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Interstitial Zn Atoms Do the Trick

Atomic surfaces defined by the zero flux condition of the different atoms
in the Zn4Sbs structure viewed nearly along the ¢ axis. For more infor-
mation see the following pages.
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Interstitial Zn Atoms Do the Trick in Thermoelectric Zinc Antimonide,
Zn,Sh;: A Combined Maximum Entropy Method X-ray Electron Density and
Ab Initio Electronic Structure Study

Fausto Cargnoni,'®! Eiji Nishibori," Philiﬂ)e Rabiller,! Luca Bertini,!*!

G. Jeffrey Snyder,'! Mogens Christensen,
Bo Brummerstadt Iversen*

Abstract: The experimental electron
density of the high-performance ther-
moelectric material Zn,Sb; has been
determined by maximum entropy
(MEM) analysis of short-wavelength
synchrotron powder diffraction data.
These data are found to be more accu-
rate than conventional single-crystal
data due to the reduction of common
systematic errors, such as absorption,
extinction and anomalous scattering.
Analysis of the MEM electron density
directly reveals interstitial Zn atoms
and a partially occupied main Zn site.
Two types of Sb atoms are observed: a
free spherical ion (Sb*7) and Sb,*”
dimers. Analysis of the MEM electron
density also reveals possible Sb disor-
der along the ¢ axis. The disorder, de-
fects and vacancies are all features that
contribute to the drastic reduction of
the thermal conductivity of the materi-
al. Topological analysis of the thermal-
ly smeared MEM density has been car-

ried out. Starting with the X-ray struc-
ture ab initio computational methods
have been used to deconvolute struc-
tural information from the space-time
data averaging inherent to the XRD
experiment. The analysis reveals how
interstitial Zn atoms and vacancies
affect the electronic structure and
transport properties of B-Zn,Sb;. The
structure consists of an ideal A,;,Sby,
framework in which point defects are
distributed. We propose that the mate-
rial is a 0.184:0.420:0.396 mixture of
A,Sby,, A;;BCSb,, and A,;;BCDSb,,
cells, in which A, B, C and D are the
four Zn sites in the X-ray structure.
Given the similar density of states
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(DOS) of the A;,Sby,, A;;BCSby, and
A (BCDSb,, cells, one may electroni-
cally model the defective stoichiometry
of the real system either by n-doping
the 12-Zn atom cell or by p-doping the
two 13-Zn atom cells. This leads to
similar calculated Seebeck coefficients
for the A;,Sby, A;;BCSb,, and
A ,BCDSb, cells (115.0, 123.0 and
110.3 wVK™! at T=670 K). The model
system is therefore a p-doped semicon-
ductor as found experimentally. The
effect is dramatic if these cells are
doped differently with respect to the
experimental electron count. Thus,
0.33 extra electrons supplied to either
kind of cell would increase the Seebeck
coefficient to about 260 uVK™. Addi-
tional electrons would also lower o, so
the resulting effect on the thermoelec-
tric figure of merit of Zn,Sb; challenges
further experimental work.

Introduction

Outstanding thermoelectric properties have been reported
for Zn-Sb alloys,"! and in particular the compound Zn,Sb;,

(formal stoichiometry) has caused a lot of excitement in the

materials science community, due to its extremely high ther-
moelectric figure of merit at relatively moderate tempera-
tures.!! The complex phase diagram for Zn-Sb alloys is a
matter of controversy and it was recently reinvestigated®

since the thermoelectric properties of these alloys strongly

depend on their specific phase and exact composition.®l
Caillat et al."! found a maximum thermoelectric figure of

merit of 1.3 at 670 K for a p-type p-Zn,Sb; sample, which

appears to be a promising substitute for PbTe, due to its
higher figure of merit, and it also has the advantage of
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being lead free. The figure of merit is defined by Equa-
tion (1):

ZT = *oT/x (1)

in which a is the Seebeck coefficient, o is the electrical
conductivity, x is the thermal conductivity and T is the abso-
lute temperature.! The conversion efficiency for thermo-
electric cooling or power generation increases monotonically
with ZT. The Seebeck coefficient and electrical conductivity
in Zn,Sb; are not exceptionally high and the power factor,
a’o, is only half that of optimally doped (Bi,Sb),Te,. It is the
unusually low lattice part of the thermal conductivity (k)
that gives a very high ZT. In a recent single-crystal X-ray
diffraction study we showed that the very low x; can be ex-
plained by the existence of amorphous-like, interstitial zinc
atoms inside the rigid crystalline lattice.’! The discovery of
the interstitial Zn atoms finally gave a crystal structure of
Zn,Sb; in accordance with the measured mass density, which
has been an evident problem for previously published struc-
tures.!! The interstitial Zn atoms provide a novel scattering
mechanism for phonons and also provide an explanation for
the observed crystal chemistry.”] The interstitial Zn atoms
should also affect the electronic structure and transport
properties of Zn,Sbs. A previous first-principles study” of
B-Zn,Sb; was based on the then available crystal structure!®
which assumed a mixed Zn-Sb occupancy site to comply
with the experimental composition, Zng3;Sb,;, and which
did not reveal any Zn interstitial atoms. By using a highly
symmetrical model structure, ZnsSbs stoichiometry and a
rigid band approach to reproduce the experimentally ob-
served transport properties, Zn-Sb was theoretically de-
scribed” as a low-carrier density metal with a remarkably
high Seebeck coefficient for a metallic material.

