle

characteristics, chemical bonding, and charge transfer upon

doping. Analysis of the experimental results indicate that a

microscopic description for bournonite and its doped composi-

tions is necessary for a complete understanding of these

materials, as well as for effective control of the transport

properties for targeted applications.

1. Introduction

Materials exhibiting low thermal conductivity are a main focus

for the development of a variety of applications, including

thermoelectricity,[1] thermal barrier coatings,[2] and refractories.[3]

In the case of thermoelectric devices, thermal transport is a

limiting factor for high efficiency performance, materials

properties that are essentially controlled by the dimensionless

figure of merit ZT ¼ S2sT=k, where S is the Seebeck coefficient,

s is the conductivity, and k is the thermal conductivity.[4]

Materials with inherently low thermal conductivity have been

especially attractive for thermoelectricity, where alloying, dop-

ing, defect engineering, and nanostructuring have proven to be

effective ways for further optimization of the materials proper-

ties.[5] Several classes of materials, such as clathrates,[6] skutte-

rudites,[7] chalcogenides,[8] and organic polymers[9,10] have

intrinsically very low k with values 0.2–2 W=ðm � KÞ. Tuning the

carrier properties of several representatives of these materials

has been viewed as a promising route to enhance ZT of such

systems, resulting in higher efficiency thermoelectric conversion

devices.[11]

Recently, many naturally occurring minerals with non-toxic

and earth-abundant constituents have attracted significant

interest in thermoelectricity.[12–16] Certain compositions have

been shown to exhibit low thermal conductivities and promis-

ing ZT values (ZT / 1 at high temperature regimes for bornites

and tetrahedrites, for example).[17,18] Naturally occurring materi-

als are promising as they would result in an overall reduced

cost. Additional benefits are associated with environmental

issues due to the non-toxic elements in such compositions.

It has also been recognized that anharmonicity associated

with interatomic bonds is responsible for strong phonon-

phonon interactions, thus it is an important factor for low k in

many classes of materials. Specifically, the “rattling” of guest

atoms in cage-like structures or systems with loosely bound

atoms is a source of enhanced phonon scattering.[19–25] Also,

resonant phonon scattering in filled skutterudites[7] and thermal

damping due to liquid-like atomic structures in some chalcoge-

nides[26] have been attributed to enhanced anharmonicity. In

addition, lone s2 electron pairs induce strong coordination

distortions that correlate to very low k values.[27–30] We note that

anharmonicity is intrinsic to the lattice structure since it reflects

the atomic bonding in a given material, thus it may not

significantly be affected by impurities and defects. Identifying

classes of materials with such anharmonic scattering mecha-

nisms becomes a viable strategy to optimize their transport

properties for thermoelectrics, as well as other applications.

Bornite minerals are characterized by stereochemically

active lone s2 pair electrons leading to low k values.[31,32] The

earth-abundant constituents of bornites combined with the

intrinsic source of anharmonicity in their lattice make these

materials especially attractive for thermoelectric applications.

Recently, it has been shown that the strong electrostatic

repulsion between neighboring s2 electronic clouds and the

associated coordination and distortion in the crystal structure

are key factors for the low k in bournonite PbCuSbS3.[31] High
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throughput density functional theory (DFT) calculations have

been reported on the bournonite crystal structure utilizing

atomic substitution and analyzing over 300 compounds.[32] The

electronic structure properties, such as energy band gaps,

defect formation and energetic stability, have been studied in

order to obtain further insight into the possibility of transport

optimization of other materials possessing similar properties to

that of the bournonite lone s2 electron pairs.

Another important question in regards to property optimi-

zation is how doping changes the electronic and thermal

properties of a given pure bornite material. For example,

doping for the Cu, Pb, or Sb atoms may have different effects

on the orientation and distortion of the lone s2 electron pairs.

Depending on the doping site, the inherent anharmonicity of

the doped materials may be enhanced or inhibited. In addition,

doping may induce changes in k due to the carrier contribu-

tion, which must be understood to manage the control of

properties.

In this work we report on the synthesis, crystal structure

and physical properties of PbCu0.75Ni0.25SbS3 and PbCu0.9Zn0.1

SbS3, Ni and Zn doped bournonites, respectively, in order to

understand the effect of doping on the structural and physical

properties of this material system. Simulations based on DFT

are also employed to investigate the atomic, electronic, and

phonon structures of these bournonites. The detailed results for

the total and partial density of states due to charge carriers and

phonons help in understanding how the transport evolves as a

result of different types of doping. The extensive charge

transfer analysis and electron localization show the different

types of bonding, which is further related to the transport

properties of the materials. Comparisons between experimental

and computational data are further used to understand

changes in k upon doping.

