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Abstract

Band structure calculations based on the {G#A method have been undertaken on
the MaShy«Te, and ReAs;.«Ge; systems as well as neutron diffraction analysistiom
polycrystalline M@Sh; and M@Sh; 4Te; s compounds. Both results strongly suggest that the
Te atoms are only located on thedX2ystallographic site while the Ge atoms are ledain
the 16 site as previously experimentally underlined froeutron diffraction study. From an
electronic point of view, this site preferencelie MaSh;.xTe, samples is well supported by
total energy estimation and is presumably relatethé reduction of the overall valenpe

states of Te with respect to those of thd $8 site.

|. Introduction

Huge efforts have been made in the last decadeddatify new thermoelectric
materials for refrigeration and power generatiopliaptions™™ To be an efficient converter, a

thermoelectric material should exhibit a high disienless figure of meriZZT, expressed s

ZT=—T
PA
wherea is the Seebeck coefficient or thermoelectric powethe electrical resistivity} the
total thermal conductivity composed of two terntge tattice thermal conductivity and the
carrier thermal conductivity., andT the absolute temperature. This equation clearbysh
how tough the task is as a good candidate mustuobradiectricity like a crystal and impedes
phonon transport e.g. having a glass-like behaviotw achieve low thermal conductivity

values, complex crystalline structures or compoumitls weakly bounded atoms in oversized

cages have been extensively studiéfi’® The former should bring low lattice thermal
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conductivity values via strong disorder and massttiations while the latter can rattle about
their equilibrium position in their cages, disruqgtiharmonic modes of the parent atoms. The
challenge then lies in maintaining low electricakistivity. That is why narrow band gap
semiconductors and small band overlapped seminstaisl for the best candidates.

Recently, it was shown that some intermetallic coomuls based on M; and
crystallizing in the kGe-type structure can exhibit exotic phenomena attemperature ™
while they can be promising materials for powereagation at high temperatut&’’ In the
M3X7 structure, M is preferentially 4d and 5d transitinetals while X can be either the triels
Ga and In, the tetrels Ge and Sn or the pentelan&isSb. The crystal structure of the binary
compound MX7 (space grougm3m No. 229) is body-centred cubic and consists of an
ensemble of two condensed antiprisms, sharing arsegiace formed by metalloid atoms
(Figure 1a). The M atoms sit at the centre of tHfaadamental building blocks. The rotation
angle between square faces is 45° whatever the aamadpis, resulting in two inequivalent
sites for X atoms. The first one situated at tharstt square face denotes the X1djl12
positions, while the X atoms defining the opposigeiare faces correspond to the second site
(16f), called X2. These units are joined together tamework by sharing common edges of
the terminal square faces and determine the emylty surrounded by 8 X2 atoms as shown
in Figure 1b. The centre of this cavity represenéssite 2 (0, 0, Q. The size of the cavity is
governed by only one variable, i.e. thparameter of the site Lk, x, ¥, positioning the X2
atoms. Finally, the cubic unit cell of thesXl compound assembles the aforementioned
blocks in such a way that the centers of the eropbes are placed at the origin of the cell
(Figure 1c).

First theoretical studies performed by Haiissermemnal’® shed some light on this
family by suggesting that binary compounds exhilgitstrongd-p interactions should be

semiconducting when the number of valence electegusls 55 per MK, formula unit (i.e.
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VEC = 55). Later on, these assumptions were thieaist confirmed from LMTO
calculations in both the M8by,.«xTe, and ReAs;.xGe, systems where the semiconducting state
was predicted for x = 2 and x = 1 respectivel}’ If these studies shown well that the former
compound should display a p-type behaviour whikelgtter should exhibit n-type character,
no detailed analysis has been made on the cherdisatder present in the crystalline
structure. Since the transport properties are figklpendent on the band structure near the
Fermi level, it is of prime importance from a fungental point of view but also for
experimentators to have an accurate electronic Bandture description when Sb or As are
replaced by Te or Ge. More precisely, these suibistits raise the question whether Te and
Ge atoms can be located only on either thiedrzhe 16 site or on both sites. It is interesting
to notice that a 1f6site preference of the Ge atoms in theMRe,Ge, system has been
unambiguously demonstrated from neutron diffracéxperiments as a result of the larger
difference in the neutron scattering factors (A8:58 fm and Ge: +8.19 fnij.In the case of
the MaSh;<Tex system, the 1®site preference of the Te atoms has been onlyljadstl on
the basis of electronegativity considerations,nmither experimental nor theoretical evidence
have been advanced to ascertain this site prefetenc