In this study, we have determined the X-ray electron den-
sity of Zn,Sb; from a combined Rietveld/maximum entropy
method (MEM) analysis of synchrotron radiation powder
diffraction data.® In our previous study, conventional
single-crystal data were analysed by standard least-squares
modelling techniques.”) However, owing to the presence of
systematic errors such as absorption, extinction, anomalous
scattering and slight twinning, the conventional single-crys-
tal data were not suitable for high-quality MEM reconstruc-
tion. The MEM has in recent years provided insights into
the structures and chemical bonding of, for example, metal-
lofullerenes and nanoporous solids.”! However, the limita-
tion of the method in these studies clearly has been that vis-
ualisation of the thermally smeared total electron density
only provides qualitative information. In this study a new
computer program InteGriTy""”! was used to carry out full
Bader topological analysis'!! of the thermally smeared elec-
tron density obtained by the MEM and it is shown that im-
portant new information can be obtained by this method.!"”
This greatly enhances the potential for extracting useful
chemical and physical information from MEM electron den-
sities. Based on the MEM density we then used an ab initio
computational approach to deconvolute structural informa-
tion from the space-time data averaging inherent to the
XRD experiment. This enabled us to unravel whether and
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how interstitial and vacant Zn atoms affect the electronic
structure and transport properties of $-Zn,Sb;. Such an in-
sight into the peculiar features of this promising thermoelec-
tric material is only made possible by the discovery of Zn in-
terstitial atoms which were not known when the previous
theoretical study was performed.

Experimental Section

Synchrotron powder diffraction: High-resolution synchrotron powder dif-
fraction data were collected at a short wavelength (A=0.42061 A) in a
0.1 mm capillary at beam line BLO2B2 at SPring8, Figure 1. Room tem-
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Figure 1. Synchrotron radiation powder diffraction data of Zn,Sb;. The
difference between observed and calculated data are shown at the
bottom of the plot.

perature measurements were carried out using a large Debye—Scherrer
camera with an image plate detector.' The incident X-ray wavelength
was determined by calibration with a standard CeO, sample (a=
5.411102 A). The image plates were scanned with a pixel resolution of
50 um. The data extend from 26 =3-39° with a step size of 0.01° (d,=
0.626 A). A total of 94 parameters were fitted with full pattern Rietveld
refinement to 3621 data points (structure 39, scale 1, profile 8, peak
shift 2, background 44). The space group is R3c (167) with a=
12.22320(4) and c=12.41608(7) A.

Combined Rietveld/maximum entropy method analysis: The details of
the combined Rietveld/ MEM analysis of powder diffraction data have
been presented extensively in the literature.®! Basically MEM calcula-
tions use scaled, phased, “error free” structure factors as input for finding
the numerical grid density (o,) that optimises S [Eq. (2)] subject to the
constraints of the data given by Equation (3).!

§ = —p.log(p./7.) 2)
¥ =1/NY (F,~F./o(F,)) =1 3)

Conventional Rietveld modelling is used to extract structure factors from
the synchrotron powder diffraction data and the starting point for the
analysis described in this work was a structural model without interstitial
atoms consisting only of a rigid crystal lattice.”! As explained by Snyder
et al.’! the structural model with disorder between Zn and Sb at site 18e
in space group R3c (167) published by Mayer et al.l’ is clearly incorrect
when refined against new single-crystal data. For the single-crystal data
the crystallographic R factor drops from 4.3% to 3.9% when changing
the Zn occupancy at site 18e from 11% (Mayer et al. model) to 0%.
From the initial refinement without Zn interstitial atoms, structure fac-
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tors were extracted for MEM calculations and the corresponding electron
density revealed several positions of interstitial atoms. The largest inter-
stitial peak was included in a new Rietveld model and the structure
factor extraction and MEM procedure were repeated. In the following
two Rietveld/MEM cycles a total of three interstitial sites found in the
MEM density were added to the Rietveld model. In the refinement of
the powder data a small impurity phase of metallic Zn was also observed.
The final residual parameters for the model with three interstitial atoms
were Rp=0.0203, R,p=0.0268, Ry=0.0237, Rz(MEM)=0.0215 (for
802 reflections with d,,;,,=0.626 A), see Table 1. This is a significant im-
provement compared with the model without interstitial atoms (Rp=

Table 1. Atomic coordinates and equivalent isotropic parameters [10*x A%] for models of Zn,Sb;.?!