2. Results and Discussion

2.1. Atomic Structure

The crystal structure of PbCuSbS3, shown in Figure 1a, has an

orthorhombic lattice specified by the Pnm21 space group. This

bournonite can be derived by cation cross-substitution[31,33,35–37]

from the simpler orthorhombic Sb2S3, where one Sb3 + cation is

substituted by Pb2 +Cu1 +. In this substitution process one Sb

atom remains while the other is replaced by Pb in the

polyhedra and Cu resides in the interstitial sites, resulting in the

crystal structure shown in Figure 1a. We synthesized bournon-

ites with two distinct types of doping PbCu0.75Ni0.25SbS3 and

PbCu0.9Zn0.1SbS3, which are effectively obtained by placing Ni or

Zn on the 4b Cu site. The corresponding lattice representations

of the doped bournonites are shown in Figures 1b and c. The

powder X-ray diffraction (PXRD) data for the doped composi-

tions are shown in Figures 1d and e. During refinement the site

occupancy of each atom was individually studied in order to

check for any structural disorder, followed by the atomic

coordinates, displacement parameters, and fractional parame-

ters. Final values were obtained using the full least-square

refinements. Our results indicate that Cu has 75 % occupancy in

the 4b site in PbCu0.75Ni0.25SbS3, with 25 % for Ni, and 90 %

occupancy in PbCu0.9Zn0.1SbS3, with 10 % for Zn. All the other

2a and 4b sites are fully occupied by Pb, Sb, and S, respectively

(Figures 1b, c). Electron dispersive spectroscopy (EDS) analyses

corroborate these refinement results. EDS elemental mapping

of Ni in PbCu0.75Ni0.25SbS3 and Zn in PbCu0.9Zn0.1SbS3 are

showing in Figure 2. The uniformly distributed elemental

mapping is a direct indication of the homogeneity of the two

specimens.

The atomic structures for the undoped and doped

bournonites are analyzed in terms of lattice constants, bond

lengths, and angles. In Table 1 the measured and calculated

lattice constants and nearest neighbor bond lengths are shown.

Figure 1. Lattice structures of (a) PbCuSbS3, (b) PbCu0.75Ni0.25SbS3, and (c) PbCu0.875Zn0.125SbS3. Powder XRD data of (a) PbCu0.75Ni0.25SbS3 and (b) PbCu0.9Zn0.1SbS3

including profile fit, profile difference, profile residuals, and Bragg positions (purple ticks) from Rietveld refinement. No impurity phases were observed, and
the stoichiometries were obtained from the refinement results and corroborated by electron dispersive spectroscopy (EDS). The wRp, Rp, and reduced c2 are
0.1159, 0.0832, and 5.45 for PbCu0.75Ni0.25SbS3 and 0.1068, 0.0766, and 5.12 for PbCu0.9Zn0.1SbS3.
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The DFT-GGA calculations (details for the simulations are given

in the Experimental and Computational Methods section)

indicate that doping with Ni or Zn results in changes of the

lattice constants as compared to that of the undoped

bournonite, such that the symmetry remains the same but the

orthorhombic lattice acquires different dimensions along the

characteristic directions. Table 1 shows how the different

interatomic distances evolve as a function of doping and how

the experimentally measured data compares with our calcu-

lations within different approximations. These results indicate

that the inclusion of relativistic effects from spin orbit coupling

(SOC) for undoped bournonite leads to a reduction of the a

lattice constant and an increase of the b; c constants when

compared to the standard GGA results. For PbCu0.75Ni0.25SbS3,

however, the SOC leads to a decrease of all lattice constants

when compared to those obtained by GGA. Experimental

findings show a slight reduction along the b and c directions

for the doped bournonites and an additional increase along the

a direction for PbCu0.9Ni0.1SbS3.

The bournonite unit cell consists of 24 atoms, which

includes two inequivalent Sb (2a) and four inequivalent S atoms

(two are on 2a and two are on 4b sites) forming two types of

distinct trigonal pyramids. There is also one Cu atom (4b) and

two inequivalent Pb atoms (2a) such that Pb1 is surrounded by

six S atoms and Pb2 is surrounded by seven S atoms. Doping

with 25 % Ni on the Cu site in PbCu0.75Ni0.25SbS3 results in

substitution of one of the four Cu atoms in the unit cell with Ni.

In order to generate the structure of the experimental PbCu0.9

Zn0.1SbS3 one must construct a large supercell, which puts

significant limitations on obtaining simulation results for the

lattice and electronic structures. Thus instead of 10 % Zn

doping, we consider PbCu0.875Zn0.125SbS3 (12.5 % Zn doping),

which is obtained by constructing a (1� 1� 2) super cell such

that one of the eight Cu atoms is replaced with Zn. Although

there may be some bond length differences between our

experimental and computational results due to this approach,

we expect the electronic and vibrational properties to be very

similar due to the similarity of the Zn doping values. A

comparison between the different bond lengths can be

obtained from the data in Table 1. We find that, in general,

Figure 2. EDS elemental mapping images of (a) Ni in PbCu0.75Ni0.25SbS3 and
(b) Zn in PbCu0.9Zn0.1SbS3.

