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Electronic structure of monoclinic TeMosO4¢ Prediction of semiconducting behavior
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The electronic structure of monoclinic Tei®,, a molybdenum oxide recently reported and expected to be
a new low-dimensional metal, has been studied by means of first principles density functional calculations. The
study predicts that monoclinic TeM0,; should not be metalli¢as previously suggested on the basis of a
bond length—bond valence analydisit semiconducting. The structural origin of the energy gap is analyzed in
detail.

[. INTRODUCTION of the crystal structure. This type of analysis has been very
useful in understanding the dimensionality of several molyb-

Some molybdenum and tungsten oxides and bronzes agenum oxides and bronz&These authors found that the
low-dimensional metals and exhibit very interesting physicakeffective charge of M) was practically+6 whereas those
propertiest~® Either real or “hidden” nesting in their Fermi of the Mo(2) to Mo(5) atoms were all around-5.5. From
surfac&? leads to electronic instabilities that are at the originthis they concluded that the M electrons should be delo-
of their anomalous low-temperature physical behavior. De<€alized on the double octahedral slabs formed by thé2Mo
spite intensive work on these low-dimensional materialsMo(3), Mo(4), and Md5) octahedra and that these slabs
many problems still remain unanswered. For instance, thehould be isolated from each other by the (Yooctahedra.
detailed microscopic mechanism for the successive structurdleMosO;5 was thus predicted to be a two-dimensional con-
modulations in monophosphate tungsten bronzes, the origiductor very similar to the potassium purple bronze kg,
of the low-temperature resistivity upturn in the lithium or the Magné y- and »-Mo,O,; phases, which indeed ex-
purple bronze, and the possibility of a Luttinger-type behav-hibit very interesting electronic instabilities. Thus, Te{@g
ior for some of these materials are questions of debate. It isould be a very interesting new material to study provided
clear that our understanding of the physics of these materiakhat it really exhibits a metallic behavior. Since no resistivity
is still fragmentary. Under such circumstances it is very im-measurements were reported by Vallar and Gor€aue
portant to find new materials of this class, which can be thelecided to consider this question by carrying out first prin-
subject of detailed structural and physical measurementsiples density functional calculations.

This should lead to some progress in our understanding
of their physics and that of the low-dimensional metals in
general.

Recently, Vallar and Goreatftihave reported the crystal  The calculations were done using a numerical atomic or-
structure of monoclinic TeMg®,¢ (see Fig. 1, which con-  bitals density functional theoty'* (DFT) approach, which
tains four formula units in the unit cell. The simplest way to has been recently developed and designed for efficient cal-
describe the three-dimensional Md network of this phase culations in large and low symmetry systems and imple-
is by considering it as resulting from the condensation of anented in thesiesTa code!®° We have used the general-
series of perovskite type double octahedral Mg slabs ized gradient approximation to DFT, and in particular the
perpendicular to the direction [thus involving the M¢2),  functional of Perdew, Burke, and Ernzertf8fOnly the va-
Mo(3), Mo(4), and Md5) octahedra; see Fig]1These slabs lence electrons are considered in the calculation, with the
are brought together into the M5, three-dimensional net- core being replaced by norm-conserving scalar relativistic
work of TeMa;0;6 by sharing the outer oxygen atoms with pseudopotentiafs factorized in the Kleinman-Bylander
the basal oxygens of a series of M0, octahedra. It is in  form2? For Mo and Te, we include nonlinear partial-core
the holes between the different M9Og octahedra that the correction$® to describe the exchange and correlation in the
tellurium atoms reside. These Te atoms are quite shiftedore region since for these elements the core and the valence
from the center of the cavities and make three-X@ bonds charges overlap significantly. The pseudopotentials were
in such a way that the Te atoms reside at one of the verticegenerated using the following configurations?2p* for O,
of an approximate Te{trigonal pyramid(one of the three 5s'4d® for Mo, and 5%?5p* for Te. The cutoff radii were
Te-O bonds can not be seen in Fig. 1 because it involves ah.14 a.u. for all the components in oxygen, 2.5, 3.1, 2.1, and
oxygen atom which lies just on top or below the Te atom 2.2 a.u. for thes, p, d, andf components in molybdenum,
Consequently, the Te atoms bear an electron lone pair angspectively, and 2.0, 2.0, and 3.0 a.u. for g, andd
must be considered as (T¥). components of tellurium, respectively.

