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Crystalline intermetallic compounds in the K-Te system: The Zintl-Klemm principle revisited

Karin Seifert-Lorenz and 3gen Hafner
Institut fir Materialphysik and Center for Computational Material Science, Universifeen, Sensengasse 8, A-1090 Wien, Austria
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We have investigated the crystal structure, chemical bonding, and electronic properties of all known inter-
metallic compounds in the K-Te system, employing a first-principles local-density-functional approach includ-
ing generalized gradient corrections. The structural parameters, such as equilibrium volume, lattice constants,
and internal parameters are in very good agreement with experiment. The evaluation of the total and angular-
momentum decomposed densities of stéd#3S) and the partial charge densities gives further insight into the
bonding properties of these solids. Our results confirm the validity of the Zintl-Klemm principle for the saltlike
compound KTe and for the two equiatomic phaseK,Te, and 8-K,Te, consisting of isolated K ions and
covalently bounded Tedimers. In the compound fe; ionic regions consisting of K and Té~ ions with
closed octet shells and polyanionic regions with an atomic arrangement dominat%kaﬁd’mions coexist in
the crystal lattice. In the electron-deficient-compoungidg, larger ponanions—T§§ trimers—have to be
formed to achieve saturated covalent bonds. Our results illustrate the validity and astonishing flexibility of the
Zintl-Klemm principle, which allows us to interpret all crystal structures in the K-Te system , from the saltlike
octet compound to the Te-rich phases with extended polyanionic superstructures, on a common footing.
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[. INTRODUCTION whereb is the number bonds per atom ang, the number
of valence electrons per electron acceptor. As long\gsis
The properties of tellurides vary in a wide range froma natural number, two electrons per covalent bond between
saltlike compounds over semiconducting compounds witfwo anions are available, and these alloys are referred to as
strong covalent Te-Te bonding to metallic character. This difZintl-Klemm compounds. Additionally, a variety of electron-
ferent behavior reflects the possibility of the heavy chalco-deficient compounds exist, in which the bonding electrons
gen atom to build more than two bonds, unlike sulfur and®® distributed over more than two atorap_centers.ﬁn example
also selenium, which usually behaves in polychalcogene® the compound K1y, forming (Thy)®" clusters. There
like sulfur. The structural and physicochemical properties oft€ IS0 phases intermediate between the octet compounds

a large number of compounds of alkali and alkaline-eart anmd Itehethcela;;éceils Fé(ljg(/:?rnolﬁn(;%esi:)ufrt]léri?gﬁhlgosﬁt‘efnotrIeea)l((;Is
metals with polyvalent elements from groups Il to VI, the pie,

i . : . .—.to a disruption of the infinite (Sb.. chains into (Sh)°~
so-called Zintl phases_, can be explained by"a p'%f“re ON9%etramers in which the dangling bonds at the chain ends are
nally proposed by zintl and co-worket$, Hickel? and

! . ' at least partially saturated by the excess electfdfsr an
Hewaidyet al# In a compound of an alkali-metal or alkaline b y y

, ; overview of the wide field of Zintl phases, their structures
earth metalA with a polyvalent metal or semimetd, the 5.4 bonding mechanisms, see, e.g., Refs. 8 and 9.

electropositive element transfers its valence ele¢sidn the The Zintl-Klemm principle requires the formal charge
electronegative partner. If the charge transfer leads to a comransfer ofall the valence electrons from the electropositive
plete octet shell of the electron acceptor, a saltlike compoungh the electronegative element. The fact that early electronic
is formed, e.g., KSb or K;Te. In accordance with the band- structure calculations indicated that the actual charge transfer
filling model for the metal-nonmetal transition, the octetis small has lead to a widespread critique of the Zintl
compounds are narrow-gap semiconductors. At lowemodell®-*2 However, it has now become clear that charge
electron-donor concentrations, the charge transfer is not sufransfer(a quantity that is notoriously difficult to define and
ficient to complete the octet shell of the acceptor. A saturategy determine in a quantitative wais not the distinguishing
chemical bond between the polyvalent atoms can beeature of Zintl alloys. In fact, the behavior of the electrons
achieved only by sharing valence electrons among the arare governed by the strongly attractive electron-ion potential
ions, leading to the formation of polyanionic clusters or sub-of the electronegative element. Various band structure calcu-
lattices. If one electron is transferred to the acceptor, its reghtions show that the valence rule still applies, because one
environment will be similar to the elements to its right in the has to count occupied bands rather than local charges.
periodic table of the elements. Examples are tetrahedral The calculation of the band structure of I-IV compounds
M,*~ polyanions in I-IV alloys, such as KSn or CsPb, form- shows a striking similarity with the term scheme qfd? As,
ing a structure well known from white phosphorus or arseniomolecules:*=2° and likewise the density of states of equi-
in the gas phaseor infinite helical (Sb).. chains in KSb,  atomic compounds in the I-V systems is characterized by the
similar to those in trigonal Se or T&ef. 6. Generally, these same tripartite bonding, nonbonding, and antibonding struc-
compounds obey a modified octet rule ture found in the chalcogen elements Se an§*fé’ These
calculations show that the Zintl principle is valid, as long as
one thinks in terms of molecular orbitals and not of localized
b=8—nya, (1)  charges.
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The Zintl-Klemm principle explains the mechanism lead-  TABLE I. Equilibrium atomic{}, nearest-neighbor distances
ing to polyanionic clustering. In addition the chemical stabil- cohesive energieg, and bulk modulus3 of trigonal Te and body-
ity of the clusters is strongly influenced by the volume of thecentered-cubic K as calculated in the local dendifpA) and gen-
alkali metal separating these clusters. It can be seen ase4glized gradientGGA) approximations, compared to experiment.
general rule that the larger the donor atoms, the more stabfe

the Zintl ions. QA% dd) E(eV) B(GPa)
The intimate connection between electronic and atomig, Expt? 33.891 2832 —223 19.4.18.7

structure holds not only in the solid but also in the liquéd LDA 31.407 2906 —3.797 33.9
shown by various neutron- and Xx-ray-scattering experi- B

ments®19, establishing the stability and flexibility of the GGA 34998 289 316 18.8
polyanionic bonds postulated by the Zintl-Klemm principle. K ExptP? 75.710 4.614 —0.934 3.7

A proof of the conjecture that this principle does indeed ex- LDA 64.884 4384 —1.130 4.3
plain the structure and stability of such a wide class of inter- GGA 73.956 4580 —1.030 3.4

metallic compounds can be delivered by self-consistent cal
culations of the atomic and electronic structure in bothaAfter Ref. 35. The bulk modulus quoted here has been calculated
phases. Modern total-energy calculations using densityfrom a Murnaghan fit to the published equation of state.
functional techniques allow us to perform an optimization of "After Ref. 34.