Table 1. Experimental (Exp.) and calculated a, b, c lattice constants in � for (i) PbCuSbS3 and (ii) PbCu0.75Ni0.25SbS3, and (iii) experimental PbCu0.9Zn0.1SbS3 and
calculated PbCu0.875Zn0.125SbS3 (denoted with *). The interatomic distances between the different cations and anions in � for these systems are provided. The
calculated values obtained via standard methods (GGA) as well as the inclusion of relativistic spin orbit corrections (GGA + SOC) are also given in the table.

Lattice constants [�]
Lattice
constants

i ii iii
Exp. GGA GGA + SOC Exp. GGA GGA + SOC Exp. GGA

a 7.810 7.854 7.814 7.810 7.879 7.867 7.817 7.832

b 8.150 8.280 8.340 8.144 8.175 8.171 8.148 8.336

c 8.700 8.900 8.999 8.686 8.667 8.639 8.681 8.972

Characteristic interatomic distances [�]
Cations Types S1 S2 S3 S4

i ii iii i ii iii i ii iii i ii iii
Cu GGA 2.284 2.310 2.321* 2.351 2.340 2.383* 2.341 2.341 2.318* 2.400 2.395 2.378*

SOC 2.320 2.308 - 2.374 2.354 - 2.336 2.323 – 2.358 2.382 -
Exp. 2.22(2) 2.08(8) 2.30(6) 2.34(2) 2.31(8) 2.34(6) 2.34(2) 2.36(9) 2.33(7) 2.40(2) 2.28(9) 2.40(8)

Ni GGA – 2.443 – – 2.488 – – 2.269 – – 2.204 -
SOC 2.438 2.484 2.272 2.203
Exp. 2.74(6) 2.54(10) 2.52(9) 2.39(9)

Zn GGA – – 2.326* – – 2.359* – – 2.364* – – 2.388*
SOC – – – –
Exp. 2.30(6) 2.34(6) 2.33(7) 2.40(8)

Pb1 GGA 2.845 2.832 2.861* 3.168 3.200 3.117* 2.832 2.935 2.887* 3.541 3.412 3.728*
SOC 2.858 2.826 - 3.156 3.220 – 2.796 2.867 – 3.618 3.313 –
Exp. 2.84(2) 2.94(11) 2.85(9) 3.02(2) 3.12(11) 3.05(8) 2.71(2) 2.53(7) 2.83(6) 3.49(2) 3.28(12) 3.21(9)

Pb2 GGA – – – 3.168 2.880 2.994* 3.406 3.287 3.325* 2.864 2.984 3.079*
SOC 2.865 2.870 – 3.400 3.418 – 2.852 2.979 –
Exp. 3.02(3) 2.77(11) 2.82(9) 3.92(2) 3.28(9) 3.33(9) 2.93(2) 2.72(9) 2.87(6)

Sb1 GGA – – – 2.514 2.517 2.503* 2.489 2.500 2.499* – – –
SOC 2.517 2.515 – 2.496 2.496 –
Exp. 2.44(2) 2.45(9) 2.52(7) 2.46(2) 2.54(8) 2.50(6)

Sb2 GGA 2.480 2.519 2.522* 2.489 2.491 2.506*
SOC 2.481 2.519 – – – – – – – 2.490 2.581 –
Exp. 2.56(3) 2.46(9) 2.45(7) 2.38(2) 2.33(8) 2.39(6)
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there is good agreement between the experimental values and

those obtained using standard DFT-GGA for the undoped as

well as the doped compositions. Nevertheless, there are some

discrepancies between some of the computed and experimen-

tal interatomic distances for the case of Ni-doped bournonite,

which may be attributed to electrostatic interactions (typically

not taken into account in standard DFT) between Ni and Sb2

atoms, as discussed in the next section. We further note that

the overall Cu�S and Pb1-S interatomic distances are similar for

the undoped and Ni-doped bournonite, while these bonds are

longer for the Zn-doped bournonite. In addition, Pb2-S are

biggest for PbCuSbS3, while Pb2-S are smaller and comparable

in the Ni- and Zn-doped materials. Further comparison shows

that Ni�S are typically bigger than the corresponding Zn�S

bonds, while Sb�S bond distances are comparable for all

materials.

The different bond angles are also summarized in Table 2.

The experimental data shows that S-Sb1-S, and most of the

angles involving Pb, decrease upon doping with the exception

of S4-Pb2-S2 that does not change significantly. This trend for

the S4-Pb2-S2 angles is attributed to the relatively large

separations of Ni or Zn from the S2 and S4 atoms. The S-Sb2-S

angles, however, increase upon doping. Table 2 further shows

that the corresponding experimental angles have similar values

when comparing PbCu0.75Ni0.25SbS3 and PbCu0.9Zn0.1SbS3. The

results from our simulations corroborate these trends. There is

good agreement for the corresponding angles between the

experimental PbCu0.9Zn0.1SbS3 and computational PbCu0.875

Zn0.125SbS3 compositions.

