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Evidence of a rutile-phase characteristic peak in low-energy loss spectra
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Low-energy loss spectrid ELS) from electron energy loss spectroscqgELS) in a transmission electron
microscope do not yield structural information as readily as do core loss spectra. In order to make LELS a
more general technique, we have studied the 10—15 eV energy range irlvBOmeompounds in great detalil
and identified a characteristic peak of a specific structural unit. A comparison of experimental EELS spectra
andab initio density-functional theory calculatiori/EN2k code is presented. A definite peak around 14 eV
appears in the imaginary part of the dielectric functions of those structures containing rutile units. These rutile
units areM ;0,5 clusters made of edge- and corner-sharing octahedra, which when stacked lead to rutile
structures, among others. The peak is present in rutile phasedwithi, V, Cr, Mn, Si, Ge, Sn, and Pb. Other
structures, such as Ramsdellite or high-pressure, iltases, also contain the necessary structural unit and
indeed present the same feature. The origin of the peak can be elucidated by means of band structure calcu-
lations and an analysis of the orbitals involved in the transition. The existence of such a peak, always visible
around 14 eV whatevevl, shows its remarkable universality.
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I. INTRODUCTION the spectra ELNES, energy loss near edge structlirean
give information not only about the oxidation state via the
Improving our knowledge of materials on a nanometerlL,/L ratio? and the absolute energy positidrhut also
scale is becoming increasingly important to scientific explo-about local symmetry viad level splittings in transition
ration. Miniaturization, interface issues, and composite mametal element$,and orbital hybridizatiort:®
terials can only be understood by way of precise information In low losses, available tools are less numerous and not as
about the local atomic and electronic structures. In this conwidely used. Plasmon peak analygessentially positions
text, electron energy loss spectrosc@B¥LS) in a transmis-  can give useful information on the nature of the interface
sion electron microscop€TEM) is of special interest. The and bulk propertie&® The existence of ar plasmon peak is,
spatial resolution of the EELS technique is, in most casesfor example, an indication of the low-dimensional character
better than 1 nm, and the energy resolution is usually bettesf a material. Direct and indirect gap determination is also
than 1 eV. As high-resolution electron microscopy can bepossible via a careful analysis of the shape of the intensity
performed at the same time on the same area and leads ¢dset'®!! Compared to core losses, this may appear as a
images wih a 2 Apoint to point resolution, EELS in a TEM relative lack of general information that one could easily
meets the criteria for being one of the most extensively usedxtract from low energy loss spect(BELS). Also, LELS
techniques in nanomaterial research. The nonrelativistioriginate from all possible transitions between the valence
theory for isotropic bulk materials, whatever the energy losshband and the conduction band. Thus, the valence band being
indicates that the spectrum is proportional td +m/e(E)], made up of dispersed levels as opposed to almost flat core
with e (E) being the complex dielectric function of the ma- levels, the interpretation of LELS i priori more difficult.
terial. For large energy loss values, the imaginary part of thésinally, LELS usually have a delocalized nature which pre-
dielectric functione, is very small whereas its real par{  vents them from giving atomic resolution information. All
tends toward 1. So, for high energy losses, the spectrum ighis might explain why this region is greatly neglected com-
proportional toe,, while the full formula has to be used for pared to the high-loss one.
low losses. EELS is consequently often separated into two Nevertheless, on the localization issue, the intensity
parts: the core loss regiofabove 100 eV electron energy mainly results from interaction with the material over a few
loss approximatelyand the low-loss regiofbetween 0 and nanometers, and by using off-axis detectors the signal be-
100 eV). The core loss community would tend to collaboratecomes almost as localized as the core loss *érfeurther-
with the x-ray absorption spectroscopy one owing to the verymore, a remarkable advantage of LELS over ELNES/
similar electron processes involvégroportional tos,). The  EXELFS consists of a much lower acquisition time. In the
low-loss one would rather compare results with optical ex-context of beam-sensitive or fast-evolving materials, tenth-
periments since the complete dielectric function is their com-of-a-second measurements increase the range of possible
mon language. In both, “fingerprint” studies are often used,analysis when compared with the seconds or tens of seconds
allowing the identification of phases by comparison withnecessary for core loss acquisitions. Finally, we believe that,
well-known spectra. Extraction of more general informationthanks to the discovery of characteristic peaks, such as the
from the spectra is more cumbersome. In high losses, exane described hereafter, future experiments will reveal other
tended energy loss fine structurédSXELFS) experiments such peaks in other materials, leading to more extensive use
can be very useful to obtain the radial distribution of sur-of LELS.
rounding atoms.The precise recording of the first 10 eV of  Titanium dioxides are of special interest for their various
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potential (or already effective uses as higlk gate The orientation of the crystals was obtained by electron
insulatorst® as paint pigment* in photocatalysis for de- diffraction prior to the spectrum recording. In all cases, the
composition of contaminants,in photovoltaic cells® as  convergent and collection angles were 1.4 mrad and 9 mrad,
negative electrode materials for lithium batteriéss multi-  respectively. In order to obtain intensities as probability/eV
layers for quantum well¥ and as optical photonic units and get an absolute comparison with calculations, the
crystalst® These applications involve nanostructured materi-experimental spectrum intensities were divided by the zero
als, demonstrating the need for techniques that are able foss intensity (between —3 and 2 eV and the energy
determine dioxide phase structures on a nanometer scaldispersiorf®
Theoretical band structure calculations on Ji€@mpounds
are numerou&’~?*but usually focus either on band gap and
bonding issues or on the overall shape of the simulated lll. CALCULATION DETAILS
LELS spectra. A more detailed study of the 10—20 eV energy
range needed to be performed.