the crystal structure with respect to all parametensd, in

the liquid phase, even to perforab initio molecular dynam-  pjane-wave expansion of the valence states and a description

ics simulations of the structure of the melfor the opti-  f the jon-electron interaction in terms of ultrasoft pseudo-
mized structure, the electronic spectrum and electron-densnpfotemims(p9_

distributions may be analyzed and the character of the inter- A question always arising in DFT is the choice of the

atomic bonding can be determined. This approach to thgychange-correlation functional. Today modern generalized
atomic and electronic structure and of the stability in thegradient approximation§GGA) have superceded the local
solid and the I_iquid phases simultaneously was already SUGiensity approximatiofLDA). This is also confirmed by our
cessfully applledl_t& the K-Sb systéff and the alkali- czjculations: for both elements the LDA calculations always
metal-tin systeni!~** lead to a substantial underestimate of the equilibrium volume
The present work is devoted to the K-Te system. Thergompared to the experimental ofeee Table)l For K (like
are several reasons why the potassium tellurides are of Spgs; g1 alkali metal$, the GGA reduces the LDA error in the
cial interest. First of all, the structures of the octet Compouncbrediction of the equilibrium volume from 14% to about 2%.
KTe (Ref. 29 and the equiatomic compound Re, (Ref. 25 £or Te, the GGA corrections overshoot and lead to an atomic
and 26 are rather simple: KTe is a typical saltlike octet gjyme that is about 3% too large. It has to be emphasized
compound and isolated e anions are separated by‘K  that hoth LDA and GGA lead to almost the same interatomic
cations. KTe, exists in two different modifications: the low- distances along the Te chains, but differ strongly in the in-
temperature phase-K,Te, and the high-temperature phase terchain distances. Both the LDA and the GGA underesti-
B-K;Te,. Both obey the Zintl-Klemm rule and are built of mate the ratiod,/d, between the inter- and intrachain dis-
(Tep)?~ dianions. This simplicity of the crystal structures tances, overestimating the distances along the chains, but
allows us to study the basic bonding mechanism. In additioﬁlmderestimating the distances between the neighboring
to these “stoichiometric” compounds two stable intermedi- chains. However, the GGA is much closer to experiment. For
ate phases, Ke; (Ref. 27 and KsTe; (Ref. 28, exist, al- 3 detailed discussion of the crystal structure of Te as de-
lowing us to study the more complicated electronic structurescriped by GGA and LDA, we refer to the paper of Kresse
and chemical properties of electron-deficient and excesset al1® However, it has to be pointed out that the GGA func-
electron Zintl compounds. In the tellurium-rich phasgTis  tional chosen here leads to even better agreement with ex-
(Tey)*™ trimers have been identified. The structure of theperiment than the Perdew-Becke functional used earlier. In
potassium-rich phasesfe; is rather complex, involving di- - summary, the gradient-corrected functionals are much more
rect K-K bonds so that the Zintl principle alone is not suffi- appropriate for the compounds. Hence we present only the
cient for understanding structure and bonding. GGA results, obtained using the PW91 functional of Wang
In the present work, we present a detailed study of theynd Perdew®
crystalline and electronic structures of all four K-Te com- A fully nonlocal ultrasoft pseudopotential was constructed
pounds using first-principles density-functional techniquesaccording to the prescription of VanderBilas modified by
In a subsequent paper these investigations will be extendegresse and Hafnel- Two energy channels were used for the
to the liquid K-Te alloys, usingb initio density-functional s and p wave functions, and the cutoff radii for the wave

molecular dynamics. functions wereR, .= 1.37 A andR; x=2.03 A and for the
augmentation charg®,,y & 1.53 A and Raug k= 2.28 A,
Il. COMPUTATIONAL METHODS respectively. For both elements a norm-conserdigjectron

pseudopotential was chosen as local potential.
All our calculations are based on local density-functional The Hellmann-Feynman theorem allows the calculation of
theory (DFT) and the pseudopotential method, using the Vi-the forces acting on the ions from the ground state of the
ennaab initio simulation packag€VASP). VASP employs a  electronic system. To find the energy minimum of the ionic
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TABLE Il. Atomic structure and cohesive properties of crystal- — /\/ —— 11— 0.5
line Cak-type K, Te as calculated in the GGA, compared to experi- — total
ment. 05- — ;
g a )
Pearson symbatF16, space groufm3m GGA  Expt? :“ N
Atomic volumeQ, (A%) 46.498  45.079 e "
AQ (%) 3.1 0 }/\/:}.‘:}:}: 0
Excess volume\ Q, (%) —23.74 —27.02 Tl b s
Lattice parametea(A) 8.233 8.148 15+ -
Cohesive energy (eV/atom) —2.804 @0 10'_ J 6 E&
Heat of formationAH (eV/at) —1.064 & | ___,\/____ 4 =
Bulk modulusB(Mbar) 12.9 5+ 2
aBloP _ . 4.3 0' i /\/ ) g 0
Nearest-neighbor distances | LI L
dix (A) 4116  4.074 i ] 4
di.1e (A) 3.565  3.528 3 ]
Ore.1e (A) 5.821 5.762 g | P
\—cs 2 - T T T T e
2after Ref. 34. = | . -2 =
system a conjugate-gradient algorittis used. All atomic 11
degrees of freedom, the volume and shape of the unit cell, ) 0
and the internal positions of the atoms, are relaxed simulta- 9 -8 -1 0 1 2 3 4 §

neously, subject only to the constraint of maintaining space- E {eV}

group symmetry. Additionally a series of calculations at dif-

ferent fixed volumes was performed to calculate the bulk F!C- 1. (@ Total and local angular-momentum-decomposed

modulus and to determine the variation of the crystal strucS/€ctronic density of states in,Re with the Caf structure. The

ture under pressure. The bulk modulus has been determiné'(qht'hand scale shows the integrated density of states.

by a least-squares fit of the volume-energy and volume- )

pressure data to a Murnaghan equation of state. is of the_same order of magmtude as for purg, Tiee excess
Once the atomic positions and the pseudo-wave-function¥0lume is very large and negat|vg(2ex=_—24%0), but the

have been calculated we employ various tools to analyze theXPerimentally observed contractio Q e, = — 27%) is St'”() _

data. The atomic structure is discussed in terms of the calciinderestimated. The volume contraction of almost 30% s

lated lattice parameters, atomic positions, interatomic dis@/most entirely due to a compression of the K atom: Com-

tances, bonding angles, etc. Calculation of the excess volunfréd to the interatomic K-K distances in pure potassium

and heat of formation leads to information about the stability(S€€ Table)i the K-K distance in the alloy is reduced by

of the crystalline phases. 11.1%. This means a contraction of 30% of the potassium

The electronic eigenstates kaspace are characterized by aom aqd i; an indication for the ionic charactgr of the bond-
the band structure and its-space integral—the density of NG This is also supported by the K-Te distandg.re
states(DOS). An important step towards a real-space de-=3.528 A, which is close to the sum of the Pauling ionic
scriptions are the partial or local DABDOS), calculated by ~ adii Ri++ Rpe-=1.33 A+2.21 A=3.51 A, whereas add-
projecting the plane waves representing the eigenstates onfed UP the covalent radii vylll underestlm_ate the distance. The
spherical harmonics within spheres centered at the atom sité&lculated bulk modulus is about four times larger than that
(for detailed description see Ref. 33In addition, the N pure potassium, but just a few GPa lower thet-ife. As
electron-density distributions corresponding to certainthe structure and the bonding properties are not determined

groups of bands can be used to characterize the chemic@y Te-Te bonding, this is most likely coincidental. More im-

bonding. portant seems to be the finding that the bulk modulus is
almost the same as in;&b, the octet compound in the K-Sb
system®
Ill. THE OCTET COMPOUND K ,Te
A. Atomic structure B. Electronic structure
K.Te crystallizes in the face-centered-cutifcc) Cak, In Fig. 1 the total and angular-momentum-decomposed

structure(space grouf-m3m) with 12 atoms in the conven- DOS’s are shown. The calculation of the LDOS was per-

tional unit cell** The Te atoms are located at the Wykoff formed using the Pauling ionic radiiRg+=1.33 A, Rye-

position 4a, (0,0,0), and the K atoms at positions,8,3,7), =2.21 A) to define the projection spheres.