2.2. Electronic Structure

The calculated total and projected carrier densities of states

(DOS) are presented in Figure 3. We find that the pure

bournonite (Figures 3a–e) is a semiconductor with an energy

gap of �0.686 eV obtained via DFT-GGA. The DOS around the

Fermi level EF is composed mainly of Cu-d and S-p states in the

valence region (Figures 3c, e) and Pb-p and Sb-p states in the

conduction region (Figures 3b, d). The localized peak at E~
�9 eV is primarily due to the Sb-s and Pb-s states and the peak

at E~�12 eV is due to the S-s states.[38] Including SOC reduces

the band gap to �0.385 eV and results in some shifting of the

peak structure due to the S-s states. We find that the pure

bournonite is a p-type material, which is in agreement with

previous studies.[34]

The present DFT calculations show that doping with 25 % of

Ni results in shifting the highest valence band closer to the

Fermi level, which indicates that PbCu0.75Ni0.25SbS3 is a p-type

semiconductor with an energy gap of 0.301 eV (Figure 3g). The

Table 2. Experimental (Exp.) and calculated bond angles between the different Pb, Sn, and chalcogen atoms. Computational results obtained using GGA and
GGA + SOC are shown.

PbCuSbS3 PbCu0.75Ni0.25SbS3 PbCu0.9Zn0.1SbS3 (Exp.)
PbCu0.875Zn0.125SbS3 (GGA)

S-Pb-S Exp. GGA GGA + SOC Exp. GGA GGA + SOC Exp. GGA
S3-Pb1-S3 95.17 93.45 94.87 92.93 91.67 91.93 92.96 94.72
S1-Pb1-S3 82.23 83.70 85.23 81.08 84.43 84.13 81.11 82.43
S4-Pb2-S4 94.96 95.47 96.44 93.82 93.95 93.54 93.89 95.32
S4-Pb2-S2 83.23 85.54 86.30 83.24 84.64 84.41 83.22 83.08
S-Sb-S Exp. GGA SOC Exp. GGA SOC Exp. GGA
S2-Sb1-S3 92.29 93.63 95.09 90.54 93.11 93.14 90.57 93.70
S3-Sb1-S3 101.44 97.07 95.54 96.08 95.67 95.71 96.13 95.11
S1-Sb2-S4 93.21 94.10 95.48 94.00 93.34 93.03 93.97 92.98
S4-Sb2-S4 93.85 94.10 95.15 98.25 91.04 90.41 98.33 92.98

Figure 3. Total and projected DOS for (a, b, c, d, e) PbCuSbS3, (g, h, i, j, k, l) PbCu0.75Ni0.25SbS3 and (m, n, o, p, q, r) PbCu0.875Zn0.125SbS3. (f) Total DOS calculated
via standard GGA for (1) PbCuSbS3, (2) PbCu0.75Ni0.25SbS3 and (3) PbCu0.875Zn0.125SbS3. The figure legends with “SOC” indicates that SOC is added to the
calculations.
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Ni d-states strongly hybridize with the Cu-d and S-p states, as is

evident in Figures 3i, k and l. Taking SOC into account increases

the band gap to 0.590 eV. This indicates that this relativistic

correction has the opposite effect as compared to that for

undoped bournonite. Doping with 12.5 % of Zn shifts the

conduction band closer to the Fermi level, which may

characterize the material as an n-type semiconductor with an

energy gap of 0.555 eV (Figure 3m). The main effect from Zn

doping is a localized peak at ~�7.5 eV in the valence region,

while the compositional structure of the rest of the DOS is

similar to that of the undoped bournonite. The shifts of the

localized peak structures upon doping due to the Sb-s and Pb-s

states (~�9 eV) and the S-s states (~�13 eV) is also shown in

Figures 3n, p and q.

2.3. Electronic Localization and Charge Transfer

The electronic structure of the materials is further characterized

by calculating the electron localization function (ELF) shown in

Figure 4 for different lattice planes. The typical values of ELF are

in the [0,1] range, where ELFffi1 reflects perfect localization (red

color), ELFffi0.5 corresponds to an electron gas state (green

color) and ELFffi0.0 indicates absence of localized electron.[38,39]

The cation-anion lattice planes are chosen in order to track the

electron localization upon doping along the c direction

containing the S1-X-S2 atomic chain (Figures 4b, d and f) and

along the a direction containing the S3-S4 atomic chain

(Figures 4a, c and e), where X=Cu, Ni, or Zn. In addition, the

lattice plane containing Sb and Pb is chosen to track the lone s2

electron pairs from the two Sb1-Pb1-Sb1 and Sb2-Pb2-Sb2

atomic chains (Figures 4g, h and i). The calculated ELF for all

three structures shows that the interaction between Cu, (Ni, Zn)

and the nearest S neighbors are ionic with some covalent

features. In particular, the blue areas at and around Cu, Ni and

Zn in Figure 4 indicate a complete electron donation to the

nearest S anions, but the corresponding turquoise areas are

indicative of a partial electron donation. This means that there

is some covalency between cations and anions, which is seen in

the red localized regions between the Cu, (Ni, Zn) and S atoms.

