View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Digital.CSIC
PHYSICAL REVIEW B 70, 201201R) (2004

Large crystal local-field effects in the dynamical structure factor of rutile TiO,

I. G. Gurtubay! Wei Ku,2 J. M. Pitarkel® A. G. Eguiluz*® B. C. Larsort, J. Tischle®® and P. Zschack
IMateria Kondentsatuaren Fisika Saila, Zientzi Fakultatea, Euskal Herriko Unibertsitatea, 644 Posta kutxatila, E-48080 Bilbo,
Basque Country, Spain
’Department of Physics, Brookhaven National Laboratory, Bldg. 510, Upton, New York 11973-5000, USA
SDonostia International Physics Center (DIPC) and Unidad Fisica Materiales CSIC-UPV/EHU, Manuel de Lardizabal Pasealekua,
E-20018 Donostia, Basque Country, Spain
4Department of Physics and Astronomy, The University of Tennessee, Knoxville, Tennessee 37996-1200, USA
5Condensed Matter Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6030, USA
SFrederick Seitz Materials Research Laboratory, University of lllinois, Urbana-Champaign, lllinois 61801, USA
(Received 3 July 2004; revised manuscript received 15 September 2004; published 2 Novemper 2004

We presenab initio time-dependent density-functional calculations and nonresonant inelastic x-ray scatter-
ing measurements of the dynamical structure factor of rutile, T@ir calculations are in good agreement with
experiment and prove the presence of large crystal local-field effects below khedge, which yield a sharp
loss peak at 14 eV whose intensity features a remarkable nonmonotonic dependence on the wave vector. These
effects, which impact the excitation spectra in the oxide more dramatically than in transition metals, provide a
signature of the underlying electronic structure.
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Titanium dioxide(TiO,) has been studied extensively for sampled, crystal local-field effects yield a sharp nonmono-
its remarkable electric, magnetic, catalytic, and electrotonic loss peak at 14 eV.
chemical properties. Based on these properties,, Thés Within the first Born approximation, the inelastic scatter-
been used in a wide variety of technological applicationsjng cross section for x rays to transfer momenttifq+G)
such as dielectric material for integrated electronics and phaand energyhw to a periodic solid is characterized by the
tocatalyst for the decomposition of organic compouhds.  dynamical structure factor of the solid:

In the last decade, many investigations have been carried P 2 \2
out focusing on the structural, electronic, and optical proper- L9 <_2> (& -ef)2<ﬁ)ﬁ5(q +G,w), (1)
ties of this transition-metal oxide. From the experimental dQdew \mgc i

point of view it has been studied by various techniques, suc
as ultraviolet photoemissicit, x-ray emissiorf, x-ray
photoemissioR;® Auger-electror!, and electron-energy-loss
spectroscopie®1° Theoretical investigations of this wide-
band-gap semiconductor incluaé initio calculations of its
structural, electronic, and optical propertiéd?

Recently, Launagt al1® have shown evidence of a rutile- S(q+G,w) =-2Q Im xg (0, ). (2)
phase characteristic peak in the low-energy loss spectra of ) ) )
TiO,, and Vaskt al13 have investigated the impact of crystal He€ré; xec(d, @) is the density-response function of the
local-field effects(LFE) on the electron-energy-loss spectra S0lid, andQ) is the normalization volume. .
of rutile TiO,. These authors used electron-energy-loss spec- [N the framework of TDDFT the exactdensity-response
troscopy(EELS) to study the low-wave-vector behavior of m{itnx of a periodic solid of electron density(r) can be
the energy-loss function of this material. They combinedWIitten as
their experimental spectra witab initio calculations and _ s s
concluded that local-field effects are only relevant at energies Xe6'(0.0) = xg o (G ) + GEG X6.c, (a4 @)ve, (@)
above 40 eV, where excitations from the Tp 8emicore lev- vz
els occur. + &0 6,[No](d @)} xe, 6 (0 ). (€)