filling the octahedral holes. The electronic structure confirms the picture of a saltlike
Table Il shows the results of our calculations comparedonic compound: The lowest valence band is a narrows Te

with experiment. The volume is a bit overestimattte error  band; the two highest occupied bands havepTeharacter.
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TABLE Ill. Equilibrium volume and lattice parameters of

4
/\ // /\— K,Te, and 8-K,Te, compared to experimental data.
System a c da Q A AQy

2_ —
a-K,Te, VASP 9.6637 6.4781 0.6704 43.66 2.8%19.9%
a-K,Te, Expt? 9.5140 6.5000 0.6832 42.46 ——22.5%
0 B-K,Te, VASP 5.6543 12.3386 2.1822 42.70 3.6%21.6%
.>< — B-K,Te, Expt® 55890 12.1880 2.1807 41.21 ——24.8%
. *Reference 26.
% i
; A. Atomic structure
al i 1. Atomic structure ofa-K,Te,

a-K,Te, crystallizes in the NgO, structure?®3’ The char-

acteristic elements of this structure are dichalcogen dumb-
6 _ bells parallel to the axis. They form infinite straight chains
with alternating short distances within the dumbbells and
long distances between two neighboring dumbbells. The for-
mation of Te dumbbells confirms the Zintl rule: Due to the
charge transfer from the alkali metal to the chalcogen, Te
becomes isoelectronic to the halogen atoms, forming dimers
to complete an octet shell. Hence it is more appropriate to

FIG. 2. Electronic band structure of,Ke along the principal talk about Té dianions instead of neutral Femolecular
symmetry lines. units.
The space group of this structure B62m with three
The local DOS at the K sites shows a strongly mixef, d  formula units per hexagonal cell:gRes. Alkali and chalco-
character, indicating that the DOS represents mainly stategen atoms each occupy two crystallographically inequivalent

centered at the Te sites overlapping onto the K spheres. Thé?tes- K1lat3. (x..00). withx.~2 and K2 at %01
integration of the local DOS at the different sites shows al- '  (x1,0.0), Lo 3, (2.02),

i ~1

most a complete charge transfer from the alkali metal to théN!th Xz~ 3, as do the chalcogen atom§ Tel a 20,02y),
e : : with z,~0.2 and Te2 at ¥, (3,%,2,), with z,~0.3. There

polyvalent Te, confirming the Zintl picture. It must be 1 1 \313142)s 2
stressed, however, that the local charges depend strongly &#é two pseudo-sum-rules;~ —x, andz,~ 3 — z;. .Chang-
the radii of the projection spheres. The lowest conductiorind internal parameters such that all nearest-neighbor Te-Te
band is dominated by unoccupied K states. The high elecdistances are equal would lead to the LiAs-crystal structure
tronic pressure caused by the strong volume contraction &¥ith -Te-Te-Te- chains. .
the K sites leads to a lowering of the lochstates compared ~ In Table Il the volume and lattice parameters@fand
to the delocalized states; hence the conduction band shows3-K2Te; are given, and agreement with experiment is satis-
a distinctly mixeds-d character. factory for both modifications. The volume @fK,Te, is

These features are also confirmed by the dispersion relgverestimated by 2.8% and the large experimental excess
tions of the electronic eigenstates as shown in Fig..Jeks ~ volume is slightly underestimated. The variation of the lat-
an insulator with an indirect gap-L T of 2.16 eV; the direct tice parameters and ¢ with volume is shown in Fig. ®).
gap at the point is only a few hundreds of an eV wider. In As the lattice parameters increase both linearly with increas-
contrast to the highest Te valence band, which is almost dignd volgume, the ratioc/a is constant fromQ =36 A® to
persionless, the lowest unoccupied K conduction band shows 44 A3, o _
strong dispersion arourid, giving only a small contribution In Table IV the free parameters determining the atomic
to the DOS. This leads to a tail at the low-energy edge of thd0sitions and the resulting interatomic distances are given.
conduction states, similar to that discovered in the alkalifor the K atoms the pseudo-sum-rade~ —x, is fulfiled a
metal pnictide compounds in the BiBtructure, and a sub- bit better by the calculated parameters than for the experi-

stantially wider gap of-3 eV seen in the DOSFig. 1) and  mental ones. The change .in the positions of the K atoms
detectable in optical experimerfts® leads to a more symmetric arrangement of the K atoms

around the Te-Te dumbbells and hence to almost identical
interatomic distancedy.te1=dk _ e

The structure ofa-K,Te, can be described as hexagonal

The compound KTe, exists in two modifications: a low- channels built of K-atoms parallel to tleeaxis centered by
temperature phase calle#K,Te, and a high-temperature the Te;2 dianions. Projected on they plane the structure
phaseB-K,Te,. The a— B transition takes place at510 K,  looks like a honeycomb lattice, each corner of the hexagons
and the melting point of thg phase is about 660 KRefs. 26  being occupied Y a K atom, every second lying in one
and 37. plane, the other three in a parallel plane shiftedc/ to

8l _

r X W L r I W

IV. THE EQUIATOMIC COMPOUND K ,Te,

094105-4



CRYSTALLINE INTERMETALLIC COMPOUNDS IN THE . .. PHYSICAL REVIEW B 66, 094105 (2002

05— - ' - The pseudo-sum-rule concerning the positions of the Te at-
] oms, z,~3—z,, is satisfied by the experimental values ex-
actly, leading to identical Te-Te distances within the dumb-
bells as well as between them for the Tel and Te2 atoms. The
] calculatedd o1 1e1 @and dres_1ep distances differ slightly, as
ot there is no symmetry constraint to give exactly the same

2g=A distances, but the difference is very snisdbs then 0.02 A),
71— : I : so the positions of the Te atoms within the unit cell are very
well reproduced.

The volume dependence of the Te-Te distances is shown
in Fig. 4a). Whereas the length of the e dumbbells re-
mains almost unchanged with decreasing volume, the dis-
abo ] tances between the dianions scale linearly with the lattice
e parameterc, indicating that the bonding between the dumb-
ssl ] - ' ' bells is rather weak.