The ELF of the lattice planes with the two Sb1-Pb1-Sb1 and

Sb2-Pb2-Sb2 characteristic atomic chains clearly show that the

electron clouds due to the lone s2 electron pairs have lobe-like

distributions around the Pb and Sb atoms that are facing each

other. This symmetric orientation promotes an electrostatic

repulsion, which contributes towards enhancing the anharmo-

nicity in the lattice, which leads to lower k values.[38]

Figure 4 further shows that there are some specific differ-

ences in the ELF of PbCu0.75Ni0.25SbS3 when compared to pure

bournonite and the Zn-doped material. While the s2-electron

clouds from the two chains are positioned symmetrically from

each other, the electron lone pair clouds around Sb2 and Pb1

are distorted and the degree of symmetry of the relative

electron distribution is reduced, as seen in Figures 4d and h.

This distortion may be related to the characteristic distances

involving the Sb and Pb atoms. From our calculations, we find

that Cu-Sb2 = 3.400 Å in PbCuSbS3. Substituting Cu with Zn

results in an increase of this bond distance, Zn-Sb2 = 3.624 Å in

PbCu0.875Zn0.125SbS3, however substituting Cu with Ni results in a

much reduced bond distance, Ni-Sb2 = 2.600 Å in PbCu0.75Ni0.25

SbS3. A similar trend is found for the calculated bonds involving

Pb so that Cu-Pb1= 3.259 Å in PbCuSbS3 but Zn-Pb1 = 3.696 Å

in PbCu0.875Zn0.125SbS3 and Ni-Pb1 = 2.912 Å in PbCu0.75Ni0.25SbS3.

In addition to the ELF distribution, we calculate the charge

transfer in the unit cell of each compound by considering the

difference D1X�cell ¼ 1tot � ð1X þ 1tot�XÞ, where 1tot is the total

charge density, 1X is the charge density of atom X, and 1tot�X is

the charge density of the unit cell without the X atom. The

results, given in Figures 5a and b for the undoped bournonite,

show that some electron charge donated from the Cu atom is

located in the regions surrounding the neighboring S atoms,

while some of the donated charge is also concentrated on the

Figure 4. Calculated Electron Localization Function (ELF) for (a, b, g) PbCuSbS3, (c, d, h) PbCu0.75Ni0.25SbS3 and (e, f, i) PbCu0.875Zn0.125SbS3. The projections
shown were chosen to represent different types of bonding.
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S atoms, which indicates an ionic-covalent type of bonding.

The charge transfer involving Ni in PbCu0.75Ni0.25SbS3 is quite

different. Figures 2 5c and d show that Ni accepts charge by

depleting it from the regions located between S atoms.

Figure 5d shows that the charge around the Ni atom is

somewhat shifted towards the Sb2 sites, which may contribute

to disturbing the stereochemical activity of the lone s2-electron

pairs. Taking into account the value of the Ni-Sb2 distance and

the character of charge transfer between Ni and Sb2 it may be

concluded that the interaction between these two atoms has

some polar covalent character. The charge transfer involving Zn

in PbCu0.875Zn0.125SbS3 is similar to that between Cu and S in the

undoped bournonite, however the regions of depleted and

gained electrons are bigger and some excess charge is found

around the Sb2 site, as shown in Figures 5e and f. The charge

transfer mechanisms can also be related to the electronic shell

structure of the cations. For example, in the case of the

undoped bournonite, Cu with its [Ar]3d84s1 electron config-

uration donates the 4s electron to the nearest S sites. In

PbCu0.75Ni0.25SbS3, Ni having [Ar]3d84s2 attracts electrons from

the neighboring atoms in a covalent manner in order to fill its

partially filed 3d shell. In PbCu0.875Zn0.125SbS3, the Zn atom

donates its s-electrons from its closed electronic shells [Ar]

3d104s2 to the S atoms.

The charge transfer for individual atoms can further be

quantified using Bader analysis.[40–42] Figure 6a displays the

lattice structure of the undoped bournonite along with

schematics of the atomic chains along the a and c directions

where the charge transfer mainly occurs. The Bader population

is shown for the considered systems and Figure 6b indicates

that one Cu atom donates �0.32e of charge by giving to S1, S2,

Pb2, and Sb2 in the unit cell of the undoped bournonite. In the

case of PbCu0.75Ni0.25SbS3, shown in Figure 6c, Ni accepts

+ 0.22e of charge and the total loss of charge along the S3-Ni-

S4 chain is �0.41e, which is much greater than the �0.02e lost

charge along the S3-Cu-S4 chain in the undoped bournonite.

We note that such a loss of charge along S3-Ni-S4 may play a

key role in enhancing the p-type transport in PbCu0.75Ni0.25SbS3.

In the case of PbCu0.875Zn0.125SbS3, shown in Figure 6d, Zn

donates �0.48e to all surrounding atoms except S1.