In this Rapid Communication, we repaab initio time- xC . .
dependent density-functionaTDDFT) calculations of the Here,f5[nl(q,w) are the Fourier coefficients of the func-
dynamical structure factor of rutile TiCat large momentum tional derivative of the time-dependent exchange-correlation
transfers. We also report nonresonant inelastic x-ray scatte(XC) potential of TDDFT, andng,(q,w) represents the
ing (IXS) measurements, which are suited to study the shortdensity-response matrix of noninteracting Kohn-Sh@8s)
wavelength behavior of this quantity, and we observe largelectronst® which is obtained from the knowledge of the
crystal local-field effects at low energies. These effects areigenfunctions and eigenvalues of the single-particle Kohn-
absent at the small momentum transfers accessible by EELSham equation of density-functional theqiyFT).1”:18 We
(Ref. 13; however, we find that at larger momentum trans-solve this equation self-consistently in the local-density ap-
fers, where inhomogeneities due to localizkdtates can be proximation (LDA), with use of the Perdew-Zunger

Q/here(q ,€r) and(w;, ws) refer to the polarization vector and
frequency of the incident and scattered photons, respectively,
the wave vectoq is in the first Brillouin zongBZ), andG is

a vector of the reciprocal lattic&S(q+G, w) represents the
dynamical structure factét
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FIG. 1. Dynamical structure factor per unit volursig, ) (top panel and macroscopic dielectric functiag(q, w) (middle and bottom
panel$ of TiO, at (a) |g/=1.06 A* and(b) |g|=1.59 A™* along the[001] direction. The soliddotted line represents the calculated ALDA
spectrum with(without) LFE. The dashed line denotes the calculated RPA result with LFE. Open circles shows the IXS measurements
normalized to the same absolute units as the theoretical spectra.

parametrizatiotf of the Ceperley-Alder XC energy of a uni- cutoff of 7.5 Ry. The Kohn-Sham density-response matrix
form electron gag® In the random-phase approximation has been computed as in Ref. 22, with a damping parameter
(RPA), the XC kernelfy ¢, [n](q, w) entering Eq(3) is taken ~ 0f 0.2 eV. _ _ _
to be zero; in the so-called adiabatic LDJALDA), it is " Né)nreso_nalnt tlneltastlcf x-tray sfcattt_?rlr_}g@rvneasulgfmenés of
: ; : e dynamical structure factor of rutile TjQvere obtaine
approximated by an adiabatic local kernel of the form using the UNICAT undulator Beam Line on the Advanced
) Photon Source at Argonne National Laboratory. The mea-
B ciioene dVWxe(n surements were made in reflection geometry, with 7.6-keV x
() ‘f dr (e (4 rays, a range of wave vectors from 0.5 to 3.98 An the
[001]] direction, and an energy resolution of 1.1 eV. The sur-
prising result of these measurements is the nonmonotonic
whereVyc(n) is the XC potential of a homogeneous electronwave-vector dependence of the intensity of a sharp loss peak

gas of densityn. at 14 eV, which is absent in existing opti¢al=0) and EELS

In the calculations presented below, we first expand theneasurements on this material and whose physics is qualita-
LDA single-particle Bloch states in a linearized augmentedively different from the well-known collective excitations in
plane wave(LAPW) basis?! by dividing the unit cell into  simple metals. Ouab initio calculations indicate that this
nonoverlapping atomic spheres and the interstitial region befeature is the result of large crystal local-field effects near the
tween them. Inside the atomic spheres, the LAPW wavelasma frequency.
functions are expanded in spherical harmonics with In order to investigate the impact of crystal local-field
Imax=10. The Ti 3 and P states and the Os2states are effects on the dynamical structure factor of rutile Ji@ve
treated as semicore states, and the Kohn-Sham equationhave first neglected these effects by considering only the
solved with a cutoff parameteRy,tKnhax=8 and an energy diagonal elements of the Kohn-Sham density-response

fXC
G,G’ ’
dn n=ng(r)
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matrix entering Eq.(3) (diagonal calculation and we 0.03

have then solved this matrix equation with a given number of
G vectors (full calculation).?® Well-converged results have 0.025
been obtained with the matrix size ranging from>633 to