35 40 45 50
al(oc)\ v )
2. Atomic structure of3-K,Te,

FIG. 3. (a) Metric relationship between the unit cells @f and B-K,Te, crystallizes in the LiO, structure typé6'37. This
B-K,Te, and (b) variation of the cell parametessandc for both gy yetyre also obeys the Zintl principle, as the main elements
modifications over volume: Triangles mark the calculated cell Pa-of the lattice are again (szi dumbbells. The LiO, struc-
rameters ofa-K,Te,, diamonds those oB-K,Te,, the filled sym- ture has space group6s/mmgc no. 194. One hexagonal
bols refer to the fully relaxed structure at equilibrium volume, and nit cell contains two formula units: Ke,. The alkali-metal
the stars and the filled circle stand for experimental parameters toms occupy two different crystall.ogr;bhic sites: K1 at 2
the o and s phase, respectively. (0,0,0), and one aligned with the Te-Te dumbbells af 2

121 iti 12
build up infinite tubes. The calculated internal lattice param—(3 '|3'h4e )dJrrrﬁ);—;|stgrrgsszlrleplaorcsrgldtgttr?;;:;ilsorfsugfsthz;)ﬁo

eters lead to an almost regular hexagonal pattern, the experi- f hains. The struct be built of basi
mental data to a slightly distorted arrangement. There see gnger form chains. The structure can be bulit of oné basic

to be no reason why positions leading to a lower symmetr ragment, a Te-Te (_jumbbell fo!lowed by a K-atom_parallel to
(not in terms of the crystal structure, but in terms of bonding hec axis. Each Linit cell contains two of stich basic modules
lengths would be preferred. As the experimental structureat (x,y)=(3,5) and (,3). The K atom is at the same height
parameters were obtained by x-ray diffraction experin?énts as the center of gravity of the dumbbell of the other module.
the contributions from the Te atoms are about 8 times largein addition two K atoms occupy sites at the origin andzat
than those from the potassium atoms. This seems to be &ac/2. As the dumbbells are well separated from each other
good reason to think the calculated parameters are reliablby the K atoms, the distance between thg Telianions is
increased compared to the )& type.

10F

9.5

TABLE IV. Internal parameters and interatomic distancesin As for a-K,Te, lattice parameters, volume, and excess
K,Te, compared to experimental data. volume are summarized in Table Ill. Comparedatdl,Te,
the error in the calculated equilibrium volume @K, Te, is
Internal parameters slightly increased to 3.6%. The tendency to a larger excess
X1 Xz r4) Z; volume is correctly predicted, but again the excess volume is

underestimated. In addition to the volume, the GGA calcula-
tion reproduces the ratia/a. As shown in Fig. &) the
lattice parametera andc both increase linearly with increas-

Interatomic distance6}) ing volume.

VASP 0.6558 0.3218 0.2187 0.2802
Expt. 0.6700 0.3000 0.2200 0.2800

dyr 1 Ao dyo ko In Table V the internal parameterand the interatomic
distances in3-K,Te, are summarized. The position of the Te
VASP 4.570 4.573 >.386 atom is reproduced to very high accuracy, as is the ratio
ExXpt. 4.428 4.791 4.944 of first- to second-nearest-neighbor Te-Te distandEs'Y
derrer derrer dprer drren d}e_'Te. Compared to the N®, type the second-nearest-
neighbor distances are increased about 25%. The volume
VASP 3.615 3.653 3.604 3.574  dependence is the same as already mentioned for th®,Na
Expt. 3.450 3.670 3.385 3.634 type. The dumbbell length remains unchanfeate the scale
d d d d in Fig. 4b)]. The \_/olume e_ffects can only be seen in the
Tel-Tel Tel-Tel Te2-Te2 Te2Te2 second-nearest-neighbor distances.
VASP 2.833 3.645 2.847 3.631 .
d,/d, 1.000 1.287 1.000 1.275 3. Comparison ofa-K,Te, and B-K,Te,
Expt. 2.860 3.640 2.860 3.640 As far as is known, the phase transition frewK,Te, to
d,/d, 1.000 1.273 1.000 1273 B-K,Te, isirreversible?®3 The relationship between the two

structures is shown in Fig.(8).
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29 T T T T T T T 2.9 T T T T T r T
[ ©—©VASP T
__285F . _285F * B -
= =~
2.8 - 2.8 " .
| | ] |
4F = 52 1 T T ™% |
381 ] sl ] FIG. 4. Variation of the interatomic Te-Te dis-
oz 36r ] | ] tances over volume ofa) a-K,Te, and (b) B-
< 34r ] <44l 4 K,Te,. Filled symbols denote distances in the
32r 7 r 1 fully relaxed structure at equilibrium volume and
F 4 ar — stars the distances in the experimental structure.
L4 - sk i
13- - :
~ T2 -
1) T . 3 ef T
L1F (@) 4 L4k () |
1 1 L 1 L 1 n | | L | L 1 L |
35 40 45 50 35 40 45 50
vid% V&%

One can relate the unit cell of thi@phase to that of thee  significant lowering of the energy. So if we compare the
phase, witha,~ \Eaﬁ and by doubling the unit cell of the  energies calculated for the experimental structures, ghe
phase in thez direction. For a detailed discussion of the phase would be stablAE~17 meV). Under a slight com-
relation between the two structures, see Ref. 37. In Fig. 3 pression, a pressure-induced transitier 8 is predicted, in
the lattice parametems, andc, of a-K,Te, are compared to agreement with the slightly larger bulk modulus for tBe
the scaled parameter\@aﬁ andcg/2 of B-K,Te,. Both sets phase. No experimental studies under increased pressure are
show a similar variation with volume, but at no volume in known.
the plotted range do the two curves have the same values at
the same volume. As there is no group/subgroup relation B. Electronic structure
between these structures, there is no way to derive, e.g., the | Fig. 6 the total and angular-momentum-decomposed

B phase as a high-symmetry special case fromdfghase gensities of states for- (left pane) and B-K,Te, (right
just by changing an order parameter. As Kéffenentioned,

there is no possibility to transform the phase into thes o

T
phasewithout breaking Te-Te bonds. 288 i :_':2:“2 T
In Fig. 5 calculated energies and pressures at different '

1 =290 e o-KTe,: Exp.
volumes for both structures are fitted to the Murnaghan equa- I . BKTe, Exp.
tion of state. The equilibrium volumes, cohesive energies, % 20| ' |
heats of formation, bulk modulus, and pressure derivative are 5
collected in Table VI. The structural enthalpy difference at 2041 |

zero pressure is 1.1 meV/atom, thephase is energetically I
preferred for the relaxed structure, in agreement with the 2.96
observed low-temperature stability of thgphase. However, I T e T
one has to admit that the calculated enthalpy difference is at

the very limit of the achievable computational accuracy. For or ]
the B phase the energy of the experimental structure lies on
the energy-volume curves for the relaxed structure, i.e., the = 20- .
relaxation at fixed volume hardly changes the total energy. &
The optimization of the structure a#-K,Te, leads to an & 0
TABLE V. Internal parameter and interatomic distancessin
K,Te, compared to experimental data. 20 -
z dIe-Te d;e_Te d,/d; 35I.0 I 46.0 I°345I.0 I 56.0
V{A}

VASP 0.6350 2.838 4.664 1.643
Expt. 0.6355 2.790 4.618 1.655 FIG. 5. Energy-volume and pressure-volume datadédf,Te,

detk dute durte (triangles ar_1d,B-K2Te2 (diamonds fitted to a Murnaghan equation

of states. Filled symbols denote calculated energies and pressures

VASP 4.491 3.665 3.560 for a-K,Te, in the relaxed(triangle and experimentalcircle)
Expt. 4.438 3.625 3.515 structures and foB-K,Te, in the relaxeddiamond and the experi-

mental(square structure.
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TABLE VI. Parameters fitting the energy-volume and pressure-bells. The analysis of the partial charge densities forsall

volume data foie— ands-K,Te, to a Murnaghan equation of states electrons confirm this characterization of the bands.
by a least square fit.