Using the formal oxidation states of?Oand Té" only The valence one-particle problem was solved using a lin-
two electrons per formula unii.e., eight electrons per unit ear combination of numericalpseud® atomic orbitals
cell) are left to fill the Mod-block bands. In order to have (PAQO’s) with finite rangerc.24 The numerical values of the
some idea of how delocalized these electrons are, Vallar anorbitals are stored in tables as a function of the distance from
Goreaud? carried out a bond length—bond valence analysis the nucleus, for a mesh of about 500 points. The details of

Il. COMPUTATIONAL DETAILS
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functiong can be found in Ref. 18, and here we only give a _ _ o
brief overview. The shape of the confined orbitals is obtained FIG. 2. Total and projected density of states of monoclinic
by solving the atomic problem with the given pseudopoten-TeMasO;6 projected onto the Mo, O, and Te sites.

tial, and imposing that the wave function vanishes at the_. . - ; :
chosen congnemgnt radius,?*8 whose value is different Sition and noble metals systerfis’> semiconductordin-

) ) - cluding surfaces and liquitl€®3? carbon nano-
for each orbital on each atom. The confinement radii of thestructl?re§3‘36 and oxides(inc?ud?ing ferroelectric perovs-
different orbitals is determined by a single parameter, th '

NGites and blue bronzed"3

epergyt Sth'f’td Wht'chlh's thef' energ){[ 'gcre”.‘s‘? ofththe atom|ct The calculations presented here were carried out using the
eigenstate due to the confinement. pecifying this parame %&perimental crystalline structufatomic positions and lat-
defines all radii in a well balanced way, and allows the sys-

tematic convergence of physical quantities to the requiregilce parametejs obtained by Vallar and Goreaugee Table

precision'® To generate confined multipiebases, we us¥ of Ref. 10.

an implementation of the split-valence scheme of quantum Ill. RESULTS AND DISCUSION
chemistry: the numerical PAQ’s are split in twior more: '
the first reproduces the tail of the original PAO beyond some A. Electronic structure

radiusRy, and continues smoothly towards the origin; the  the caiculated density of states and band structure near
second one is the difference between the original orbital anghe Fermi level are reported in Figs. 2 and 3, respectively.
the one reproducing th_e tail. In this way, mu_ltiple splits canThe density of states diagram of Fig(&hich was obtained

be performed successively to generate multipteases. The 1, 1y roadening the eigenvalue spectrum calculated with the
choice of the matching radilg, for all the orbitals in all the g4 k-point sampling with a Gaussian of width 0.05 Je&k-
atoms is done, again, by means of a single parameter: thayis 5 strong mixing between the Mo and O states as well
split-norm which determines the norm of the original orbital ¢ petween the Te and O ones. This clearly shows the strong

which is kept in the tail beyon®,, Polarization orbitals are  qyqjent character of the binding in these phases. Of special
obtained by computing the response of the occupied atomic

wave functions to the presence of a small external electric
field.*8 In this work, we have used a split-valence double-
basis set, as obtained with an energy shift of 500 meV and ¢

R

split-norm of 15%. Some tests were also done using the sam: %
/_
§E e

basis set, but including polarization orbitals in all the atoms, 05
as we will explain below.