The aim of this paper is to show the site prefezenicTe atoms via electronic band
structure calculations in the framework of Korrifgahn-Rostoke?®®?? (KKR) method with
Coherent Potential Approximation (CPA) and neutdiffraction study on two MgShy  Te,
compounds with x = 0 and x = 1.6. We demonstradé ttie partial exchange of antimony by
tellurium is energetically more favourable on thad Eite, results further corroborated by
Rietveld refinement on the neutron diffraction pats. To further corroborate our theoretical
statements, similar site energies calculations teesn performed on the fRes;.Ge system
and were found to be in very good agreement wighrtbutron diffraction study previously

reported by Soheilnia et &.suggesting the I6site preference of the Ge atoms. To go
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further, plotted DOS of both the Te and Ge atomstlmn 121 and 16 sites have been
considered to try to elucidate the origin of suith preferences from an electronic point of

view.

[1. Experimental and computational details

Synthesis. Phases of nhominal composition M, and MaShs 4Te; ¢ were prepared
by reaction of stoichiometric amounts of pure Shvger (5NPIlus, 99.999%), Mo powder
(Cerac, 99.999%) and Te powder (5NPlus, 99.999%gemled evacuated quartz ampoule
under He/H atmosphere. The tubes were then tranferred iqgoogrammable furnace and
heated up to 750°C for 10 days. At the end of tloegss, the silica ampoule was quenched in
cold water. The solid products were then groundnragate mortar into a fine powder (< 100
um) and further compacted into pellets in a steel dio ensure good homogeneity of the
samples, these pellets were annealed in a quappwdenunder He/Hatmosphere at 750°C
for 7 days. The final products were powdered agmd densified by hot pressing in a
graphite dies in an argon atmosphere at 600°C Hourtler 51 MPa. The relative density,
defined as the ratio of the measured density taheretical density, is 93% and 90% for the
Mo3sSh; and M@Sh; 4Te; s compounds respectively.

Crystal Structure and Chemical Analysis. X-ray powder diffraction (XRD) was
performed on the ground materials obtained befbeesintering process. Experiment was
conducted with a Siemens D500 diffractometer ugiodka radiation and equipped with a
curved primary beam monochromator and a linearctatéPSD). X-ray diffraction pattern
was recorded in thé-20 mode between 2062 20 < 110° with a B step of 0.032° and a total
counting time of 3h. To obtain accurate latticegpaeter, high-purity silicon ¢a& 5.4309 A)

was added as an internal standard. Rietveld rem¢gainst the XRD pattern did not enable
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us to differentiate tellurium from antimony. Theoed, to glean more information, we carried
out neutron diffraction study.

EPMA analysis confirms the x-ray measurements asviéals that both the M8b,
and MgSh; 4Te; ¢ samples are homogeneous with a very good coweldtetween the real
and nominal composition.

Neutron diffraction. Neutron diffraction data were collected on 3g of 38y and
MosShs 4Ter s powder on the time-of-flight diffractometer POLARIat the ISIS facility,
Rutherford Appleton Laboratory, U.KHe tube detector banks at 35°, 145° and the ZnS
scintillation detector bank at 90° were used. Tdllsws us to access an overall d-spacing
spanning the range 0s3d < 8 A. Neutron data were acquired for 2h at roompemature. The
measurement was made for an integrated protonntuatehe production target of 208.h.
The powder was contained in a vanadium cylindieal. Rietveld refinement was carried out
on the data using the Fullprof program using the°lidank (backscattering detectors). The
relevant crystallographic data from the neutroriradtion analysis are summarized in Table
1.