Qo (RA) Eg(eV) AH(eV) By (GPa) B
a-K,Te,® 43818 —2.964 —0.870 12.8 45
a-K,Te 43737 -2964 —0.870 12.7 4.8
B-K,Te,d 42971 —2.963 —0.869 11.1 4.9
BK,Te’ 42,999 —2.963 —0.869 11.0 4.7

The occupiedp valence states are trimerized in bonding
ppo, bondingpp, and antibondingpp7* bands. Accord-
ing to the small distance between the dumbells the bands
overlap (ppo-ppm) or are separated by a small gap
(ppm-pp7*) in a-K,Te,. The ppo DOS is rather broad
and has again a parabolic form, the upper edge overlapping
with the pp# band. Thep valence bands oB-K,Te, have

the same characteristics as in t#aghase, but now they are
narrower and well separated from each other.

The density maximum of the bondiqpo band (™~ per
atom is located at the center of each dumbkshke Figs. 7
pane) are shown. The partial density of states was obtaine@nd 8, ppo states extend at each end, leading to overlapping
by projecting the plane waves onto the spherical harmonicstates centered at different dimers in the case ohtplase,
within the Pauling radii dx+=1.33 A anddr.-=2.21 A).  but with a distinct minimum between two neighboring
However, whereas iB-K,Te, where the Te dumbbells are  dumbbells for the3 phase(see Figs. 7 and)8The bonding
isolated, boths bands have a simple unimodular DOS, thepp# density covers each dumbbell completely. In the case of
interaction between the Jalimers along the chains charac- the o phase thepps charge density vanishes between the
teristic for a-K,Te, leads to a DOS with pronounced van dumbbells. The antibondingp#* states form “doughnuts”
Hove singularities at the lower and upper edges. This form oft each end of the dumbbells, perpendicular todlis.
the DOS is characteristic fog-bonded linear chains—this The lowest conduction bands are pfpc* character,
structure is more pronounced for tlsss* bonds, because broad and parabolic and separated by a small indirect gap
the antibonding states show a larger interdimer overlap. For—A of 0.18 eV ina-K,Te,. In contrast theppo™ states in
both modifications the deep band is split into a bonding B-K,Te, form a narrow unimodular band separated by a di-
sso and an antibondingso* part, typical for Té_ dumb-  rect gap of 0.67 eV from the highest occupied states.

a/olume-energy fit.
bVolume-pressure fit.

0.2 [ I|{1 T T T T ] 0.2 I ll<1 I !
01 ¢ 0.1 0.1 0.1
i — :otal -
0 ————— 0.2 |
L K2 o— - : 0
0.1 B 0.1 —
i s 0.1F 0.1
s 8
< i lha 83 < | 3
% 5 L Tel 6 g % | | : g
-~ T 4 £ = O ' ] g £
@ 2.5_— ’ § 5 s Te 2
= o=y g = = 7l 6 =
[ || Te2 Q 4 ]
5 ~ 2.5+ g
[ g = [ ) =
2.5 — 0 | .
X 2 C 1 8
0 0 -K.Te
o-K,Te, 4 Sr b-K,Te, 6
251 25 '_ 4
i 2 ~ D)
I . 1 4 | . |
0 -10 -5 0 0 -10 -5 0
E {eV} E [eV]

FIG. 6. Total and angular-momentum-decomposed DOg&- dfeft pane) and 8-K,Te, (right panel. The right-hand scale refers to the
integrated DOS. Please note the different scales for the K, Te, ahe, ©OS.
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FIG. 7. Partial charge densities afK,Te, for the (a) sso, (b)

sso*, (¢) ppo, (d) ppa*, (e) ppm, and(f) pp#* states. The light

frames mark the boundaries of a unit cell.

Hence the analysis of the partial charge denéfigs. 7

PHYSICAL REVIEW B66, 094105 (2002

density. In a-K,Te, these dumbbells form infinite chains.
The density of states and the partial charge densities indicate
that two neighboring atoms from different dumbbells do not
form a covalent bond, but the width and the characteristic
double-peak structure of theso and ppo bands indicates
that the interaction is not negligible. |68-K,Te, the dumb-
bells are isolated from each other by the surrounding cations
leading to sharp dispersionless bands in the density of states.

V. THE TELLURIUM ENRICHED ALLOY K ,Te;

A. The atomic structure

K,Te; crystallizes in a primitive orthorhombic lattice,
space groupPnma no. 62, with four formula units per
cell?” The alkali metal is located at Wyckoff positiord8
(X,y¥,2). The chalcogen atoms Tel, Te2, and Te3 occupy
three crystallographically distinct sites, Wyckoff position, 4
(%,7,2).

The structure has 12 free parameters to optini&eell
parameters, 3 for the position of the K atom, and 2 for each
tellurium aton). The cell parameters are summarized in
Table VII. Our calculation slightly overestimates the atomic
volume, but the error is less then 2% compared to the experi-
mental volume. The excess volume &f) ., ~ —25% is re-
produced by our calculation. The structural parameters are
also reproduced to a very high degree of accufaeg Table
VIl). The lattice is built of planes containing §l’e trimers
separated by rumpled K planes. In FigaPa projection of
the structure on thety and xz planes is shown. The dark
small balls denote tellurium atoms, the light big ones potas-

and § leads to a picture confirming the analysis of the den—Silum' Je-Te _Ir_1e§rest] and r;]exgngarest-neighbbor b(;)ndsT alre
sity of states: The chemical bonding is determined by the®'SC Shown. Te3 is always the bridging atom, bound to Te

states of the T dumbbells leading to very similar main

and Te2. These trimers are arranged in planes perpendicular

features in the density of states as well as in the chargE0 the b axis atb/4 and 3/4. The K atoms lie almost on

O===0) o

FIG. 8. Partial charge densities BfK,Te, for the (a) sso, (b)

sso™*, (¢) ppo, (d) ppa*, (e) ppm, and(f) pp#* states. The light
frames mark the boundaries of a unit cell.

planes betweeg=0 andy=13, only displaced abouty,y
<1. Within the layers the trimers are oriented parallel to the
¢ axis. Along thea direction the orientation alternatésig.

9). The bonding lengths within the trimers are abet.8 A
(dark rods in Fig. 8 The intercluster distanceSqe;.te,
O1e1-Tes anddes_1e3 (light-gray rods in Fig. 9 are all be-
tween 3.5 A and 3.7 A, the bonding an@g.; tes.teoWithin

the trimer is 102.09see also Table V]I

Agreement between theory and experiment is quite good,

but we note a slight tendency to overestimate Te-Te bond
lengths within the trimers, at the expense of reduced inter-
dimer distances. To verify that the too weak covalent bond
strength within the T§§ polyanions is not due to the choice
of the gradient-corrected functional, the calculations have
been repeated in the LDA. We find almost the same un-
changed intertrimer distances, and even smaller separation
between the trimers. Hence the GGA leads to a definitely
better description of the crystal structure ofTk; than the
LDA. A further difference between theory and experiment
concerns the significantly narrower distribution of the K-K
nearest-neighbor distances resulting from the calculations.
The smaller differences result mainly from a smaljepa-
rameter for the K positions reducing the corrugation of the K
planes(cf. Fig. 9. As discussed above, we suspect that due
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TABLE VII. Equilibrium volume, lattice parameters, internal parameters, interatomic distances, and
bonding angle within the '§é trimers of K, Te; compared to experime(Ref. 27).

a(A) b(A) c(A) Q(A3) AQ AQgy
VASP 15.952 10.343 4.645 38.3155 1.62% —24.25%
Expt. 15.938 10.097 4.686 37.7050 —25.51%
Internal parameters
VASP Expt.
X y z X y z

K1 (8d) 0.3774 0.0284 0.2867 0.3776 0.0303 0.2892
Tel (4c) 0.4799 0.25 0.8055 0.4815 0.25 0.8152
Te2 (4c) 0.2609 0.25 0.7156 0.2594 0.25 0.7020
Te3 (4c) 0.1224 0.25 0.3121 0.1223 0.25 0.3267

Interatomic distances (A) and bonding angldeg

Tel-Ted Te2-Ted Tel-Ted Tel-Ted Te2-Ted Tel-Te?