(0.1 mm). Simulation of absorption effects in our powder data predict
that they are less than 1% in high-order data (i.e., negligible). Owing to
the combined use of a powder sample and short wavelength, extinction
effects are also suppressed and the powder furthermore takes care of po-
tential twinning. Finally, anomalous scattering is minimised by the use of
a short wavelength. Overall, the synchrotron powder data are therefore
expected to be more accurate than the conventional single-crystal data,
and this is indeed confirmed by comparison of the MEM densities ob-
tained with the two data sets.

In least-squares analysis, systematic errors are to some extent removed
since they are not fitted by the model, and just lead to higher residual
factors. MEM analysis uses the struc-
ture factors at face value and thus has
no “filter” to remove systematic dis-

crepancies in the data." For this

Atom Site Xla Y/b Zlc Occupancy Ui, . K ..

reason the quality of the data is criti-

Zn(1) 36f 0.07944(4) 0.24481(6) 0.40260(5) 0.894(1) 307(4) cal in quantitative MEM calculations.

A 0.07915(4) 0.24483(6) 0.40273(5) 0.899(1) 268(4) In Figure 3 we compare the MEM

0.0792 0.2444 0.4025 0.898 density obtained from the synchrotron

Sb(1) 18e 0.35586(3) 0.0 0.25 1 155(2) powder data with the MEM density

0.35559(3) 0.0 0.25 1 152(2) calculated from the conventional

0.3554 0.0 0.25 single crystal.’”) The two data sets have

Sb(2) 12e 0.0 0.0 0.13621(2) 1 174(3) similar resolutions: 0.63 A for the

0.0 0.0 0.13646(2) 1 174(3) powder data versus 0.57 A for the

0.0 0.0 0.1363 single-crystal ~ data. The coarse

Zn(2) 36f 0.1684(8) 0.432(1) 0.063(1) 0.059(1) 821 (atomic) features of the two densities

B 0.1782(8) 0.434(1) 0.030(1) 0.068(1) 1253(113) ;e virtually identical, but the powder

0.1827 0.4344 0.041 0.067 density is much less noisy. As an ex-

Zn(3) 36f 0.2394(7) 0.4494(8) 0.1976(3) 0.059(1) 402 ample, plots of the radial distributions

C 0.2391(7) 0.4553(8) 0.2093(3) 0.068(1) 317(25) of the atomic densities (data not

0.2385 0.4534 02058 0.056 shown) show that the single-crystal

Zn(4) 36f 0.117(1) 0.231(1) 0.268(1) 0.054(1) 1252 density is full of small spikes, whereas

D 0.131(1) 0.233(1) 0.278(1) 0.033(1) 127(38) the powder density smoothly decays
0.1302 0.2310 0.2770 0.026

away from the nucleus. Noise in MEM

[a] The first line refers to the unrestrained Rietveld model and the second line to the restrained Rietveld
model. The third line gives the position of the density maxima found by topological analysis of the MEM den-
sity. The topological occupancies for Zn are obtained by dividing the total number of electrons integrated over

the atomic volume by the atomic number of Zn (30).

0.0326, R,p=0.0446, Rz=0.0394, R;(MEM)=0.0290). Some of the re-
fined interatomic distances are quite short (Zn2-Zn2=1.85A, Zn2-
Zn3=2.07 A), but since X-ray diffraction measures the average crystal
structure, the interstitial atoms are not all necessarily present in the same
unit cell. Nevertheless, we have refined a model with a restraint of
225A on the Zn-Zn distances (Rp=0.0206, R,»=0.0275, Ry=0.0229,
R:(MEM)=0.0218), Table 1.1°! There is virtually no difference in the
structure factor extraction from the powder data in the restrained and
nonrestrained models and the subsequent MEM density is therefore also
insensitive to the two final Rietveld models. The MEM density discussed
below refers to the restrained Rietveld model. The most important point
is that the diffraction data shows beyond doubt the existence of intersti-
tial sites in Zn,Sbs; the final crystal structure is shown in Figure 2. The in-
terstitial positions found in the analysis of the synchrotron powder data
are in excellent agreement with the interstitial positions found in the
Fourier analysis of conventional single-crystal data.”) This shows that the
three interstitial sites are inherent to the structure of Zn,Sbs, since the
single crystal and the powder were synthesised by different methods. The
stoichiometry of the model with three interstitial atoms is Znsg,45Sb;, and
the calculated density is in excellent agreement with the measured value
(6.37 versus 6.36 gcm ).