Electronic Structure Calculations. Electronic structure calculations of the¥..Y x
(M = Mo, Re, X =Sh, As and Y = Te, Ge) system (8 < 3) have been performed by the
Korringa-Kohn-Rostokéf %> method with the Coherent Potential Approximatinere the
chemical disorder has been treated as a randomdigtntoution. The description of the alloy
including inequivalent sites can be better represkenwith the chemical formula
M3(X1)3(X2)s. In our computations, three types of X-Y disoreve been accounted for: a
selective substitution either on the X1 site 8l.,Te,Shy) or on the X2 site (MgShsShy.
/1€, as well as a random distribution of Y atoms othb¥ sites (M@Sh;.,Te,Shy.,Te;). To
allow for a direct comparison among computed tetargies (k¢ within these three cases,

the relation z = 3/4y between the correspondingdrecentrations has been considered. The
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self-consistent crystal potential of the muffin-iarm was constructed within the Local
Density Approximation (LDA) applying the Barth-Hediformula for the exchange-
correlation part. For well-converged charges antemials, total, site-decomposed and I-
decomposed densities of states (DOS) were compNtadworthy, the electronic structure of
perfectly ordered compounds, M8, and M@Sh,Te;, have also been considered by the full
potential KKR calculations and detailed resultsaesented in the parallel work dedicated to
the thermoelectric properties of some 48b,.xTe, compound$® In this paper, we focus
mainly on the electronic structure origin of theegireference by comparing all contributions
to the total energy (&), basing our statements on KKR-CPA results as alirom plotted
DOS. The lattice constants and positional parameaieMo (12) and Sb2 (1§ atoms used
for computations were interpolated from the expental crystallographic data, available for

the x =0 and 1.6 samples.

1. Results and discussion

Structural Analysis. The x-ray diffraction pattern of the N®b; 4Te; s compound is
shown in Fig. 2. This Te substituted compound atliges isotypic with the binary JGe;
structure type (space groum3n) and no contributions from secondary phases can be
observed. This feature suggests that all the tetturhas reacted and is consistent with
previous studies reported on this syst&ri. Whatever the sample is, neutron diffraction
analysis was performed using the published XRD datthe M@Sh; compound as a starting
model. Since x-ray and EPMA analysis showed thdh loaterials can be considered as
single phase, no secondary phases were added matiel. Rietveld refinement of neutron
time-of-flight diffraction pattern is represented Fig. 3a and Fig. 3b for M8b; and

MosShs 4Te; g respectively. The refinement of the neutron détil@;Sh; easily converged to
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a fully ordered atom arrangement with regard torédspective site distribution of Mo and Sb
atoms and therefore led to good agreement factaisl¢ 2). The relevant parameters of this
structure are listed in the Table 3 and 4. To stileypossible site preference of tellurium in
the MgSh;<Tex system, three models have been compared withredtthéhe Te atoms
located on the I®site (i.e. 53.3% Te and 46.7% Sb), on thési& (i.e. 40% Te and 60%
Sb) or on both sites (i.e. 26.6% Te on thd &2e and 20% Te on the fl§ite). In each case,
the structural parameters deduced from the;3Wo compound were used as the starting
model. The model dealing with the Te atoms locatedhe 1@ site then leads to the best
residual factors (Table 5). It should be mentiotieat the difference in the three models
studied is significant enough to conclude takinig iaccount the similar scattering length of
Sb and Te (Sb: +5.57 fm and Te: +5.80 fm). Crystagliphic details including atomic
positions, isotropic displacement parameters amectsel bond lengths are summarized in
Table 6 and 7. Because of expected strong cowaldietween the thermal displacement
parameter and the level of occupancy of each thieesite occupancy factor was fixed at the
value determined from EPMA analysis and refinenodéranisotropic ADP were carried out. It
is worth noticing that the presence of Te in thetre results in a slight decrease of the
lattice parameter while the opposite trend has beparted for the RAs;..Ge, compounds?
As a conclusion, the neutron diffraction study ®gig that Te atoms are only located on the
12d site. As we discuss below, band structure caliculatseem to reinforce this picture.
Electronic Structure Calculations. The KKR-CPA total energies of disordered
systems, where Sbl @2 Sb2 (16), Asl (12l) and As2 (16§ were replaced (either
preferentially or randomly) by Te and Ge in the #8ly<Te, (Fig. 4a) and RfAs;.,Ge
(Fig.4b), respectively, were calculated as a fumcif the Te and Ge concentration. In an
effort to clearly observe even small variationg #émergy difference\E, between a random