VASP 2.8839 2.8831 4.4823 3.6592 3.5612 3.5216
Expt. 2.8021 2.8049 4.4299 3.7528 3.6529 3.5794

d K-K d K-Te aTel—TeS-TeZ
VASP 4.6447—-4.7678 3.5482-3.9830 102.0°
Expt. 4.4159-4.7899 3.4945-4.0052 104.4°

ANithin Te%* trimers in the §,y) plane.
PBetween T§ trimers.

to the small contributions of the K atoms to the scattered xhe projection spheres onto atomic spheres again the Pauli
ray intensities, the K-positions might be subject to a smalkadii R¢+=1.33 A andRy.-=2.10 A were chosen. The

uncertainty. band is trimerized, and the bonding, nonbonding, and anti-
) _ ) _ bonding subbands are separated by well-defined gaps. The
B. Electronic structure and chemical bonding properties whole s-band complex contains two electrons per tellurium

In Fig. 10 the total and angular-momentum-decompose@tom. The largest contribution to the bondisgs states
densities of states at the different crystal sites is shown. Fozomes from the bridging Te3 atom. This is also confirmed by
the partial charge densifgee Fig. 1(a)]. (Note that in the

- \ /\\ absence of axial symmetry for the bent trimer the designation
> 2 of bonds as eithes or 7 is not entirely adequate. We con-

ZW { \?V tinue to use this nomenclature, but it should be kept in mind
> \ :

A that it refers only to the overlap of orbitals on neighboring
>

\' o ' e atoms and not to the symmetry of the trimer as a whdlke
nonbondingsso® states are located at terminal atoms Tel
®) 7 ’ [ ’ and Te2 only[Fig. 11(b)]. The charge density of the anti-
e ———0 Ommml O — bondingsso™* bands is concentrated at all three Te sites with
. " > > no overlap[see Fig 11c)].
g g » g The lowestp band consists essentially pipo states in-

o volving two orthogonalp orbitals on the central Te3 site,
: : forming o bonds withp orbitals on the terminating atoms.
> > ’ 4 Therefore the electron density of thigoo band is mainly
. located around the bridging atdeee Fig 11d)]. It contains
two electrons per tellurium atom. The bonding band is sepa-
J > ' > > rated from the nonbonding states by a very narrow, but
. nevertheless recognizable gap. The secprizhnd close to
the Fermi level consists of twoorbitals perpendicular to the
Te-Te bond on the terminal Tel and Te2 sites and the remain-

FIG. 9. The structure of KTe; projected on thea) xz and (b) ing p orbitals perpendicular to the plane of the trimer on the
xy planes. Dark balls: Te. Light balls: K. Dark rods: shortest Te-Tecentral Te3 sit¢see Fig. 1le)]. In terms of the orbitals per-
distances within the Fe cluster. Light rods: intercluster distances. pendicular to the plane it has somecharacter. The orbitals
The latter are only plotted in one specific Te plane to avoid confucentred at the terminal atoms are rather extended, leading to
sion. The light frames circumscribe the unit cell. an appreciable overlap between neighboring trimers and to

] > > >
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FIG. 10. Total and angular-momentum-decomposed DQS) (in units of states/eV atomand integrated DON(E) (in units of
electrons/atomof K,Te;. Please note the different scales for the partial K, Te, and the to@g;KDOS.
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FIG. 11. Partial charge densities o Re;. Dark small spheres indicate the Te atoms, larger light ones K atoms. The dark rods mark the
nearest Te-Te distance®) sso, (b) sso®, (c) sso*, (d) to (f) p bands(cf. tex?).

094105-10



CRYSTALLINE INTERMETALLIC COMPOUNDS IN THE . ..

TABLE VIII. Equilibrium volume, lattice parameters, and bulk
modulus of KTe; compared to experimeriRef. 28.

PHYSICAL REVIEW B 66, 094105 (2002

TABLE X. Interatomic distances in Ke; compared to experi-
ment (Ref. 28.

a(Ad) c(A) ca QA®D AQ AQ, B, Within quadratic antiprismatic columns
(GP«’:’) d'}'el—Tel d%’el—Te:L dK—K dKl-Tel dK2-Tel
VASP 13.8611 6.4468 0.4651 38.71 3.1%34.8% 14.4 VASP  2.853 3.594 3.700-4.065 3.645 3.739
Expt. 13.742 6.346 0.4631 3756 —-37.4% — Expt. 2.839 3.525 3.671-4.104 3.617 3.698
Within tetrahedral columns Between columns
the formation of zigzag chains with alternating strong intrat- Orezrez i Oy Te2 Orez-Te2 dy-re2
rimer and weak intertrimer bonds. VASP 5378 3.223 3.444 4918 3.659-3.791
Projection of the partiah charge density on they plane  gxpt 5334  3.182 3.420 4825 3.626-3.758

would show that the regions between the Te planes are not
covered; hence the charge density there is very low. The

low-energy edge of the conduction band lies 0.6 eV abovere2- anjons with a complete octet shell, whereas the Tel

the Fermi energyEg. The lowest conduction band has gtes are occupied by Tewith a single negative charge and
mainly pp7 character(see Fig. 10 however, with a certain grouped in dianions.

mixed Te p—K d character as the lowering of the potasgium = The 3.3 distance in the tetrahedral columns is remark-
band, :_alccordlng to the high electronic pressure at the K caliply short, only 3.2 A, 30% decreased compared to elemen-
ions, yields to an overlap of the Te and K states. tal K. However, these short K-K distances do not represent
covalent bonds between the alkali-metal atoms. The short
bond length is rather imposed by static reasolpg:s is just
equal to the average between the short intra- and the longer
interdimer bonds between the Tel atoms. The K-Te distances
are 3.44 A within the tetrahedral columns an@®.65 A in

the square-antiprismatic columns and between the columns.
Projecting the structure onto the basis pldsee Fig. 12 it

VI. POTASSIUM-ENRICHED ALLOY K 5Te;
A. Atomic structure of K 5;Te;

KsTe; crystallizes in a tetragonal lattié space group
I4/m, no. 67. The unit cell contains 4 formula units with Tel

at Wyckoff position #, (0,02), Te2, K1, and K2 are located shows a chessboard pattern of polyanionic and simple ionic