The integrals of the self-consistent terms of the Kohn-
Sham Hamiltonian are obtained with the help of a regular
real space grid in which the electron density is projected. The 2

Hartree potential is calculated by means of fast Fourier trans- ‘\
forms in that grid. The grid spacing is determined by the \
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ay (eV)
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V

maximum kinetic energy of the plane waves that can be rep- ™°[
resented in that grid. In the present work, we used a cutoff of
100 Ry, which yields to a spacing between grid points of

around 0.16 A. The Brillouin zon@BZ) was sampled using a 10

grid of 64 k-points. We have checked that the results are well X r Y r z
converged with respect to the real space grid, the BZ sam-

pling and the range of the atomic orbitals. FIG. 3. Band structure for monoclinic TeM®;e T

The method sketched above has already been applied to-g(0, 0, 0), X=(1/2,0,0), Y=(0, 1/2,0), andZ=(0,0, 1/2) in
large number of very different systerisamong others tran- units of the monoclinic reciprocal lattice vectors.
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FIG. 5. Schematic illustration of the Mry-based bands of an
ideal Mg,0O,5 octahedral chairfall O—Mo—O angles of 90° and
identical in-plane Me-O bond lengthe along b with a strong
O—Mo---O bond length difference perpendicular to the chain di-
rection. For simplicity thep orbitals of the unshared oxygen atoms
are not shown in the schematic representation of the crystal orbitals,
and dots are used to indicate the absence opthebital contribu-

f_tion from the shared oxygen atoms.
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FIG. 4. Projected density of states associated with the five di

ferent types of Mo site¢see Fig. 1 for labeling tions between the Md orbitals and the @ orbitals. Hence,

interest for the problem at hand is the fact that two differentf1 zk;ort%r;;)r;tgalofv\?r: cl\rf&hgsbao: dalriinbgoﬂr: driilgecs otmhﬁir? gt? (;gr:]]ybcg
29 ’ -

energy gaps appear near t_he Fermi Ievgl. _The Oneé arounfte o the Mo and O orbitals along that bond. Because of the
—1.5 eV separates the mainly Mo contributions above the

cap from the mainly O contribution below the gape re- Shape of the,, orbitals, the shortening of a MeO bond

mark again that there is a significant mixing, and thereforeraises two of the three,, orbitals and leaves the other,
gain tha g. 9 Which is of § type with respect to the shortened M®
the separation is not clear cut; we also note that the densi ;
ond, unaltered.An important feature of the structure of

of states shown in Fig. 2 reflects the contribution of the 16 monoclinic TeMaOyg is that all octahedra exhibit a strong
atoms and the 5 Mo atoms in the unit cell, so the apparently: Mo---O bond Igngth difference along the direction
large DOS for O above the gap is partly due to the Iarger[1 68 vs 2.12 A for M61), 1.70 vs 2.38 A for M2), 1.70 vs
number of atoms compared to Md&Vhen all the states up to 5 ;15 A for. Mo(3), 1.69 {/5'2 39 A.for Mé4) and 1.68 Vs

the lowest gap are filled there remain two electrons per for: : . .
mula unit to fill the Mo states. The second gap, which ap-2'42 A for Mo(5)], and in all cases the short bond is consid-

pears in the lower part of the Mo states, is associated witﬁrably shorter than a standard octahedral-M@ bond

: length (1.95 A). Consequently, only ong,, level of any
four well-separated energy banf@isee Fig. 2 and thus the . . . 29 . .
eight electrons per unit cell left to fill the Mo states will MoO;, octahedrdi.e., the orbital approximately contained in

completely fill the levels below this second gap. Conse_theabplane to which we will refer in the following as they

quently, monoclinic TeMgO,¢ is predicted to be a regular orbita)) can contribute to the lower-lyintyg-block bands.
semiconductor with an indirect gap of around 0.50%8Vh- The _band_dlspersmn_wnl thus arise as a consequence of
clusion of polarization functions in the basis setl(for Te, Eﬂe anngan:jmgf |gterse_1ct|ont; bel\t/lween éhtelkgoorbltgst and

5p for Mo, and 3 for O) only slightly decrease the gap to € p orbrta’s of ©. since the Viay orobitals are ofo type