configuration (Te located on both sites correspogdd E..g and a selective occupation have
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been considered (&, Eisr). These dependences unambiguously show that ginemhihe Te
and Ge concentrations are, the higher is the erdiffgrence between the two possible sites,
the 121 site being energetically more favourable in the;®®.,Te, compounds while the
opposite behaviour can be observed in theARgGe system i.e. a X6site preference.
Furthermore, these differences are significant ghaven for low Te and Ge concentrations
(~ 4 mRy for x = 0.4 and ~ 2 mRy for x = 0.4, redpeely) and clearly testifies to the site
preference of these atoms. These results are @ryagood agreement with the experimental
evidence advanced by Soheilnia et’ah the RgAs;.«Ge, system and in the present paper for
the MaShy.«Te, system.

To try to better understand this behaviour fronelattronic point of view, we plotted
the DOS contributions of Sb and Te atoms {8tw.,Te,) in Fig. 5a and of As and Ge atoms
(ResAs7xGe with x~0.25) in Fig. 5b for the T6and 12l sites. The Sb contribution to the
density of states at the Fermi levelig substantially higher on the d &ite while the Te DOS
at E- is quite small. This is in contrast with thef Bite where the Te contribution at kas
almost the same value while the Sb one is strologhgr. However, the most striking result of
these computations is the ‘rigid’ displacement tamay of the entire Te spectrum towards
lower energies on the 1L8ite. This could be the main reason of the higlemrease of the
total energy when Sb atoms are substituted by st

The reason for the i&ite preference in BAs;.Ge is slightly different. Note that
RejAs; is a one-hole metal and that the Fermi level cated above the energy gap. With
increasing Ge concentration in JRs7.,Geg;, Er tends to a low DOS energy region. Hence, in
the case of As and Ge atoms, the situation is degdent as far as the site preference is
concerned. Actually, if we carefully observe the ®Q@eatures near the Fermi level,
comparable As and Ge DOS contributions can bendigished. However, one can understand

the 186 site preference by looking at the sharp DOS peakent just below the energy gap in
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both cases (Ge(#zand Ge(16)). Since these peaks strongly contribute to ote £nergy of
the system, it appears to be energetically moreefizal for the ReAs;xGeg, system to
introduce Ge atoms on thefl€ite rather than on the d3ite due to the substantially lower

DOS peak.

Conclusion

The MaShy4Tex and ReAs;xGe, systems have been investigated from band structure
calculations using the KKR-CPA method. In both ey, site preferences of the Te and Ge
atoms have been clearly demonstrated. While tliesit2 is energetically more favorable in
the MaShy.xTe, system, the RAs;xGeg, system displays the opposite feature i.e. fasité
preference. These theoretical results are expetaitgrorroborated by Rietveld refinement
on the neutron diffraction patterns of Ml 4Te; s and ReAssGe reported in the present

study and by Soheilnia et Hlrespectively.
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Table 1. Crystallographic data from neutron diffraec experiment on the M8b;, and
Mo3sShs 4Te; s compounds.