S 11
at Wyckoff position 8, (x,y,0) and K3 at 4, (05,2). The " ¢olymns. The polyanionic columns are formed by the
most important cell parameters are summarized in Tablg—,—ez)zf dianions centering square-antiprismatic” Kcol-
VIII. Agreement with experimeRt is again reasonable: the | ;mns. The ionic part of the structure consists of thé Te
error in the equilibrium volume is 3%. The axial ratitais  ¢olumns centered by Kions. In Fig. 13 selected Te-Te dis-
reproduced almost perfectly, the positions of the atomsances within and between the columns as a function of vol-
within the unit cell(Table 1X) and the interatomic distances yme are plotted. The shortedte; 1o; distance remains al-
(Table X agree well with experiment. most unchanged over the entire volume range, whereas all

The structure of KTe;, as shown in Fig. 12, consists of qthers scale linear with increasing volume.
two different basic modules: Columns of basis-sharing

square antiprisms built by K atoms and centered by Te
dumbbells, and columns of corner-sharing distor{éelt-
tened tetrahedra of Te atoms, centered by K atdsee Fig. To calculate the angular-momentum-decomposed DOS
12). Interatomic distances are compiled in Table X. Thethe radii for the projection spheres were chosen such that the
dumbbells located in the square-antiprismatic columns have
a length of 2.853 A, comparable to the shortest Te-Te dis-
tances ina- and3-K,Te,. The shortest Te2-Te2 distances are
4.9 A between the tetrahedral columns, and 5.4 A to 6.1 A ,&YY
Internal parameters KA
Yt Yie FIG. 12. Atomic structure of KTe; projected onto thez (left

within the columns. This indicates that the tetrahedra are no
VASP 0.2245 0.0903 0.4117 0.2806 0.2213 0.1556 0.345(ane) and thexy plane(right panel. Small dark balls: Te. Larger

a real building block of the structure. Assuming complete
charge transfer, the chemical formula of the compound may

Expt. 0.2248 0.0898 0.4120 0.2804 0.2231 0.1560 0.344dight balls: K. Dark rods: Te-Te distances. Light rods: K-K dis-
tances. The light frame shows the unit cell.

B. Electronic structure

w

be written as K TeK; (Te,)?. The Te2 sites are occupied by

TABLE IX. Internal parameters in Kle; compared to experi-
ment (Ref. 28.

i

| N

o

XK1 Xk2 Zy3 XTe2 YTe2

094105-11



KARIN SEIFERT-LORENZ AND JUIRGEN HAFNER PHYSICAL REVIEW B66, 094105 (2002

7 T T T T T T The two different crystallographic Te sites have two dif-
i 1 ferent DOS. The Te2 atoms in the tetrahedral columns show
G-M . the typical configuration of an isolated atom: a needletke
M 1 band at high binding energies and a little bit broapldrand
5 M . just below the Fermi edge with the center of gravity-#1.52
| eV. At the Tel site the DOS is determined by the Te dianions.
o4t O © The s band is split into a bondingso and an antibonding
- o0 1 sso* band. The latter is located just below thstates of the
e o oo o Te2 atom(see Fig. 1% Bothsso bands exhibit the parabolic
- 1 form typical for a linear chain of atoms. Within the occupied
30— 3'5 ' 4'0 : 4'5 p bands a bondingpo, bonding ppw, and antibonding

pp7* band can be distinguished, in analogy to the electronic
structure ofa-K,Te,. The low-lyingppo band and th@pr
FIG. 13. Te-Te distances insRe; at different volumes. Dia- band overlap; th@ p7* states lie below the Fermi edg ,
mond, dre;.1e; intradumbbell; circledre;.1e; interdumbbell; left tri- ~ with the center of gravity at-0.71 eV, i.e., 0.2 eV below
angle,d+e,.1e» between tetrahedral columns; up and down triangle that of the TeZ states. The lowest empty orbitals are the Tel
dres-e2 iNside the tetrahedral columns. Filled gray symbols markppo™* states, forming a very broad band with low DOS over-
the values of the experimental structure; solid ones the distancdapping at its upper edge with the lowest K-derived band.
within the fully relaxed structure. Altogether the analysis of the electronic spectrum con-
firms the conclusion drawn on the basis of the crystal struc-
number Of e|ectl’0ns iS 23 per formula Unit. The Pauling radiiture that I%Te:3 may be understood as a Compound formed by

were not appropriate in this cases; is found to be a jonic and polyanionic elements according to the formula
narrow gap semiconductor with a gap of onlg, (K,Te),KTe.

=0.12 eV. However, as the DOS of the lowest unoccupied
states is very low, the apparent gap detectable by spectro-
scopic experiments is about 2.5 eV. The DQ%g. 14 is
determined by Te states, and the K DOS shows strongly We investigated the atomic and electronic structures of all
mixed character, indicating that these are Te states overlanown crystalline compounds in the K-Te system. In Table

QiY

VIl. DISCUSSION

ping into the K projection spheres. XI some of the characteristic parameters of these com-
3 | ! | ! ! 2 | ! | ' ! 8
- K1 ] 6
2 -
- —14
e 1 _- (o
Z I £
s [ K2 —— ¢ @
3 2F | 1° 8
g T 14 £
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FIG. 14. Total and angular-momentum-decomposed DOSsdBK The right-hand axis shows the integrated DOS.
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TABLE XI. Equilibrium volume per atonf), excess voluméQ,, Te-Te interatomic distancek,.re,
cohesive energ¥, heat of formatioMAH, bulk modulusB,, and cluster type of the crystalline compounds

in the K-Te system.

System Q AQg  die  dire E AH Bo Polyanions
(A% (%) (A) (A (eV) (eV) (GPa)

K 73.96 — — — —1.032 — 34.0 —

K,Te 46.50 —23.7 — 5.82 —2.804 —1.064 12.9 T

KsTes 3871 —348 285 359 -2.831 —1.003 14.4 (Te)?~, Te
a-K,Te, 4366 —-19.9  2.83 365 —2.964 —0.870 12.7 (Tg)?~

B-K,Te, 4270 -216  2.84 466 —2.963 —0.869 1.1 (Tg)?~

K,Tes 3832 —242 288 352 —3.050 —0.744 14.3 (Tg)2~

Te 35.00 — 2.89 3.50 —3.156 — 19.4 —

pounds, including elemental K and Te under standard conditure. The T&~ anions have the octet configuration

tions, are summarized. Pure K is a simple metal, the structuner]4d*%s?5p® and occupy the octahedral holes in thé K
being determined by packing requirements. Te, on the othgfatrix. The K™ cations have the same electronic configura-

hand, is a semiconductor.consisting of helical chains of T&jon as Ar. The large excess volume can be explained by the
atoms, each of them having two covalently bonded neighgecrease of the K radius upon ionization.

bors. The crystal structure of trigonal Te is the result of a

Peierls distortion leading to a trimerization of the 2/3 filled
Te p band. The compounds in the K-Te system are first of al

determined by the large difference in the electronegativity:
between the two components. Table X summarizes the ca

culated results for the equilibrium volume, excess volume

nearest- and next-nearest Te-Te distances, cohesive ener
heat of formation, and bulk moduli. Figure 15 shows the hea

of formationAH as a function of composition. We see im-
mediately that the saltlike compound,®e has the highest
AH, and the heats of formation of the polyaniorar par-
tially polyanionig compounds with higher Te content lie al-
most on the straight line connectingH (K,Te) and AH
=0 for pure Te. Hence all the compounds have comparabl
stability. Only for K;Te; the calculated heat of formation is
found to be not sufficiently exothermic by abot20 meV/
atom, which explains its instability towards decomposition
into K,Te and KTe,.