We found that a peak in the low-loss regi¢around 14

All calculations were done using the full potential linear-
ized augmented plane wave prograngenzk,?®*°in the gen-

. o . eralized gradient approximatidi®GA).3! Published experi-
eV) is characteristic of a special arrangement of octahedr ental atomic structures were used for the calculations of

T e o e 12 St antase 1 bronze” and Ramsdelte T
P tructural parameters for other rutile compounds wih

ides of 14th group elements. This is, to our knowledge, the |, 37 ~ 33 39 i 40 ~ A1 . A2 3 .
first example of this kind of general rule in the low-loss =V,” Cr, "Mn, ™ Si," Ge,” Sn,” and Pb," were obtained

region. from the literature. The muffin-tin radii foM and oxygen

In this paper, we first of all describe the experimental anigggnes r\ggiriewlé?ea; d751, '2% li ’g,rgzpic“(\j/ﬁéy't(l)nt:\heescr?sr?e?fiitlgr-
calculation details used to reveal this characteristic pea tomic distances .The cutoﬁ of .thé lane-wave expansion
then we analyze its origin by means of a careful study of thea : b P

TiO, rutile band structure. Other TiOphases allow us to gﬁﬁog'-\,l]enogﬁ“g fhﬁmgéijagizenﬁ;ng 02 tge S'.fﬁzgfzthe
pinpoint the structural unit responsible for the transition and touin z sidered phasghases withz =

finally, we generalize this discussion to otherO, rutile orZ=4), either 4500 totdk points(430 irreduciblé or 2250

phases witiM belonging to either the first row of transition total k points (300. |rredL_|C|bIe were us_ed, respect!vel_y_, to
metals or the 14th column. calculate the optical dielectric functions. No significant

changes were obtained in varying all these parameters. Ei-
genvalues were computed up to 60 eV above the Fermi level.
Il. EXPERIMENTAL DETAILS Matrix elements from the valence band staggsto the con-

The powders were crushed in acetone and deposited onf$iCtion band stategy were calculated to obtain the imagi-
holey carbon grids. Prior to its introduction into the electronnary part of the dielectric function given #y
microscope, the sample holder loaded with the sample was
vacuum evacuated at 100 °C to remove any contamination.
The Hitachi HF2000 transmission electron microscope,
equipped with a field emission gun and a GATAN PEELS 472e? o e
666 spectrometer, was operated at 100 kV. The energy reso- = m;c‘zk (il i) [P < S(E ye— E o~ i),
lution, measured as the full width at half maximum of the ”
zero loss peakZLP), was 0.75 eV and the energy dispersion
was set to 0.05 eV/channel. Total acquisition times\8es to ~ whereE c andE,» are the quasiparticle energiespproxi-