It is generally believed that single-crystal data are more accurate than
powder data. While this undoubtedly is true in many cases, it is not nec-
essarily so for high-symmetry inorganic crystal structures containing
heavy elements. Such crystals often have substantial absorption and
anomalous scattering effects at the wavelengths used in conventional
single-crystal X-ray diffractometers (Mog,). Furthermore, extinction ef-
fects can be severe in low-order data due to a high degree of crystal per-
fection. In the present case of Zn,Sb; there may also be an additional
problem of subtle twinning.” It was for these reasons we decided to col-
lect short-wavelength synchrotron powder data in a very thin capillary

3864 — © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

maps is an effect of small uncorrected
systematic errors,'! and therefore we
have used the powder density in fur-

ther analysis.
Ve @ Q9

Figure 2. The crystal structure of Zn,Sb; including three interstitial Zn
sites (small spheres). Sb atoms are shown as large spheres and Zn atoms
on the main lattice site are shown as medium-sized sphere. Atoms in or
near the plane of Figure 3 are highlighted.

Computational methods: We performed fully periodic density functional
theory (DFT) computations using the CRYSTALY8!"” suite of programs
and the B3PW91 exchange-correlation functional.™®! The core electrons
of both Zn and Sb atoms are described by the large core pseudo-poten-
tials (PP) developed by Hay and Wadt."”) Within this approach the zinc
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Figure 3. Contour plot of the MEM density in the Sb,*~ dimer region.
The contour level is 0.2 e A, Top: The density obtained from synchro-
tron powder data. Bottom: The density obtained from conventional
single-crystal data.

atoms have 12 active electrons each (3d'%4s’ electronic configuration),
while each antimony atom has five active electrons (5s’5p® configuration).
The original double-zeta basis set provided by Hay and Wadt to be used
in conjunction with the selected PPs was designed for molecular compu-
tations. Therefore, we had to introduce minor changes into the original
basis set to obtain a suitable wavefunction for crystals. Finally, from this
slightly modified basis (the reference basis) we derived a new basis set
(the final basis) that saves 90 % of CPU time without introducing signifi-
cant changes into the electronic structure of the material. The final basis
set is the same size as the reference set (Zn: 2s1p2d; Sb: 2s2p), but
adopts the s=p constraint for the outermost shell of Zn and uses modi-
fied Gaussian contraction coefficients and exponents. The quality of the
final basis set was judged against that of the reference basis by comparing
1) the density of states (DOS) and their atomic projections around the
Fermi level and 2) Bader atomic charges!'!! by using the TOPOND-98
package.” The DOS obtained with the two basis sets are hardly distin-
guishable and Bader’s net charges differ by 0.14 e at the utmost. These
preliminary computations were carried out on an R3c cell and on a
Zn,Sb,, structure without interstitial atoms or defects, since the Zn
atoms at the main site recover about 85% of the overall zinc content.

Chem. Eur. J. 2004, 10, 3861 -3870 www.chemeurj.org
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Defective systems (i.e., crystals containing interstitial atoms and/or va-
cancies) have been simulated by introducing a defect into each cell in
order to preserve the translational symmetry of the system.

The Seebeck coefficient, a, was calculated using the code ELTRAP?!
based on the semi-classical one-electron Boltzmann transport theory,m]
as used by Blake et al.”! Since we assumed a constant relaxation time
for each wave-vector and band index, the a values could be calculated
from first principles knowing only the band structure. The numerical inte-
gration in k space was performed in the irreducible wedge of the first
Brillouin zone using a total of 20° k points. For each system, we consid-
ered 21 bands around the Fermi level, nine of which are below and the
remaining 12 above this level.