113X 113, depending on the momentum transfer and the en«~ o

ergy range considered, and using 30 points in the irreduciblek_‘j<C

BZ (IB2). . T 0015
The energy-loss function |E1ﬂ66%(q,w)] (Ref. 24 of 2 '
rutile TiO, for vanishing momentum transfétong wave- = 001

lengthg has been reported by Mo and ChtAgvith no inclu-
sion of crystal local-field effects and more recently by \&tst
al.*® with full inclusion of these effects. At small wave vec-  0.005
tors, two principal structures can be indentified in the energy-
loss function at energies below the titanilvhedge: a plas-
mon peak at 12 eV and a broad collective excitation at about
25 eV, stemming from the building up of collective modes of

<

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 70, 201201R) (2004

F gl=1.32 A™ 7 001

o (eV)

o i 13
the strongly hybridized Ti @ and O 2 bands. Vastt al. FIG. 2. Dynamical structure factor of TiOat |q|=1.32 AL

also reported loss-function calculations of rutile Jidr
lgl=0.4 A%, showing that at these small wave vectors crys
tal local-field effects have little impact at energies below th

along the[001] direction. The soliddotted line represents the cal-
“culated ALDA spectrum withiwithout) crystal local-field effects.
€rhe dashed line represents the calculated RPA spectrum with crystal

titanium M nge but drastically reduce the peak heightslocal-field effects included. Open circles show the IXS measure-
above the TiM edge. ments normalized to the same absolute units as the theoretical

For vanishing and small momentum transfers our calculagpecira,
tions esentially reproduce the calculations reported in Refs.

12,13. Besides, for large wave vectors not addressed beform(d, w)=1/€,(d, ). Collective excitations occur at ener-
we find large crystal local-field effects, as shown by the dy-gies where both the real and imaginary parts of this dielectric

namical structure factor per unit volunséy, w)=S(q,w)/Q  function are close to zero.

of rutile TiO, which we plot in Fig. 1 for two values of the ~ The bottom and central panels of Fig. 1 exhibit the real
wave vector and for energies below the Ni edge. IXS and imaginary parts oéy(q, w). At the smallest wave vec-
measurements of this quantity are scaled to absolute units B@rs (not plotted herg crystal local-field effects are small
first performing an absolute measurement orvith the use and the real part of the macroscopic dielectric function is
of the f sum rulg (Ref. 25, and then scaling by the ratio of 2€r0 at 12 eV where the imaginary part is small, thereby

absorption coefficients for Al and TigOConsidering the fact
that the comparison between the calculations and measu
ments is in absolute units, with no adjustable parameters, th
agreement between theory and experiment is remarkable. ;
The top panels of Fig. 1 show that in the absence o
crystal local-field effectgdotted line$ a simple plasmon

yielding a plasmon peak in the corresponding energy-loss
rgj_nction. However, as the wave vector increases, the rapid
variation of microscopic electric fields acting on localiz¢d
States leads to a dramatic redistribution of the strength in the
maginary part of the macroscopic dielectric functitsee
iddle panels of Fig. )L As a result, collective excitations
are considerably damped at 12 eV where Landau damping is