Chemical formula Mo3Shb-, Mo3Sbs sTe; g
fw (g.mol™) 1140.1 1149.5
T (K) 298 298
Space group Im3m Im3m
Cell dimensions, a(A) 9.5692 9.5632
V (A% 876.27 874.62
No. formula units per cell 4 4
Calculated density (g.cm™) 8.64 8.73
T.o.f range (us) 2000-19000  2000-19000

Table 2. Agreement factors of the Rietveld analgsithe MaSh; pattern.

R, 0.0278
Rup 0.0217

Rexp 0.0130
e 2.78

Table 3. Atomic positions, isotropic and anisotmogisplacement parameters (given if) Af
MOng;.

Atom Site X y z Biso (A) OCC(Lf)Z;"nCy
Mo 12e 0.343(7) 0 0 0.312 100
Sbhl 12d 0.25 0 0.5 0.466 100
Sh2 16f 0.162(4) 0.162(4) 0.162(4) 0.456 100
Mo Sbl Sbh2

U1 0.00523 0.00388 0.00577

Uz 0.00331 0.00691 0.00577

Uss 0.00331 0.00691 0.00577

U 12=U13:U23 0 0 0

Table 4. Selected interatomic distances (A) otStw.

Mo-Mo 2.990(4) x1
Mo-Sb1l 2.821(1) x4
Mo-Sh2 2.800(3) x4
Sb2-Sh2 2.904(2) x1

Sh2-Sh2 3.107(9) 3
Sh1-Sh1 3.383(2) x4
Sh1-Sh2 3.681(7) x8
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Table 5. Agreement factors of the three modeldistlu

Te located on Te located on Te located on
the 12d site the 16f site both sites
Rp 0.0231 0.0244 0.0240
Rup 0.0182 0.0191 0.0189
Rexp 0.0120 0.0120 0.0120
X 2.30 2.53 2.48

Table 6. Atomic positions, isotropic and anisotmogisplacement parameters (given if) Af

the Te substituted M8 4Tey s sample (Te atoms located on thel $ite).

Atom Site X y z Biso (A?) OCCF)Z?nCy
Mo 12e 0.343(7) 0 0 0.256 100
Shl 12d 0.25 0 0.5 0.408 46.7
Tel 12d 0.25 0 0.5 0.408 53.3
Sh2 16f 0.162(8) 0.162(8) 0.162(8) 0.395 100

Mo Sbl-Tel Sh2
U1 0.00333 0.00335 0.005
Uz 0.00319 0.00608 0.005
Us3 0.00319 0.00608 0.005
U 12=U13:U23 0 0 0

Table 7. Selected interatomic distances (A) ot$t®4Te; ¢ with all Te atoms located on the

12d site (53.3% Te and 46.7 % Sb).

Mo-Mo 2,988(9) x1
Mo-Sb1 2,819(5) x4
Mo-Sbh2 2,800(6) x4

Sh2-Sh2 2,886(5) x1
Sh2-Sh2 3,115(1) x3
Sh1-Sh1 3,381(1) x4
Sh1-Sh2 3,676(3) X8
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Figure Captions

Figure 1: (a) Antiprisms formed by four Sb1 (in &atoms (in blue) and eight Sb2 atoms (in
red). The Mo atoms (in green) sit at the centreawh prism. (b) Structural blocks to highlight

the empty cube. (c) Unit cell of the binary My, compound.

Figure 2: Rietveld refinement of the x-ray diffract pattern of MgSh; 4Te; 6.

Figure 3. (a) Neutron diffraction pattern of the #8b; compound. (b) Neutron diffraction

pattern of the MgBhbs 4Te; s compound.

Figure 4: (a) Sb1 (1@ and Sb2 (18 site energies as a function of the Te concentraijb)
Asl (12d) and As2 (16 site energies as a function of the Ge content.skke of clarity, the
energy difference between a random configuratiod anselective occupation has been

considered.

Figure 5: (a) DOS contributions of the Sb (soliddi line) and Te atoms (dashed blue line)
located on the I®site and 16site. (b) DOS contributions of the As (solid bldrie) and Ge

atoms (dashed blue line) located on thd 42d 16 site.
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