optimize signal to noise ratio but 0.2 s acquisitions alreadymated to the GGA eigenvaluey/ is the volume of the unit
showed excellent quality. All spectra were first gain and darksg||, andp; is the momentum operator with=x, y, or z. In
count corrected and then deconvoluted by the ZLP recordeghis paper, orthogonal lattices are considered, so that only the
in a hole of the grid, using theeeLs program™> Next, the  djagonal components of the dielectric tensor are pertinent
single scatteriqg spectra were obtained foIIowi_ng Stephen’gsz)(x, £2yy ande,,,), with thex, y, andz directions corre-
proceduré which also gave the ratiti\ (t the thickness of  sponding to the crystal Cartesian axes. The real parts of the
the analyzed crystal and the inelastic mean free pathn dielectric functions calculatede(,y, e1,y, ande;,,) were
order to get the sample’s thickness, we estimateding the  gptained via a Kramers-Knig (KK) analysis.

following formula? X (nm)= 106F (Eq/Ep)/IN(2BEe/Er) As expected with the use of density-functional theory
with g in mrad,E, in keV, andEy, in eV. F is a relativistic  (DFT) methods, band gaps were calculated to be smaller
factor equal to 0.768 foE,=100 keV and the mean energy than experimentally observed. In the case of rutile and ana-
loss Ey, can be estimated aE,=7.623;°. The effective tase TiQ (Figs. 1 and 2 and to give a closer agreement with
atomic numbeZ is defined agq==if;iZ-¥=;f;Z>*where  experiments, a “scissors operator” was introduced to shift
f; is the atomic fraction of each element of atomic numberthe dielectric functions upward. All other calculations were
Z;. In the case of TiQ, Z.4=13.7 so thatE,,=19.5eV. left unshifted. In order to obtain simulated spectra as
Finally, with 8=9 mrad, we obtaim=92 nm. This value probability/eV, a relativistic formula taking into account the
shows a reasonable agreement with published values fdhickness, scattering conditions, and anisotropy of uniaxial
other oxides although it might be slightly underestiméted. materials was uset?:*® Finally, these theoretical spectra

ggii=Imeji(w)
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0.030 30 shown),*® as well as both surface and probe convergence
effects, and would lead to extremely complex analytical for-
0.025+ -25 mulas with an intermixing of,, ande,, terms and diffusion
T vector component&:*® The resulting iterative KK analysis
0.020+ r209= would be particularly time consuming. Furthermore, one of
s the major arguments against the use of KK analyses is that

they always require a somewhat arbitrary extrapolation of the
low-energy loss signalbelow 3 eVj due to the presence of
the zero loss peak. Finally, very recently, Garcle Abajo
and Howie developed purely numerical calculations of LELS

Probability (eV
o o
2 =
e ¢

0.005- L5 )
; spectra for any material shape, even the most complex
0.000 o . . 1y ones? In the crucial context of nanomaterial studies, this
0 10 20 30 40 would mean that KK analyses of EELS spectra could be-
energy(eV) come irrelevant. Consequently, we believe the simulation of

FIG. 1. Experimental and theoretical low-energy loss spectra foEXperimental LELS spectra usira initio dielectric func-
rutile TiO, as well as theoretical effective number of electrons con-tions to be the most appropriate way of comparison.
tributing to the spectrum. The experimental conditiors
=1.4 mrad,3=9 mrad, andy=0° (angle between the axis and

) . . . S IV. RESULTS AND DISCUSSION
the optical axis of the microscopevere used in the relativistic

calculation of the spectrum. The Bethe sum rule basedowas A. Comparison of rutile TiO , with anatase TiO,
used to calculatdN.;. Thin line with filled circles: experimental
spectrum; thick line: calculated spectrum. Thin lify; based on 1. Simulation of experimental spectra

eaxx; dotted line:Ney based ores,,. Experimental spectra are presented in Figs. 1 and 2 for

. ] ) both rutile and anatase phases. Theoretical dielectric func-
were convoluted by a Gaussian functitfoll width at half  tjons for both phases were used to simulate spectra which
maximum=0.75 eV) to account for the limited resolution of take into account the relativistic nature of the electrons (
the experiment. . =0.548&, c the speed of light the thickness d) of the