The Bader analysis also involves calculating the net change

in charge populations for a particular type of atoms in the unit

cell given as
P

n
i¼1 DeB

i ¼
P

n
i ðeB

i � eB
i;XÞ, where n is the number

of atoms of the same type in the unit cell, eB
i is the charge of

the i-th atom when atom X is not present in the unit cell, and

eB
i�X is the charge of the i-th atom when atom X is present in

the unit cell. Using this quantity one can track how the charge

associated with a particular atom, X , is distributed among the

rest of the atoms in the different materials. Specifically, the net

change upon Ni doping results in significant loss of net charge

at the S sites (�0.253e) further showing enhanced p-type

conductivity. The net charge difference at the Pb and Sb atoms

upon Zn doping, on the other hand, indicates that the

transferred charge is mainly concentrated at the Pb (0.102e)

and the Sb (0.061e) sites as compared with the same sites in

PbCuSbS3 and PbCu0.75Ni0.25SbS3. Such a concentrated charge

distribution results in enhanced electrostatic interaction be-

tween two opposing lattice planes with the Sb1-Pb1-Sb1 and

Sb2-Pb2-Sb2 atomic chains (Figures 4g, h and i). One can also

consider the average charge distribution per atom

D�e ¼
P

n
i ðei;in � ei;comÞ=n, where ei;in is the number of valence

electrons of the i-th atom as supplied initially by the VASP

pseudopotential and ei;com is the computed number of valence

electrons for the same atom after relaxation (results given in

Figure 5. Charge transfer calculated using DFT-GGA for (a, b) PbCuSbS3, (c, d) PbCu0.75Ni0.25SbS3 and (e, f) PbCu0.875Zn0.125SbS3. The given perspectives are
chosen to represent charge transfer (a, c, e) along the S3-X-S4 atomic chain and (b, d, f) along the S1-X-S2 atomic chain, as shown in Figure 4. Yellow regions
represent gained electrons and blue regions represent lost electrons. The isosurface value is 0.003 e/Bohr3.
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Figure 6). This data gives further details of the charge donating-

accepting balance within each compound. It is interesting to

observe that Cu donates the most charge in the undoped

bournonite lattice and the least amount of charge in the Zn-

doped material. Pb and Sb are also donors, however, ~�e is

smaller and of the same order for the doped bournonites. The

average charge accepted by Ni and charge donated by Zn is

also given in the table of Figure 6.

2.4. Phonon Structure

Results from our calculations for the phonon band structure

and phonon DOS are shown in Figure 7. The absence of

imaginary branches shows that the considered compositions

are dynamically stable, although some small numerical errors

originating from computational inaccuracies are evident around

the G-point for PbCu0.875Zn0.125SbS3 (Figure 7c). The overall

composition of the peaks below 3 THz has similar structure for

all materials, however the calculated acoustic velocities along

G-X and G-Y, shown in Table 3, are different. The vTA1;2 and vLA

velocities in both doped materials are generally larger than the

ones for the undoped bournonite, except for the velocities

along the G-Y direction for the Zn-doped material which are

slightly smaller. The Debye temperatures associated with each

sound velocity are also given for reference. We note that qTA1;TA2

are in good agreement with previously reported experimental

values of 157 K for the pure bournonite.[43]

From the phonon band structure and DOS, one finds that

the result of Ni and Zn doping is primarily seen in the (3, 5) THz

range (Figures 7b and c). The coupling of Ni with Sb and S in

the (3.25, 4.5) THz range is stronger as compared with Zn in

PbCu0.875Ni0.125SbS3. In addition, the PDOS for PbCu0.875Ni0.125SbS3

is less, and more spread in the acoustic range (0, 3) THz, in

comparison with the other two structures. This is a sign of

lesser flattening of the optical phonons and may result in a

larger k:[44]

Figure 6. (a) Schematics of the projections for the Bader charge analysis along the S3-X-S4 (green color) and S1-X-S2 (brown color) atomic chains in pure
bournonite. Bader charges associated with (b) X = Cu in PbCuSbS3, (c) X = Ni in PbCu0.75Ni0.25SbS3, and (d) X = Zn in PbCu0.875Zn0.125SbS3 are shown. Charge
differences

P
N
i¼1 DeB

i and D�e (defined in the text) are given in the table.

Figure 7. Calculated phonon band structure and phonon density of states for (a) PbCuSbS3, (b) PbCu0.75Ni0.25SbS3 and (c) PbCu0.875Zn0.125SbS3.
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3. Thermal Conductivity