0.47 eV so that the existence of an indirect band gap at th ith respect to the direction, th(_ep orbitals of th_e O. atoms
Fermi level does not depend on the details of the calculatio etween the Me—Q planes practically cannot mix W'th the_m
and the lowest-lying,,-type bands should be practically dis-

persionless in that direction. Thus, from the viewpoint of the
bands in which we are interested, monoclinic Telg

The opening of the gap at the Fermi level does not onlycould be considered to be a two-dimensional system. How-
have important consequences for the physical behavior of thever, the orbital interactions leading to the band dispersion
material, but it is surprising in view of the general success ofvould not run along théc planes, as implied by the sugges-
the bond length—bond valence correlations in rationalizingion of Vallard and Goreaut but along theab planes. Thus,
the transport properties of low-dimensional molybdenum oxwhat we need to consider is the interaction between the Mo
ides and bronzes. Thus, we now try to understand the mosty orbitals through the G andy orbitals.
important feature of the band structure of Fig. 3, i.e., the The simplest way to approach the problem is by consid-
opening of a band gap for precisely two electrons per forering the octahedral planes perpendicular tocth@ection as
mula unit filling the Mo-based bands of this system. resulting from the condensation of the Mg chains|i.e.,

We just need to consider the lowest-lyibg, bands and those formed by the M@), Mo(3), Mo(4), and Md5) octa-
how the distortions of the different Mqg(ctahedra control hedrd and Md1)Og octahedra. Model extended Ekel cal-
their topology. The analysis is quite simple becausettje culations for the five different Mogoctahedra in the struc-
levels of an MoQ octahedron have antibonding combina- ture show that thexy orbital of the Md1l) octahedra is

B. Origin of the energy gap
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higher-lying than those of the remaining four octahedra. Thehe higher lying Md@1) xy orbitals into band, establishing a
five octahedra have two short and two long-M® bonds in  bridge between the different chains.
the ab planes but the two short ones of the {poctahedra A Mulliken population analysis of the wave function
are considerably shortgnl.80 A) than those of the other shows that the total electronic charge associated with the
octahedrabetween 1.85 and 1.89)ASince the short bonds different Mo atoms is very similar. Since N®)—Mo(5) are
are those that control the raising of tkgorbital, the one of ~the main contributors to the four low-lying fillegy bands,
Mo(1) lies higher in energy and consequently, the IOW-IyingthIS means that Md) has a larger contribution to the more
xy orbitals of the M@2)—Mo(5) octahedra are those which heavily oxygen-based filled bands. This is expected because,
are going to be the main components of the lowest-lying®S noted above, the NIHOg octahedra have two consider-
tog-block bands of monoclinic TeM@®,¢ This qualitative ~ ably shorter Me—O bonds and thus the contribution of
analysis is substantiated by the projected densities of statd40(1) to these bands, which are those describing the-M
of Fig. 4: the bands between 0 ardl eV are mainly built bonding, must be somewhat larger. The similarity in the Mo
from the Md2)—Mo(5) orbitals with only a substantially charges is in contrast with the large difference €).5e-
smaller contribution of those of Ma). ported by Vallar and Goreatfti from the empirical bond
The nature of thety bands of an ideal octahedral ;g length—bond valence analysis. However, when the Mulliken
chain with a strong ©-Mo---O bond length difference per- Population analysis was carried out for just the four lower-
pendicular to the chain directiofsee Fig. 5, and how dif- lying Mo-based bands it was found that the contribution of
ferent distortions influence these bands, has been analyzedtit Ma1) orbitals (0.08) was only approximately one
detail by Canadell and Whangbo and co-worké?é'in or- ~ fourth of those of any of the other Mo atonig0.3
der to rationalize the transport properties of related molyb-—0.4)e], in agreement with our analysis above. This is at
denum oxides and bronzes. Important for the present work il¢ast partially in agreement with the results of Vallar and
the relative position of bands andB atY and bandC atT. Goreaud? Yet, the bond length—bond valence correlations,
The fact that in the real chain the MeO bond lengths along by just taking into account the bond lengths around the tran-
the chain direction are different must open a gap betweefition metal atonti.e., neglecting the directionality of bond-
bandsA andB at Y. Thus, if bandA at Y remains lower in ing, the relative distribution of short and long MO bonds,
energy than ban@ atTI', one filled band per formula unit of €td), cannot describe accurately enough the relationship be-
monoclinic TeMgO, should be left alone at the bottom of tween the crystal and electronic structure of complex mate-
the Mo-based bands of the solid. Since there are two eledials.
trons per formula unit to fill thet,4-type bands, this would
explain the semiconducting character of the material pro-
vided that the coupling through the NI xy orbitals be- IV. CONCLUSIONS