We would like to mention that a frequently used methodsamples, the uniaxial structure as well as the convergent and
of comparing experimental and theoretical results consists igg|lection angles ¢=1.4 and 8=9.0 mrad). The experi-
retrieving the dielectric functions from the measured spectrgnentalt/\ values were 0.63 and 0.69 for rutile and anatase,
via a KK analysis;? and in confronting them with thab  respectively. Ash =92 nm, the corresponding thicknesses
initio dielectric functions. This KK analysis can be extended,yered=580 and 635 A, respectively. For these figures only,

to include surface plasmon effects by using self-consistenf 4 g 4 eV “scissors operator” was used to match both ex-
simulations of the spectfd, or anisotropy effect&® How- perimental spectra.

ever, in that latter case, the experimental procedure becomes a |ack of absolute intensity in the theoretical calculations,

complex and relies on a nonrelativistic approximation. A fur-yyhen compared to experiments, is observed for both spectra.
ther extension of this analysis would take into account rélaTpjs reflects insufficient knowledge of the inelastic mean

tivistic effects(the importance of which has previously been e path and/or deconvolution inexactness and/or uncer-
tainty in the normalization procedur@lividing by |, is an

0.030 approximation?® Except above 30 eV, the agreement is
0.0254 found to be very strong concerning relative peak intensities
P as well as energy peak positiofthanks to the 0.4 eV shijt
=0.020 Above 30 eV and in particular for the titaniuM , ; edges
E (around 40 eV, the intensities are calculated to be way too
500151 high when compared with experiment. Local field effects are
Bo.0104 not taken into account in our calculation and, as previously
& demonstrated by Vast al,?* they lead to a drastic intensity
0.005- modification for these edges. However, local field effects or
time dependent calculations do not seem to improve the de-
0.000% o % 3 o scription of the intensity around 20 eV: in both phases, a dent

energy(eV) is calculated where a bump is observed experimentally. Cal-

FIG. 2. Experimental and theoretical low-energy loss spectra foFUIat'o,nS, W't,h and without these effects were proven to be
anatase TiQ as well as theoretical effective number of electrons VerY Similar in the 10-20 eV energy regidrand, for our
contributing to the spectrum. The experimental conditioms PUrPOse(the 14 eV peak they can safely be neglected.
=1.4mrad, 3=9 mrad, andy=0° were used in the relativistic The small intensity in the 5-8 eV region corresponds to
calculation of the spectrum. The Bethe sum rule based,owas  transitions from the top of the valence band into Thg and
used to calculatéN:. Thin line with filled circles: experimental Eg levels of the titaniumd orbitals, in a nearly octahedral
spectrum; thick line: calculated spectrum. Thin lil&y based on  potential. In this energy range, hardly any difference can be
£,yx; dotted line:Nq; based ore,,,. found between the anatase and rutile phases. The region is
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FIG. 3. Calculated realdotted line$ and imaginary(full lines) Energy (eV)

parts of the dielectric function for rutile TiO A zoom is presented FIG. 4. Calculated regldotted lineg and imaginary(full lines)

on the region of interest for discussion of the 14 eV peak. Bothparts of the dielectric function for anatase JiQA zoom is pre-

perpendicula ,,, (thick lines and parallels.,, (thin lines orien-  sented on the region of interest for discussion of the 14 eV peak.

tations to thec axis are shown. Both perpendiculak,,, (thick lines and parallele,,, (thin lines
orientations to the axis are shown.

indeed characteristic of the very local symmetry around the | the i . ; f the dielecti
titanium atom and, from an initial approximation, all TiO sum ru ?2,5(?” € imagihary parts o € dielectnic
phases are based on various stackings of octahedra. In ad inctions: _The_ rgsultlrig tgezorletltchal Cglrvesh for f both
tion, the initial and final levels involved in the Brillouin zone phases are given in Figs. 1 and 2. In the rutile phisg for

are too numerous and too dispersed and the EELS resolutidi?zz is higher than ok 5, demonstrating that the collective

too low to produce characteristic spectra such as those O@_xcitation of electrons is larger in the direction parallel to the
tained in corel, 5 titanium edges. As discussed in the fol- rutile chains g) than in the one perpendicular to themy).

lowing paragraph, it is interesting to notice that this lack OfThe value of four electrons is linked to the existence of a