The experimental results for the thermal conductivity can be

examined in the context of the DFT calculations for the various

properties. As discussed earlier, the presence of stereochemi-

cally active lone pair electrons is associated with low k values

due to coordination distortions and electrostatic interactions

from the electron distribution.[27,28,45] Our ELF results, displayed

in Figure 4, explicitly show that the undoped and doped

bournonites have lobe-like distributions associated with lone

pair electrons from the Sb and Pb atoms. In addition, there is

correlation between the coordination number of cations and

their angles. This is indicative of the distortion in the network,

which further contributes towards low k.[27] Specifically, accord-

ing to Ref.[28] the average S-Sb-S angles should be > 99
�

since

the Sb coordination number is 3 and the average S-Pb-S angles

should be � 90
�

since the Pb coordination number is 6 or

greater. Our results in Table 2 show that the average exper-

imental S-Sb1-S angle is 96:87
�

for PbCuSbS3, 93:31
�

for

PbCu0.75Ni0.25SbS3, and 93:31
�

for PbCu0.9Zn0.1SbS3. The average

experimental S-Sb2-S angle is 93:53
�
for PbCuSbS3, 96:13

�
for

PbCu0.75Ni0.25SbS3, and 96:15
�

for PbCu0.9Zn0.1SbS3. These results

show that all S-Sb-S angles are < 99
�
, however the doping

atom reduces the angle involving Sb1 while increasing the

angle involving Sb2. The type of dopant does not affect these

characteristic values since the S-Sb1-S and S-Sb2-S average

angles are very similar for the two doped compositions.

Comparing the average S-Pb-S angles shows that S-Pb1-S is

88:7
�

for PbCuSbS3, 87:01
�

for PbCu0.75Ni0.25SbS3 and 87:04
�

for

PbCu0.9Zn0.1SbS3, and S-Sb2-S is 89:1
�

for PbCuSbS3, 88:53
�

for

PbCu0.75Ni0.25SbS3, and 88:56
�

for PbCu0.9Zn0.1SbS3. One notes

that all average angles involving Pb are close to 90
�
, however

they are slightly reduced due to the Ni and Zn dopants.

Temperature dependent k data for PbCuSbS3
24, PbCu0.75Ni0.25

SbS3 and PbCu0.9Zn0.1SbS3 are given in Figure 8. As shown in the

figure, there is excellent agreement between the high and low

temperature data, which is an indication of the homogeneity of

the polycrystalline specimens. The k values are relatively low

for all three compositions. The maximum in k at T � 25 K in the

doped specimens indicates that Umklapp scattering begins to

dominate over the low-T phonon scattering from grain

boundaries and the mass- and bond-length-differences be-

tween Ni or Zn and Cu, the later not being present for the

undoped specimen that will presumably have a peak at a lower

temperature. The presence of stereochemically active lone pair

electrons and the lattice distortion due to the coordination

number – average angle correlations can be related to these

low k values in all three compositions. Nevertheless, Figure 8

shows that at higher temperatures k for PbCu0.75Ni0.25SbS3 is

highest. For example, at T = 600 K k ¼ 0:53 W=ðm � KÞ for

PbCu0.75Ni0.25SbS3, k ¼ 0:44 W=ðm � KÞ for PbCu0.9Zn0.1SbS3, and

k ¼ 0:51 W=ðm � KÞ for the pure bournonite.

Given that the Ni-doped composition has the smallest

energy gap, as shown in Figure 3, the increase in k may be

associated with enhanced contribution from the charge carriers.

The origin of this enhancement may also be related to the

lattice contribution associated with the lone s2 electron pair

mutual distribution. Following the argument that enhanced

anharmonicity is related to critical angles involving anions and

cations,[27,28] the fact that the S-Sb-S and S-Pb-S angles for both

doped bournonites are very similar cannot explain the increase

in k of the Ni-doped material compared to that of the Zn-

doped composition. However, there is a reduced symmetry of

the mutual orientation of the s pair electron distribution in Ni-

doped bournonite as compared to the corresponding distribu-

tion in Zn-doped bournonite, as discussed earlier in the context

of the ELF and charge transfer of these materials. The twist in

lobe-like electronic cloud orientation, shown in Figure 4h for

example, indicates that the electrostatic repulsion in the Ni-

Table 3. Computed vibrational properties of PbCuSbS3, PbCu0.75Ni0.25SbS3 and PbCu0.875Zn0.125SbS3, TA1, TA2 and LA denote the two transverse and one
longitudinal acoustic modes respectively, and q is the Debye temperature associated with each velocity, as indicated.

Computed
quantities

PbCuSbS3 PbCu0.75Ni0.25SbS3 PbCu0.875Zn0.125SbS3

G-X G-Y G-X G-Y G-X G-Y

vTA1, (m/s) 1498.23 1521.32 1515.20 1536.24 1634.04 1506.18

vTA2, (m/s) 1505.27 1551.19 1642.93 1684.56 1581.51 1550.83

vLA , (m/s) 3102.48 2632.84 3147.53 2672.91 3190.05 2312.20

qTA1, (K) 154.01 156.38 158.06 160.26 167.73 154.60

qTA2, (K) 154.73 159.45 171.39 175.73 162.34 159.19

qLA , (K) 318.92 269.72 328.35 278.73 327.45 237.34

Figure 8. Temperature dependent lattice thermal conductivity of PbCuSbS3

(circle), PbCu0.75Ni0.25SbS3 (triangle up), and PbCu0.9Zn0.1SbS3 (triangle down).
The inset is the high temperature k of these three compositions.
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doped case is weakened. Compared to the cases shown in

Figures 4h and g, one finds that neighboring electron s clouds

have a symmetric mutual orientation, which suggests stronger

electrostatic repulsion, thus there is stronger anharmonicity[28]

in the lattice leading to a reduced k.