Results and Discussion

Topological analysis of the MEM density: The crystal struc-
ture containing interstitial Zn has profound implications for
understanding Zn,Sb;, which may now be considered a Zintl
phase. Based on bonding distances there are 18 free Sb~°
ions (Sbl) and six (Sb,)™ dimers (Sb2) in the unit cell,
which requires a total donation of 78 electrons from the Zn
atoms. Thus, 39 Zn atoms of valence +2 are required for
charge balance. This is close to the stoichiometry of the
present model. A very important question is whether the
MEM density provides evidence for the formal charge
counting and the Zintl model. Figure 3 (top) shows a con-
tour map in the plane of the proposed Sb—Sb dimer bond.
The MEM density in the dimer does indeed show a build up
of covalent density between the Sb atoms as anticipated if
the atoms form a dimer. In contrast, the electron density of
the Sbl atom is more spherical. If the structure had been
well ordered without interstitial Zn sites it would be
straightforward to carry out charge integration over the
atomic basins to quantify the differences in charge between
the two Sb sites. However, it is difficult to determine atomic
volumes when the density contains many superimposed fea-
tures (time and space average). We have carried out Bader
topological analysis of the numerical MEM grid density
using a newly developed software program InteGriTy.""! A
thorough critical-point search establishes six maxima corre-
sponding to two Sb atoms and one Zn atom, which form the
basic crystal structure, and three Zn interstitial atoms. Apart
from the Zn2 site (0.15 A), the topological maxima locations
are found to be close to the Rietveld refined positions of
the restrained model (less than 0.002 A for Sbl and Sb2,
0.01 A for Znl1 and 0.03 A for Zn3 and Zn4). The position
found for the Zn?2 site gives a quite short Zn2-Zn3 contact
of 2.13 A. We furthermore located a small maximum on the
“back side” of the Sb atom in the dimer along the ¢ axis
(0,0,0.0241). This non-nuclear maximum (NNM) is quite in-
triguing. The atomic basins, as defined from the gradient
vector field of the electron density, for the different types of
atoms are shown in Figure 4. The plot consolidates the ob-
servation from the total density that the Sb atoms indeed
have very different volumes and charge distributions. The
atomic volume of the NNM fits perfectly into a void in the
Sb2 atomic volume along the ¢ axis. The NNM suggests that
Zn,Sb; may in fact also exhibit Sb disorder along the c axis,
reminiscent of a chain of dimers in which the Sb—Sb bond
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Figure 4. Atomic surfaces defined by the zero flux condition of the differ-
ent atoms in the Zn,Sb; structure viewed nearly along the c axis. The
light shiny green basins along the ¢ axis correspond to the “dimer” Sb
atom. At the top of the Sb dimer a non-nuclear maxima (blue) fits exact-
ly into the void. The red basin is the main Zn atom, the purple basins are
the interstitial Zn atoms and the matt green basin is the Sb*~ ion.

for a given atom can point in either direction. Analogous to
this is a lattice of hydrogen atoms that undergoes a Peierls
distortion to form H, molecules.” The (3,—1) bond critical
points are located between the Sb atoms in the dimer, but
also between Sb and the NNM, and between the NNM
themselves. An alternative explanation of the NNM could
be that the dimer bonds in some unit cells are broken lead-
ing to two isolated Sb*>~ ions. However, this would increase
the charge required from the Zn’>* ions to provide charge
balance. No matter what, the subtle Sb disorder must con-
tribute to a further reduction in the thermal conductivity. It
may be argued that the NNM could correspond to intersti-
tial atoms, but this is unlikely since the Sb sites are fully oc-
cupied and the Sb to NNM distance is very short.

In Table 2 we list the integrated atomic properties of the
two Sb atoms, the NNM and the four Zn atoms. Adding the
atomic populations gives 2646.2 electrons for the entire unit
cell compared with the pixel count of 2649.4 electrons. The
corresponding sum of atomic volumes is 1554.8 A® com-
pared with a unit cell volume of 1586.6 A*. Hence the topo-
logical analysis of the grid density is indeed very accurate
and retrieves all the features even in the case of a space-

Table 2. Integrated properties of Bader topological atoms in the MEM
density of Zn,Sbs.

Atomic Electronic
volume [A7] population
Sbl 136.38 49.44
Sb2 146.43 51.42
NNM 4.96 0.31
Znl 83.74 26.94
Zn2 43.99 2.01
Zn3 21.26 1.67
Zn4 22.14 0.78
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and time-averaged density containing superimposed atoms.
The topological analysis also confirms that the MEM density
obtained from synchrotron powder data is very smooth with
little noise in the valence regions—a fingerprint of high data
quality. The observed Bader charges are less than expected
from the qualitative structural interpretation, but the Zn
atom populations are in good agreement with the refined
occupation factors of the Rietveld model. The integrated
charge on the Znl site corresponds to an occupation of
0.898. This is strong nonbiased evidence for the proposed
partial occupancy model of this site in contrast to previous
models in which the main Zn site is fully occupied.’

Electronic structure: In theoretical modelling, we start with
the X-ray structure and use an ab initio computational ap-
proach to deconvolute structural information from the
space—time data averaging inherent to the XRD experiment.
This enables us to unravel whether and how interstitial and
vacant Zn atoms affect the electronic structure and trans-
port properties of [-Zn,Sb;. We have not addressed the
effect of the possible subtle disorder of Sb atoms along the ¢
axis. In the following discussion we switch to the trigonal
setting of the R3c space group. Here antimony atoms are
sited in the 6e and 4c positions with unit occupancy, while
the zinc atoms are distributed with fractional occupancies
over four 12f positions, from now on denoted by the letters
A-D (Table 1). The overall stoichiometry of the distance-re-
strained Rietveld model is Zn,,,Sb,;, which is zinc-defi-
cient with respect to the 4:3 ratio. If we label zinc atoms by
their crystallographic special positions, the cell stoichiometry
assumes the expression A g7zsBs16Cog16D03065b10, Which cor-
responds to the following occupancies: A=0.899, B=0.068,
C=0.068 and D=0.033, Table 1.