peak is present at 12 eV, which |s_¥vell defined for wavenqy efficient. Instead, a well-defined collective oscillation
vectors up to a critical value o#1.5 A~ where the plasmon  gccyrs just above theewcontinuum of particle-hole excita-
excitation enters the continuum of intraband particle-hole extions. Indeed, the Kramers-Kronig relation between the real
citations. In the presence of local-field effe¢t®lid lines,  and imaginary parts of the macroscopic dielectric function
this plasmon is still present &4|=1.06 A [see Fig. 18)]  guarantees that the real part has a dip whenever the imagi-
but it is completely damped at larger wave vectisse Fig. nary part has a jump, and the result is a pronounced energy-
1(b)]; in addition, a sharp loss peak emerges at 14 eV, whichoss peaksee upper panels of Fig) that is responsible for
brings our calculated energy-loss function into good agreethe realization of a surprisingly sharp collective mode at 14
ment with experiment. eV. We have also carried out calculations of the dynamical
We have also carried out calculations and measuremenggructure factor of V@ (in the rutile structurg which also
of the dynamical structure factor for larger values of thecombines strong inhomogeneities of the Fermi sea with the
momentum transfer. We have found that ttevpeak at 14 presence of localized states below and above the Fermi
eV, which only appears at nonzero wave vectors, disappeatevel, and we have found that this material also exhibits a
at surprisingly large wave vectors of the order of 3tAith-  nonmonotonic sharp collective mode at low energies and

out significant broadening. The oscillator strength of thislarge momentum transfers.

peak, which is qualitatively different from the collective ex-  We close this Rapid Communication with a comparison of
citations in simple materials, thus features a remarkableALDA calculations and IXS measurements of the dynamical
nonmonotonic dependence on the wave vector. structure factor of TiQat energies both below and above the

With the aim of establishing the nature of the large crystalTi M edge. Figure 2 represents the results we have obtained
local-field effects that yield the characteristic energy-lossfor s(q,w) with |g|=1.32 A%, showing that when crystal
function at 14 eV, we have considered the macroscopic dilocal-field effects are included the overall agreement be-
electric function €y(q, w), which within the first BZ is tween theory and experiment is very good.
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At low energies below the T edge, which is located at factor of rutile TiG, at large momentum transfers. We have
~40 eV, crystal local-field effects yield a well-defined col- found that large crystal local-field effects in this wide-band-
lective excitation at 14 eV, as discussed before. At energiegap semiconductor yield a sharp loss peak at 14 eV. An
above the TiM edge, a prominent structure is visible, which gnajysis of the macroscopic dielectric function of this mate-
can be attributed to transitions from the occupied Ti SemiCOre;,| jeads us to the conclusion that this loss peak is originated
3p states to the lowest conduction bands. In the absence ﬂfa collective excitation which remains present at surpris-

local-field effectg(dotted ling, the onset of these transitions . .
would occur at 36 eV. However, local-field effects bring theIngly large momentum transfers and whose spectral weight

onset of theM edge to~42 eV and reduces the correspond- féatures a remarkable nonmonotonic dependence on the
ing peak heights, in close agreement with experiment. Neywave vector. This feature is exhibited by both TDDFT cal-
ertheless, there is still a small mismatch between the corgulations and IXS measurements, which show a remarkable
verged ALDA calculation and the measured spectrum at th@greement when presented in absolute units with no adjust-
position of the main semicore peak. This mismatch stemsble parameters.
from the fact that our calculated LDA ground state exhibits )
an upper semicore edge that is located a few eV higher than !-G-G. and J.M.P. acknowledge partial support by the
observed experimentally. Figure 2 also shows that manyBasque Unibertsitate, Hezkuntza eta Ikerketa Saila, the UPV/
body XC effects not included in the RRAashed lingdo not ~ EHU, and the MCyT. W.K. acknowledges support from the
affect the low-energy collective excitation at 14 eV. TheseU.S. DOE under Contract No. DE-AC02-98CH10886.
effects, however, slightly modify the structure of the collec-A.G.E. acknowledges support from NSF ITR DMR-
tive excitation at~25 eV [see also Figs. (%) and b)) and 0219332. ORNL research sponsored by the DOE, Office of
yield a small shift of the semicore excitation onset and mairScience, DMS under contract with UT-Battelle, LLC; the
peak towards lower frequencies. UNICAT beamline supported by the FS-MRL, ORNL, NIST,
In summary, we have presented a combined theoreticaind UOP Res.; the Advanced Photon Soufd®S) sup-
and experimental investigation of the dynamical structureported by the DOE.
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