4. Conclusions

In this study the atomic structure, transport properties, and

charge transfer characteristics in doped bournonites are

investigated using experimental and computational methods.

As a result, the p-type conductivity is enhanced and the

anharmonicity due to the distortion from the lone electron

cloud is reduced, leading to an increased thermal conductivity

in PbCu0.75Ni0.25SbS3 as compared to the Zn-doped and pure

bournonites. The detailed description of atomic bonds, angles,

and charge transfer indicates that transport mechanisms in

bournonite and its doped composition are complex. Doping

with various atoms can affect the electronic and phonon

dynamics, and synergistic experimental and computational

efforts are needed in order to completely understand effective

ways of varying the transport properties in a given class of

materials.

5. Experimental and Computational Section

5.1. Synthesis and Measurements

PbCu0.75Ni0.25SbS3 and PbCu0.9Zn0.1SbS3 were synthesized reac-

tion of the from binary compounds PbS (Alfa Aesar, 99.9 %),

Cu2S (Alfa Aesar, 99.5 %), NiS (Alfa Aesar, 99.9 %), ZnS (Alfa Aesar,

99.9 %), and Sb2S3 (Alfa Aesar, 99.9 %). These binary compounds

were used as purchased without any further purification and

were ground together in the stoichiometric ratios of PbCu0.7

Ni0.25SbS3.1 and PbCu0.9Zn0.1SbS3.05 before being loaded into

separate quartz ampoules. These ampoules were then sealed in

separate quartz tubes, heated to 861 K and subsequently held

at this temperature for 5 days before the furnace was turned

off and the reaction tubes were cooled to room temperature.

The products were then ground into fine powder, cold pressed

into pellets and annealed at 700 K for 5 weeks to promote

phase purity and homogeneity. After annealing the pellets were

ground into fine powder and sieved (325 mesh) inside a

nitrogen glovebox before loading into graphite dies for spark

plasma sintering (SPS, GT Advanced Technologies, HP-20)

densification into dense polycrystalline pellets. Densification

was accomplished at 623 K and 100 MPa for 30 minutes under

vacuum. The density of each pellet (~95 % of theoretical

density) was determined by measurement of their dimensions

and weight after polishing the surfaces of the pellets. The

products were characterized by powder X-ray diffraction (XRD,

Bruker AXS D8) and energy dispersive X-ray spectroscopy (EDS,

Oxford INCA X-Sight 7582 M).

Steady-state k measurements between 12 K and 300 K were

conducted in a custom designed radiation-shielded vacuum

probe, with uncertainties of 8 %, on 2� 2� 5 mm3 parallelepi-

peds cut by a wire saw.[46,47] High temperature k measurements

(above 300 K) were determined using the equation

k ¼ D � a � CP where D is the measured density, a is the thermal

diffusivity, and CP is the specific heat. CP (� CV ) was estimated

with the Dulong-Petit limit (CV ¼ 3nR, where n is the number of

atoms per formula unit and R is the ideal gas constant). This

evaluation may sometimes result in an underestimation of CP at

high temperature, however it is a relatively good method since

it eliminates the uncertainties associated with CP measure-

ments.[48]

5.2. Computational Methods

The DFT calculations for the atomic, electronic and phonon

structures for the considered materials were performed using

the Vienna Ab-initio Simulation Package (VASP).[49–51] The code

relies on the projector-augmented wave method with a plane-

wave basis set and periodic boundary conditions.[52–54] The

exchange-correlation part of the energy was calculated with

the Perdew-Burke-Ernzerhof (PBE) functional[55] with an energy

cutoff of 480 eV. The ionic and electronic self-consistent

calculations were performed with 10�5 eV=Å and 10�6 eV

relaxation criteria. The calculations for the atomic and electronic

structures were realized using the damped Molecular Dynamics

algorithm with a time step of 0.04. The tetrahedron method

with Blöchl correction is used for the smearing near the Fermi

level.[56] Spin orbit coupling is also taken into account to include

relativistic effects as an L.S correction into the PAW Hamilto-

nian.[57,58] Phonon properties are calculated using the Phonopy

code[59] with the forces calculated under the Blocked-Davidson

scheme[60] using the Methfessel-Paxton method of smearing.[61]

The force and electronic relaxation criteria for phonons were

chosen to be 10�4 eV=Å and 10�8 eV respectively. The above

calculations were realized on a 8� 8� 8 k-mesh for PbCuSbS3

and PbCu0.75Ni0.25SbS3, while a 4� 8� 8 k-mesh was used for

PbCu0.875Zn0.125SbS3. Visualization of the atomic structure, elec-

tron density and charge transfer were performed with VESTA a

3D visualization program.[62] The charge distribution was

calculated using the Bader Charge Analysis code.[40–42]
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