To recover snapshots of the instantaneous local structure
within individual crystal cells and to relate them to the elec-
tronic properties of the material, we performed an extensive
theoretical investigation of a large set of different crystal
structures. The four simplest structures, X;,Sb,; (X=A, B, C
or D), belong to the R3¢ space group and have unit occu-
pancy of one of the four available 12f special positions. The
A,Sby, unit cell is by far the most stable of these structures
(by over 200 kcalmol 'cell !, see Table 3), in good agree-

Table 3. Relative energies of the X;,Sb;, (X=A, B, C, D) structures.

Stoichiometry Relative Stoichiometry Relative
energyl® energyl®!

A,Sby, 0 B,,Sby +210

C,Sby, +325 D,,Sby, +324

[a] Defined as [E(X;;Sb;p)—E(A,Sby,)] and expressed in kcalmol ' cell ™.

ment with the dominant occupation of the 12f special posi-
tion A. We therefore assumed that the overall structure is
made up of A;,Sby, cell domains containing B, C and D
atoms as point or possibly extended defects. The X;,Sby,
crystals have the electronic structure of highly p-doped sem-
iconductors. The DOS of A,Sb,, are shown in Figure 5 and
the local environment around zinc is shown in Figure 6.

www.chemeurj.org Chem. Eur. J. 2004, 10, 3861 —3870
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Figure 5. Density of states (DOS) of the zinc antimonide cells. The struc-
tures (except for (BC),,Sby,) have similar DOS up to 14 Zn atoms per
cell and their electronic properties are primarily determined by the dif-
ferent electron filling that occurs as the number of zinc atoms increases.
Energy is given in hartrees and DOS in arbitrary units. The Fermi level is
indicated by a dashed line.

The experimental Zn to Sb ratio, that is, about 1.28, could
be easily interpreted as a 1:4 mixture of cells containing 12
and 13 zinc atoms, respectively. However, A;,Sby, cells as
such cannot host any interstitial zinc atom, since every
A,XSb;, (X=B, C or D) structure implies that the Zn-Zn
internuclear distances are too short.”! On the other hand, if
a zinc vacancy is created in A;,Sby, it is then possible to
build up seven point defects using the three different zinc
sites: A;BSb,,, A;;CSb,, and A;;DSb,,, which have Zn,Sb,,
stoichiometry, A;;BCSb;,, A;;BDSb,, and A;;CDSb,, with
Zn;;Sby, stoichiometry and A;;BCDSb,, with Zn,Sb,, stoi-
chiometry. The ternary structures (A;;X;Y;Sbyy) are prefer-
red to a combination of binary (A, X;Sb,,) and quaternary
(A;;BCDSb,,) ones, since the reactions given in Equa-
tions (4)—(6) are all highly exothermic (—100, —105 and
—110 kcalmol !, respectively).”!

A, BSb,, + A BCDSb,, — A,;,BCSb,, + A,BDSb,,  (4)

Ay, CSbyy + A, BCDSb,, — A,,BCSb,, + A,CDSb,,  (5)
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Figure 6. Interstitials and vacancies in zinc antimonide. Sb atoms (red),
Zn atoms (blue) and Zn interstitials (green). a) The nondefective 12-Zn
atom structure; b) an A vacancy is created and the BC dimer is inserted
to yield a 13-Zn atom structure; c) a third interstitial, D, is inserted to
form a 14-Zn atom structure; d) a second vacancy is created by removing
A’ and by allowing BCD atoms to rearrange to the most stable
A, BCDSby, system (a 13-Zn atom structure).

A, DSb,, + A,;BCDSb,, — A;;BDSb,, + A,;,CDSb,,  (6)

The structures considered up to now have very similar
DOS (see Figure 5) regardless of the zinc content and struc-
ture. Therefore, their electronic properties depend primarily
on the number of available valence electrons. A,,Sb,, has
the structure of a p-doped semiconductor and the same
holds true for all binary defects. The ternary structures are
nondoped semiconductors and the quaternary structure is
an n-doped semiconductor. Since the rigid band approxima-
tion is satisfied to a high degree in this system, hypothetical
1:4 mixtures of cells with Zn,,Sb,, and Zn,;Sb,, stoichiome-
try should behave as a lightly p-doped material, in agree-
ment with experiment.!"

A BCSby, is the most stable of the ternary defects, as
shown in Table 4. This outcome is in agreement with the ex-
perimental observation that the B and C positions are more
occupied than D. This also justifies the occupancy of these
two zinc sites being constrained to be equal in the refine-
ment of the synchrotron powder data, Table 1. The experi-
mental and theoretical data together strongly indicate that
the atoms in the B and C positions form a zinc dimer (B—

Table 4. Relative energies of the A;;XYSb,, ternary defects.