The stoichiometric phase Ke is a typical saltlike com-
pound, the ions being arranged in a closed-packed fcc stru

K, Te
70%

' | ' | ' | ' | ' | '
60% 50% 40% K 30% 20% 10% 0%

FIG. 15. Heat of formation of the different phases in the K-Te
system.

In the potassium-rich compound;Ke; there are too few
lectrons, given by the K atoms, to obtain an octet configu-
ation forall Te atoms, so that 1/3 of the Te atoms become
soelectronic only to iodine, building (3~ dumbbells, in
analogy to iodine molecules. The structure as described in
Sec. VI A reflects the two types of Te cations. The f)fe

Yanions are centered inside columns built of Kations; the

€~ anions build columns centered by a chainkof cat-
ions. The K-K distance within these chains is remarkably
short. The excess volume is10% larger than the excess
volumes in all other compounds in the K-Te system. This
cannot be explained only by the decreased #dius. As
shown in Table XI the Te-Te bond length in all compounds
gxcept KTe, where there were no direct Te-Te neighbors,
are comparable. Hence the dimension of the square-
antiprismatic columns of K ions are determined by the length
of the Te dumbbells along the axis. The short K-Te dis-
tances ofdy..=3.645 A and 3.739 A between the'Kcat-
ions of the square-antiprismatic columns and th& Tanions

e

|

B the tetrahedral columns indicate a certain degree of ionic

bonding between the different building blocks. The distances
set by the Te-Te bonds in the dumbbells determine via the
coupling of the K cations and the Fe cations also the
dimension of the tetrahedral columns leading to the surpris-
ingly short K-K distances and the large excess volume of this
crystalline phase. As already stressed in Sec. VI B the elec-
tronic density of states reflects also the ionic character of the
bonding between the two elements and the different charac-
ter of the Te ions at the different crystallographic sites.

Both crystalline phases of the equiatomic compound are
classical Zintl-Klemm alloys. Both build (B~ dumbbells.
The arrangement of these dianions within the iatrix dif-
fers: In a-K,Te, the dianions build infinite straight chains
with alternating short and long distances. As shown in Table
Xl these nearest- and next-nearest-neighbor distances have
similar lengths as the first two distances in trigonal TeBin
K,Te, the dumbbells are isolated from each other by the K
matrix, the next-nearest Te-Te distance is increased by about
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1 A. The equilibrium volume of thg8 phase is a bit smaller and long Te-Te distances whereas in fBghase they are
than that of then-phase. The Zintl principle gives us a heu- isolated within a potassium matrix. IngKe;, a fraction of
ristic explanation: As the Be dumbbells carry two negative the Te atoms can acquire a octet shell, whereas others be-
charges, there exists a repulsive Coulomb potential betweegPme isoelectronic only to iodine. The resulting structure is a
the dumbbells. In thes phase this potential is more effi- Mixture of ionic and polyanionic elements. Finally inpFe;
ciently screened by the surrounding alkali-metal atoms, althe tellurium atoms form trimers arranged in a planar net-
lowing a tighter packing than in the phase. The difference work with strong Te-Te bonds within and weak bonds be-

in the atomic structure can also be seen in the electroniV€€n the trimers, each plane being separated by layers of

DOS: Both phases are characterized by a double-peak struRQt@SSium atoms. This structure may be viewed as interme-

: ; . * iate between the polyanionic phase based on Te dumbbells
gjnrg ?rtebsggmt?ar?gg i?ttlggzdénh%iafféveui;ﬁzai?if; ihe and the chainlike structure of elemental Te. Going from the
parabolic form characteristic for a linear chain of atoms. Thi otassium-rich end of the K-Te system towards trigonal Te

leads to slightly lowered centers of gravity within thandp he tendency to form polyanionic structures increases: From

bands compared to those BK,Te,. a-K,Te, is energeti- K,Te where the structure has dimension(iSolated Té~

2 =2 272 ions), over the linear (Tg2 dianions in KTe; and a-K,Te,
cally preferred, but transforms into tigphase under com- (one-dimensionalto the layers of (Tg, trimers in KT
pression and at elevated temperatiaéhough finiteT is not . . y 2. ; &
considered heje (two-dimensiongl and to the three-dimensional helical

. . , chains in trigonal tellurium.
The structure of the tellurium-rich compound,®; is . . .
another example for the flexibility of the Zintl principle: Due The K-Te system is not the only one where a wide variety

to the charge transfer from the potassium atom to the tellu(_)f Zintl phases with different valence electron concentrations
) 9 . P : may be found. Other examples are K-Sb and Li-Ga. In K-Sb,
rium, each tellurium atom has+& electrons. To obtain an

octet configuration three atoms have to shax632 elec- a saltlike compound ¥Sb coexists with a polyanionic phase

trons; hence they build trimers with an bond angle-df00° KSb (where the Sb atoms form infinite spiral chains resem-
" . LY bling the structure of-Te) and an electron-excess compound
as a transition structure to the infinite chainstie. The

. ' - KsShy in which the extra electrons provided by the added K
trimers are arranged in a plane, each of these planes be'réqgom serve to saturate the dangling bonds at the ends of
separated by layers of Katoms. ) . ) .

zigzag shaped tetramers. In Li-Ga the equiatomic compound

All compounds in the K-Te system have a remarkably; . ; : . :
. . . . LiGa with the NaTl 832) structure is a classical Zintl phase
large negative excess volume, being largest gTe§ with =) arranged o% a )diamond-type sublatffté the FI)_i-

—34.8%. The excess volumes of all other compounds are N riched compounds \Ga, and LyGa the equivalences
the range of~20-25%. In all cases the calculated eXCeSSS 2 _ A an dpGé‘= Se Zgre refleclie db thqus-Iike and
volumes are always slightly smaller than those found experiz - h y ’

mentally. As the volume contraction is mainly due to these'"ke’ respectively, Ga sublattices and in an As-like, and

small ionic radius of of the potassium and the strong cova—se'“ke’ respectivey equromp spectrum. Howev_er, n th|§
lent bonding in the polyanions, the error arises from the un_system the electronegativity difference between Li and Ga is
L : ; not large enough to reach the ionic end of the structural
derestimation of the volume of pure potassium. spectrum. The K-Te compounds studied offer the most com-
plete evidence for the flexibility of the Zintl-Klemm picture,

VIII. CONCLUSIONS covering the entire range from alkali-metal-rich phases to
Al crystalline phases in the K-Te system confirm the va-compounds enriched in the polyanionic element.

lidity of a generalized Zintl picture. In Ke the Té~ ions In K-Sb, Li-Ga, and other Zintl phases the Zintl-Klemm
have an octet configuration forming a saltlike compoundprinciple also determines the short- and medium-range order
with isolated anions surrounded by the cations. At reduced Knd the electronic properties of the molten alloys. A forth-
content, an octet shell cannot be completed for all Te atom§oming paper will be devoted to aab initio molecular-
and the Te anions are forced to build polyanionic clusters. Aglynamics study of molten K-Te alloys.
the stoichiometry 1:1 Te forms §e dumbbells, comparable
to the L, molecule in crystalline iodine. Two different phases
are found at this composition. In both phases the main mod- This work has been supported by the Austrian Ministry
ule is the Té’ dumbbell, but in case of the phase they are for Educations, Science and Research through the Center for
arranged in an infinite straight chain with alternating shortComputational Materials Science.
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