I . bonding and ar band in the valence band, as discussed
discrimination does not hold for higher-energy peék3—20 non . '+
eV region where the two phases are clearly distinguishable.by SO“’".”F'” gnd Schwar?.The other 12”'b°”d”?9 elec-
rons originating from the rest of the oxygep @rbitals, as

. . . . 1
This region could be viewed as the equivalent of the multiple ) X . ;
9 9 P ell as the oxygen  orbitals, contribute at higher energies.

scattering region in ELNES. Above 20 eV, the spectra of thel/ . .
two phases are back to a strong resemblance. Consequen f commonly seen in multielement compounds, the exhaus-
P

a thorough understanding of the 10—20 eV region is essentidiP" of these transitions is not attained before the excitation

to make the low-energy loss spectrum a valuable analytica(lf the tlltaniugw P elc;ectrons, which explains the beloM
tool for phase determination. =16 value observed at 35 eV.

Inspection ofe,, around 13 eV, clearly shows a peak in

. the rutile phase which is absent in the anatase one. This 13.2
2. Origin of the 14 eV peak eV peak ine,y (i.e., in a direction perpendicular &) cor-

As already pointed out by other authdfsa clear distinc-  responds to the 14 eV peak in the spectrum after introduction
tion between rutile and anatase phases can be seen in théthe scissors operator. As an electron is excited from the
10-20 eV region. Most notably, whereas a peak is presentalence band to the conduction band, a so-called interband
around 14 eV in the rutile spectrum, it cannot be found in thetransition appears. It is that which is responsible for the
anatase one. rutile/anatase spectrum difference.

Considering the strong agreement between theory and ex- The bands involved in this particular peak can be found
periment, we thought it justified to use calculations to ex-by carefully analyzing the matrix elements for each band
plain the reasons for this extra peak in the rutile phase. Bgombination. For the sake of clarity, only a selection of “va-
analogy with the Drude and Lorentz models, optical/lEELSlence band —conduction bang” transitions is presented in
excitation can be separated into two different natures: a colFig. 5. Around 13 eV, the matrix element is visibly dominant
lective one and a single particle one. The first one is charador the band 22—band 35 transitidband numbers counted
terized, in the real part of the dielectric function, by the up-from the bottom. Finally, by removing theA point (3 3 3)
ward crossing of the abscissa axis. The second one @&nd its close neighbors in thepoint list used to generate the
characterized by a well-defined peak in the imaginary part of22 to 35” matrix elements, we show that thi& point is
the dielectric function. In Figs. 3 and 4, the calculated reakesponsible for the main intensity of the 13.2 eV péBkg.
and imaginary parts of the dielectric functions for the rutile 6). This main transition can be visualized on the band struc-
and anatase phases are presented. In both casespsses ture as an arrow of which the length is precisely 13.2 eV
the abscissa axis around 10 eV, which corresponds to th@ig. 7). Our band structure is almost identical to the one
collective excitation of approximately four valence bandpublished and extensively discussed by Sorantin and
electrons. This effective number of electroné.f) contrib-  SchwarZ although comparison is limited since they did not
uting up to a selected energy is calculated using the Bethstudy levels situated higher than 8 eV above Fermi level.
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FIG. 5. Selection of band to band transitions in the 4-17 eV
region for rutile TiQ. The matrix elements at 13.2 eV are clearly
dominant for the 22nd to 35th band transition. The large intensity
observed ine,,, consequently involves a transition between these
two bands.

The character of the 22nd and 35th bands atAhgoint
can be found in Table I. For convenience in the calculation
process, values are given in the local coordinate system spe- _1,
cific to each atom. In the crystal coordinate systelgy, (Ti) r x R 7 r M A Z
transforms intodxz_yz (Ti) and Py (O) into (Px:py) (0). FIG. 7. Band structure of rutile TiO _The_z tran_sition be_tween
Subsequently, crystal coordinates will be used for the sake dhe 22nd band and 35th bands at thepoint is indicated with an
generality between different structures. In the Iddg) sym-  arrow. The two band_s are a_lso shown with thicker Iine_s. The energy
metry, existing at the\ point and in the dipolar approxima- length of the arrow is prems_ely _13.2 eV, corresponding to the en-
tion, the only authorized transitions are the following: €9Y ©f the peak discussed in this paper.
dy2y2 (Ti) — Px Py (Ti); Px.Py (O)—s (O) and Px. Py
(0)—dy;.dy, (O). Adipolar transition operator intheory  the A point (Fig. 8). At this k point, the wave function cor-
direction had to be considered. Indeed, all transitions argagn4nding to the 22nd band is twofold degenerate, and two
forbidden by symmetry in the case of a dipolar trans't'onindependent and symmetry relateetype Ti-O interactions