Stoichiometry Relative Stoichiometry Relative

energy!®! energyl®!
A BCSby, 0 A;;BDSb,, +32
A,,CDSb,, +19

[a] Defined as [E(A;;XYSb,;)—E(A;;BCSby;)] and expressed in kcal
mol ' cell ™.
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C=223 A, see Figure 6) that replaces one atom in the A
position in A,Sby, cells. To evaluate whether BC dimers
cluster in extended domains, we substituted all the A atoms
of an A,Sby, cell with BC couples. From the energy gain of
the reaction given in Equation (7), it is evident that BC
dimers must be considered as point defects.

(BC),,Sbyg + 11A,,Sby, — 12A,,BCSby,

1 (7)
AH = —1186 kcal mol

We obtained analogous results with the (CD);,Sby, struc-
ture, which strengthens this conclusion.””! Moreover,
(BC);,Sby, and (CD);,Sby, crystals have a metallic band
structure (see Figure 5), in disagreement with experimental
findings.”"

Let us now assume that the crystal is made up of a mix-
ture of A;,Sb;, and A;;BCSb, cells, such as to reproduce
the experimental content of B and C atoms. This material
would present an excess of A type atoms (0.396 atomscell ")
and an equivalent deficiency of D atoms with respect to the
experimental stoichiometry. To reproduce the experimental
occupancies it is thus necessary to insert D atoms (I;,) while
creating A vacancies (V,) in the A;,Sb,, and A;;BCSby,
cells. We generated all the possible structures within the
constraint of the Zn-Zn internuclear distance threshold.
The energy changes due to the insertion of the defects are
reported in Table 5. First I, and V, must coexist in the same

Table 5. Energy changes AE for the insertion of (Ip+V,)® in the
A,Sbyy+ A BCSby, cells.

Final products AEP!
A,DSby+A,,BCSby, 55
A,;Sbo+A,BCDSb, +178

ApSby+A(BCDSb, +7<AE <4144

[a] See text for details. [b] Defined as [E(products)—E(A,Sby,+
A;BCSb,)] and expressed in kcalmol'cell™". [c] Since A;)BCDSb,, has
44 nonequivalent arrangements, the overall energy range is reported.

cell, otherwise the energy requested for introducing them as
separate entities would be inaccessibly high (178 kcalmol™!
cell ™). Secondly, substitution of A by D in ideal A;,Sby,
cells is less preferable than the insertion of I+ V, into the
already  defective = A;;BCSby, structure to  give
A(BCDSDb,,.*) The latter structure has 44 possible nonequi-
valent geometrical conformations; the most stable one (see
Figure 6) is nearly degenerate with respect to the original
A;BCSby, cell and nearly has an equivalent electronic struc-
ture (see Figure 5). It appears that D atoms are not isolated
substitutional defects randomly distributed within the mate-
rial, but rather they represent a Zn atom lying in the prox-
imity of the BC dimer and which has been displaced from
special position A to special position D. Experimentally
there is about one D atom for every two BC dimers, consis-
tent with the quasidegeneracy of A;BCSb,, and the most
stable A;,BCDSby cell.

In summary, we propose that zinc antimonides consist of
an ideal A,Sb,, framework in which point defects are dis-
tributed. Atoms in the B and C positions couple to form
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dimers that occupy the cavity of a single A vacancy, with
clustering of dimers being disfavoured. Atoms in the D posi-
tion reveal that the BC dimers possibly induce a rearrange-
ment in the surrounding framework by displacing zinc
atoms from the A to D positions to yield more complex
structures (see Figure 6) of similar energies.”” The experi-
mental stoichiometry is exactly reproduced, assuming that
the material is a 0.184:0.420:0.396 mixture of A,,Sby,,
A;;BCSb,, and A;(BCDSb,, cells, respectively. Cells with
zinc content higher than 13 atoms are not competitive in
terms of energy considerations.

As concerns the electronic structure of the material, crys-
tal cells with 12-14 zinc atoms display nearly equivalent
DOS (see Figure 5) and their properties are essentially de-
termined by the different electron filling that occurs as the
number of zinc atoms increases. Crystals with Zn,,Sb,, stoi-
chiometry are semiconductors with a p-doping level of two
electrons per cell as obtained by integrating the DOS from
the Fermi level energy up to the band gap. Insertion of an-
other zinc atom into the cell completely fills the states lying
in this energy range. The addition of further zinc atoms
(Zn,,Sbyy) corresponds to n-doping. Finally (BC),,Sby, or
(CD);,Sby cells are metallic.