tween band# of adjacent MgO,g chains is not large enough o, \york predicts that monoclinic TeM®,, should be

tcl)' close the gap along the" direction. However, this cou- o ingirect gap semiconductor and not a two-dimensional
pling cannot be very strong because, as noted above, theeia| a5 it could have been expected from previous work.
mixing of the Md1) xy orbitals into these bands is relatively o getailed analysis makes clear the structural origin of this

sma::. . bital bandsand q fact. Three features of the crystal structure are esseftial:
The main orbital components of bandsandB atY and  yhe strong @-Mo-+-O bond length difference along the

bandC atI" are schematically shown in Fig. 5. For Simp”City,direction.(ii) the stronger distortion in the M&)O, octahe-

thep orbitals of the unshared oxygen atoms are not shown I{ra, imposed by the tellurium atoms that make bonds with

the figure, and dots are used to indicate the absence q@f the,, f the basal t leading to high-Ivi
orbital contribution from the shared oxygen atoms. From. o 0. c baoa. OXyden atoms, 'eading fo Mig ying o

h bital di o q dthe d Xé{/ orbitals, and(iii) the relative values of the short MeO
these orbital diagrams it IS easy tq un erste}n the degeneragiqinces perpendicular to the chain axis with respect to the
of the three band levels in the ideal chain: they have thqz

ber of antibondi bital tributi ong Mo---O distances along the chain direction. It is inter-
same number of antibonding oxyggroroital contributions esting to note that WQoctahedra with very lovd-electron
(i.e., two per unit ce)l. BandsA andB are no longer degen-

erate in the real chain because there is  a rgounts are usually considerably less distorted than the corre-
. T onding MoQ ones. Thus the tungsten analog of mono-
O:--Mo—0O—Mo---O type alternation along the chain direc- b g @ 9 9

: . clinic TeMosO46 could well be a more interesting material.
tion. The real chain also has an-@o—O—Mo---O type o0 tungsten analogs of related materials are krféand
alternation in the direction perpendicular to the chain direc

tion. Since the short Me-O distances perpendicular to the therefore work along this fine would be worthwhile.
chain axis are shorter than the long M@ distances along
the chain direction, ban@ at T is higher in energy than band
A atY. Thus, in the real chain, bardshould stay below all
other bands. As shown in Fig. 3, the four well-separated This work was supported by the DGES-Spain Project
low-lying bands of this typgremember that there are four PB96-0859 and by Generalitat de Catalunyi®99 SGR
formula units per unit cellare flat along the chain direction 207). P.O. acknowledges support from FundaciBamm

and show some dispersion aloafj. The first observation is Areces(Spain. J.M.O. acknowledges the Ministerio de Edu-
the result of both the bond length alternation along the chaiacion y Cultura(Spain for a contract of the Programa de
direction and the octahedral rotatiofsee Fig. 1 that de- Incorporacim de Doctores y Techogos. The computations
crease ther-type overlap between the My and Ox orbit-  described in this work were carried out using the resources of
als. The dispersion along* comes out from the mixing of CESCA and CEPBA coordinated by*C
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