operator in the direction, explaining why the 14 eV peak is . — . s .
P P g why P are found in th€¢110) and (110) directions. As mentioned by

only observed ire,,y, &5yy, and not ine,,,. The character , / )
of the wave function being clearly oxygen rather than titg-Sorantin and Schwar? the rutile structure should be viewed

nium in both band$67% and 11% compared to 7% and 3%, Not only as edge-sharing _TgO)ctahedra in the dir_ection_,
respectively, the p,,p, (0)—s (O) and py,py (O) bu'F also as '@O. cIu;terg in a nearly planar _conf.|gurat|on..
—dy,,dy; (O) transitions should prevaik further confirma- This can be realized in Fig. 8 where the O1, Til, Ti2, and Ti3
tion of this attribution will be discussed in the next para-atoms are labeled. Another view, perpendicular todfeis,
graph. The states involved can be illustrated by an electrorpf the octahedra of interest is presented in Fig. 9. These
density plot corresponding to the two ban@® and 3% at  octahedra will be referred to as aDjs rutile structural unit
(RSU) from now on. Molecular orbital considerations show
that the existence of such clusters leads to the formation of a
1.6+ Tl k point fist Ti-O m-bonding band with a strong @, contribution, if the

y axis is defined as perpendicular to thgQiplane. This
""""" N Sosost vaighbors band is involved in our transition of interest.

_.
o

&

B. Other TiO, phases

TizO;5 RSUs are not only present in the rutile TiPhase.
For this reason, we are now going to examine the 12—-15 eV
region in other TiQ phases. In Fig. 10, the structures under
o _ consideration are presented. Calculated imaginary parts of
8 9 10 11 12 13 14 15 the dielectric functions of the Ramsdellite,(High-pressurg
Energy (eV) and bronze phases are shown in Fig. 11. Thgf RSU,
FIG. 6. Matrix elements for the 22nd to 35th band transition formade of two edge-sharing octahedra connected to another
rutile TiO,. Full line: all k points; dotted line: excluding th&  octahedron via one of its corners, can be found in the Rams-
point and its nearest neighbors. dellite and Il structures as emphasized by the ovals drawn in

partial
o
P

0.4
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TABLE I. Atomic orbital decompositionl(m) of the wave functions at thie point involved in the 13—14 eV peak for the rutile, Il, and
Ramsdellite phases of TO All numbers are percentages and refer to the local coordinate system specific to each atom. The total amounts
of O and Ti character are also given. Although these quantities should add up to 100%, they do not because the interstitial state values
(outside muffin-tin sphergsare not presented. Absent numbers in columns are either null for symmetry reasons or nonrelevant.

Rutile TiO, at theA point Il TiIO, at theS point Ramsdellite TiQ at theP point
(%) (%) (%)
Band 22 Band 35 Band 48 Band 71 Band 44 Band 71
Ti ¢} Ti (¢} Ti ¢} Ti O Ti o1 02 Ti o1 02

Total 7.2 66.9 2.9 11.2 4.8 72.6 4.1 28.2 9.2 41.3 22.5 4.7 5.6 8.1

s 5.1 2.0 9.1 23 1.8

Py 50.0 7.4 10.5 19.5 0.7 24

Py 66.9 1.7 9.3 0.9 8.2 29.6 0.7

P, 2.7 13.1 2.3 2.2 0.7 2.4

dpe 1.0
dy2_y2 1.0 0.7 6.7 0.7

dyy 7.0 2.2 1.0 1.2

dy;, 1.2 0.6

d 17 0.5 0.9

Fig. 10. The dielectric function imaginary parts of theseand the main transition is materialized in the form of arrows

phases present significant peaks in the 13—14 eV rggrge  at the propek points. In the Il phase, the coordinates of the

cisely 13.1 and 13.6 eV, respectivelifhis is very much like Sk point for which the matrix elements are large at 13.1 eV

the 13.2 eV peak discussed in the rutile JiGase. The are(3 3 0). In the Ramsdellite phase, tiie coordinates are

bronze phase does not contain RSUs and its dielectric funds 3 3).