Given the similar DOS of the A;,Sby,, A;;BCSb,, and
A ,BCDSb;,, cells, we can electronically model (Figure 7)
the defective stoichiometry of the real system either by n-

A2Sbiyy AnBCSbio AwBCDSh

@ doping

n Pl p2
Figure 7. The electronic structure of Zn,,gSby,. Given the similar DOS
of the A;,Sbyy, A;;BCSb,, and A,,BCDSDb;, cells, the defective stoichiom-
etry of the real system can be modelled either by n-doping the 12-Zn
atom cell or by p-doping one of the two 13-Zn atom cells. Alternatively
one may calculate the set of n, pl and p2 values so that the chemical po-

tential of the three structures are equal, under the appropriate stoichio-
metric constraints (see text).

doping the 12-Zn atom cell (n) or by p-doping one of the
two 13-Zn atom cells (p1, p2). By adding (12.816—12) x 2e/
Zn=1.632¢ to A;;Sby, or removing (13—12.816) x2e/Zn=
0.368 e from either A;;BCSb,, or A;(BCDSb,, similar calcu-
lated positive Seebeck coefficients (115.0, 123.0 and
110.3 pV K™}, respectively, at T=670 K) are obtained, which
confirms that the DOS of these systems are actually similar
to each other and that the defective system is a p-doped
semiconductor, as found experimentally.“] The effect on the
electronic transport properties is dramatic when these cells
are doped differently with respect to the electron count of
12.816 x 2e.
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The Seebeck coefficient will increase by adding extra
electrons to either kind of cells. For example, adding 0.33
electrons, a doping which still preserves the p-doped charac-
ter of the cells, yields a Seebeck coefficient of about
260 wV K™ for the three cells. However, additional electrons
will generally also lower g, so the effect on Z [Eq. (1)] is not
certain. Indeed, optimal ¢’c values are computationally
found when 0.168, 0.068, 0.118 extra electrons are added to
A,Sby, A;BCSbyy and A(BCDSb,,, respectively, with cor-
responding Zn contents equal to 12.9, 12.85 and 12.875.

Alternatively, one may model the defective system by re-
taining the 0.184:0.420:0.396 mixture of A;,Sb,;,, A;;BCSb,,
and A (BCDSb, cells and by n-doping the 12-Zn atom cell
and p-doping the 13-Zn atom cells so that the chemical po-
tential of the three systems are equal at a given tempera-
ture. Also by imposing the constraint of the total electron
count implied by the Zn,4,,Sb,, stoichiometry, one obtains
n, pl and p2 (Figure 7) values equal to 1.237, 0.192 and
0.366 e, respectively, at T=670 K. The associated Seebeck
coefficients turn out to be 76.7, 160.4 and 110.6 pV K.

In the real system, the bands of A;,Sby;,, A;;BCSb,, and
A (BCDSb,, cells are modified to give a unique band struc-
ture. This should redistribute electrons among the three
cells to yield a slightly different set of n, p1 and p2 values at
chemical equilibrium. Since the electronic transport proper-
ties of the Zny,4,,Sb;, system appear to be extremely sensi-
tive to changes in doping of the 12-Zn and 13-Zn atom cells,
this electron redistribution could significantly change the
thermoelectric properties of the composite material.*”

Conclusions

We have determined the experimental electron density of
the high-performance thermoelectric material Zn,Sb; based
on accurate short-wavelength synchrotron powder diffrac-
tion data. Analysis of the MEM electron density provides a
solid foundation for the proposed crystal chemistry and di-
rectly reveals interstitial Zn atoms. Two types of Sb atoms
are observed corresponding to a free spherical ion (Sb*")
and Sb,*” dimers. The density features make it possible to
rationalise the structure as a Zintl phase without assuming
any specific structure for the interstitial sites. Overall the
density contains one partially occupied main Zn site, three
Zn interstitial sites and possible Sb disorder along the ¢ axis.
These are all features which contribute to the drastic reduc-
tion of the thermal conductivity of the material. Topological
analysis of the thermally smeared MEM grid density was
carried out. This approach can greatly enhance the power of
MEM charge density analysis since topological analysis is a
well-tested quantitative interpretation tool firmly rooted in
quantum mechanics.

The subsequent structural analysis of the Zn;;5,¢Sby,
system allows for a deeper understanding of its electronic
transport properties and of the extreme sensitivity of these
properties to subtle changes in the material’s composition. It
also suggests that the exciting thermoelectric properties re-
ported for zinc antimonide can likely be even further im-
proved. Finally, it demonstrates that the Zn interstitial
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atoms play a fundamental role as electron suppliers and
Seebeck coefficient enhancers, as well as lattice thermal
conductivity suppressors. Such a role could not have been
explored in previous theoretical studies, since the Zn inter-
stitial atoms had not then been discovered.
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