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Anomalously large Born effective charges in cubic WQ
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Within density-functional theory, we compute the Born effective charges of tungsten trioxyde in its
reference cubic phas@efect-perovskite structureFor the tungsten atom, the effective charge tensor is
isotropic, with Z{,= +12.51. For the oxygen atoms, the two independent components of the tensor, corre-
sponding, respectively, to a displacement of the atom parallel or perpendicular to the W-O bond, have the
valuesZg = —9.13 andzg, = —1.68.Z, and Zg, are anomalously large with respect to the nominal ionic
charges 6 on W and -2 on O, but compatible with the Born effective charges found in related
ABO ;-perovskite compound$S0163-182@07)01727-X

Tungsten trioxydgWO3) is studied for a long time be- in these materials. Mo®and CrO; would have been inter-
cause of its electro-optic, electrochromic, ferroelectric, andesting to study also, but they do not crystallize in a defect-
semiconducting propertiés® Between —180°C and perovskite structure.

900 °C, it undergoes five phase transitions. During cooling, A detailed account of our computational techniques can
the crystal structure, originally tetragonal, becomes succed€ found in Refs. 6,12,13. We used the local density approxi-
sively orthorhombic, monoclinic, which is the stable phase afnation (LDA).? Responses to the homogeneous electric
room temperature, triclinic, and again monoclinic at low field were obtained using a variational approach to density-
temperaturé. From one phase to the other, only small funqtlonal pgrturbatlon theo@% Spin-orbit coupling was

changes occur in the atomic positions, as well as in unit celf't included in our study, as in Ref. 3. We needed a mesh of

dimensions and angles. Although a bulk cubic phase WO 10X 10X 10 points to sample the Brillouin zone with suffi-

has never been observed at high temperature, it is taken asC§nt accuracy. The all-glectron potentials were replace_d by
. . ““extended norm conserving, transferable pseudopotefitials.
reference structure in many workRecently such a cubic

hase was obtained in thin films by the sol-gel proéess We have consideredss 5p, 5d, and & as valence states
P . 2y o-gel p " 1o build the W pseudopotential and,2 2p as valence states
The cubic phase has a very simple unit cell where the

lies in th f hed ¢ or the O pseudopotential. The use of pseudopotentials en-
atom lies in the center of an octahedron of oxygen atoms. ALy, g 1he expansion of the wave functions in a reasonable

the opposite, one needs eight W atoms to build the unit celmper of plane waves. The kinetic energy cutoff was 30
of monoclinic phase. Hjelm, Grangvist, and Wmlshowed hartrees which corresponds to about 2700 plane waves.
that the oxygen octahedral cage is mainly responsible for the \ye obtained the lattice constant from a minimization of
electronic prOpertieS of the different phaseS. Because thﬁ]e energy_ We found a Va|ue Of 3.73 A, in good agreement
oxygen cage is only slightly modified from phase to phasewith experimental value3.714 A from Ref. 4, and 3.84 A
the calculations performed in the cubic structure will providefrom Ref. 3.
information that should remain meaningful for the other Next, we calculated the electronic band structisee Fig.
phases as well. 1). The computed indirect band gap is 0.73 eV. It is quite
In this paper, we preseab initio calculations of the Born small compared to an experimental value of 2.62 eV in the
effective charges in WQ within density functional theory monoclinic phasé® The monoclinic distortions seem to in-
(DFT). We also report on the Wgelectronic band structure, duce an increase of the band gap with respect to the cubic
as well as on the high frequency dielectric tensor. For a fewphas€'® but part of this underestimation could also come
years, first-principles techniques have been able to address

the computation of the Born effective charges in moderately 5
complex material$:® Directly connected to the force that an 5d (W)
atoms feels due to the imposition of an electric field, or to the oF=——t__ | 7 ___
polarization created by collective atomic displacements, ’}; e )
: . . . I p (O)
Born effective charges play an important role in the lattice- 3 -5}
dynamical properties of crysta(se., the LO-TO splitting of 2
phonon frequencigsin several ABQ-perovskite materials, § -10|
the Born effective charges were recently observed to be
much larger than the nominal ionic charde$! By consid- A5 ¢
ering WO;, we now continue to fill the database, with a | 25 (0)
structure that extends naturally upon the family of perovs- r X M r R M
kites already investigated. We find that the effective charges
along the W-O bond are even larger than the values observed FIG. 1. Electronic band structure of cubic WO
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from the DFT band-gap problér(in BaTiO;, the differ- TABLE I. Born effective charges in the direction of the bond for
ence between the LDA band gap and the experimental ban@/O3 and related ABQ cubic perovskites, compared to the refer-
gap is on the order of 1.3 §VThe maximum of the valence ence ionic charge of thB ion (Zg). The theoretical lattice constant
band is situated at the point in the Brillouin zone and the (in bohn is also mentionedRef. 19.

minimum of the conduction band is at thepoint. The width

of the 2p valence band is equal to 7.49 eV which shows” BOs @i Zs  Z5 25  Z3lZg
reasonable agreement with the value calculated in Ref. 8510, 719 4 708 -565 177 Ref. 8
(about 7.1 eV. Charge density plots reveal that the upperg;Tio, 730 4 712 -566 1.78 Ref. 8
part of the valence band is dominated by @ &ates, while 4 756 -592 1.89 Ref 11
W 5d states mostly contribute to the conduction band. More- TiO 746 4 716 -569 1.79 Ref. 8
over, there exists a non-negligible hybridization between the $ ' 4 7 '25 _5'71 1'78 Ref' 9
O 2p and W H orbitals (Refs. 3 and 18 B ' ' ' '
: azro; 785 4 6.03 —474 151 Ref. 8
Then, we computed Born effective charge tensors. WFN
% aNbO; 740 5 9.11 -7.01 1.82 Ref. 8
found a value of+12.51 forZy,. For the oxygen atoms, we KNbO 747 5 913 —658 1.83 Ref. 7
hgve to consider two (_jlfferent directiorg (_ 9.13) and 5 923 -701 185 Ref. 8
o. (—1.68), respectively, correspond to displacements of 5 937 -686 187 Ref. 10
the O ions parallel and perpendicular to the W-O bond, re-
spectively. The charge neutrality is fulfilled within 0.02, WO, 705 6 1251 -9.13 2.09 Presentwork

which gives an idea of the precision of the calculations. The
electronic(high frequency dielectric tensor, isotropic in our
(hig d y P served for WQ and BazZrQ, (2.085 and 1.5075,

case, is quite large, and equal to 8.01 within the LDA. respectively.’® Born effective charges of the oxygen atom
* * : P . ,
The value ofZy, andZo, largely exceed the nominal ionic along the B—O bond, are closely related to those of the B

charges(+6 and —2, respectively. Large Born effective atom. and are much more neaative thag

charges were also recently observed in several ABOM- Récently the origin of the Igrge Born e.ffective charges in
H 7-11 H ’

pounds(cubic structurg among which the most closely ABO, compound32 was explained in connection with

related to WQ (with respect to their crystallographic struc- . o
ture, their band structure, and their bondirsge those with gg’ar;:;m'(l:'hﬁzi?gggl gfar??/iigIcyzbiﬂ?rr;nt;?éwniznto@thin;vgs%
the pair ofA andB elements chosen either in the Ila and IVbét is well established® that the W—O bonds are not purely

columns, orin the la and Vb columns. The nominal charge ionic: they present a certain amount of covalency materializ-
of the B ion, as well as the Born effective charges along theIn iﬁ a r%loﬁ-ne ligible hvbridization between y:and W
B-O direction are summarized in Table I, for WCand 9 919 y @

5d orbitals. Similarly to what happens in ABGzompounds,
closely related ABQ compounds. One observes that the . e . :
choice of theA atom has a rather limited influence on the the change of this hybridization with respect to the inter-

reported values. While the nominal ionic charge of Ti and Zratom|c distance may produce a dynamic transfer of electrons

is +4 in these compounds, the Born effective charge is bepetvveen the W and O ions. Following the mode introduced

e £7.08 an 7.5 o T and approximatly equl o ) SISO e o e e e e B
+6.03 for Zr. For Nb, the ionic charge i85, while the Born y Y

« . )
effective charge is betweeh9.11 and+9.37. Going now to ,?hacr\]/vbgdnd t% Oandbs hoolljld. Cct)r';]f'rzjn the predhomlnatnt rolfe of
W, the ionic charge increases 1@, while the Born effective € an % bands in the dynamic charge transfer.
charge reaches the much larger valuetdf2.51. The trends X.G. acknowledges financial support from FNRS-
are clear, and indicate that WQs indeed in line with the Belgium. We performed the computations on IBM-RS6000
ABO3; compounds. In Table I, we computed the ratioworkstations from common projects between IBM Belgium,
Z*(B)/Z(B). This ratio is roughly constant and close to 1.8 UCL-PCPM and FUNDP. We also acknowledge support
for all materials presented, even if slight deviations are obfrom the Concerted Action Program No. 92-97.156.
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91t is worth to notice the correlation of the small deviation of