tion does not show a peak in this energy range. A small peak By drawing the electronic densities corresponding to the

at a lower energy is, however, present: it shows, as expected4th band aP for Ramsdellite and to the 48th band&for

that the intensity obtained in the 12—15 eV region is not onlythe Il phase(not shown, we checked that the main contri-

due to RSUs. Many transitions can occur and may “fortu-bution is that of oxygermp, orbitals (if the y axis is chosen

itously” appear in this region. Nevertheless, the 1 eV lowerperpendicular to the IO plang, with a small-type Ti-O

energy is a good criterion by which to rule out the presenceénteraction. The specific contribution from the oxyggnor-

of RSUs in the bronze phase. bitals cannot be easily proven from Table | due to the choice
To further demonstrate the RSU involvement in theof  of local rotation matrices. However, in the case of the Rams-

the Ramsdellite and Il phases, let us focus on the origin oflellite phase, thg axis (used to obtairs, in Fig. 11) corre-

the peaks considered. The same analysis as the one peponds to the direction defined by two edge-sharing octahe-

formed for the rutile phase allows us to identify the bandsdra. In agreement with what has been established for the

involved and subsequently the points responsible for the rutile phase, no contribution is found i in they direction

main intensity in the 13—14 eV region. This is summarized(see Ramsdellite’s,,, in Fig. 11) as it is equivalent to the

in Fig. 12 where the particular ban@4 to 71 and 48 to 71 direction in the rutile phaséFig. 10. In the case of the I

for Ramsdellite and II, respectivglare shown by thick lines phase, the directions defined by two edge-sharing octahedra

221d band - A point 35th band - A point

FIG. 8. (Color online Electron
density plots at theA point for
both the 22nd bandeft) and 35th
band(right). In order to make the
rutile structural unit and the inter-
action betweernp and d orbitals
more evident, four unit cells are
presented.
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il
15 ' ! I\ /\m
0.5 N :EZXX

Ramsdellite |

\J/

FIG. 9. The TiO4s rutile structural unit. Til and Ti3 are at the
center of edge-sharing octahedra in thaxis direction, while the w1
other octahedrofiTi2) shares one of its apical oxygen atof@l)
with them. White spheres: titanium atoms. Black spheres: oxygen
atoms. 0.5

do not correspond to one of the Cartesian axes. Conse-

quently, none of the,,,, &5y, £2,, Present a total absence 0

of intensity around 13 eV. Octahedron distortigaspecially Bronze

in the Il phasg and lower local symmetry also explain the 1.5 3%

less pronounced 13.1-13.6 eV peaks in these phases com-

pared to the rutile one. A‘ ]
By comparing all allowed transitions at tde S, andP k w1 M) %yl

points in the rutile, 1l, and Ramsdellite phases, we realize 3 md\f/ '

that the only common allowed transition is from oxygep S v

orbitals (y axis perpendicular to the JO plane to oxygens 0.5

orbitals. This conclusively attributes the transition to special

oxygen dominant states in the valence and conduction bands. 0

9 10 11 12 13 14 15 16 17
Rutile II Energy [eV]
FIG. 11. Calculated imaginary parts of the dielectric function of
Ramsdellite, 1, and bronze TiOstructures.

Wy > Ay S8 " Ay S &
/) by o) L‘LAI

haodh adhod.
Iy Fay Sir Faw S8
iy b dya.dy by Al

AAAA AA,AA

S & h L oW e o x

FIG. 10. Representations of rutile, Il, Ramsdellite, and bronze X P z Y ,
TiO, structures. The dotted oval identifies, when present, the struc- FIG. 12. Band structures of Ramsdellite and Il JiOrhe bands
tural unit responsible for the existence of the electron density preinvolved in the RSU peak are thickened. An arrow indicates where
sented in Fig. 8. For clarity, some octahedra have been omitted ithe transition is the most intendat the S and P points, respec-
the Il structure. tively).
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3

15 20

9 10 11 12 13 14 15 16 17 0 "L 10
Energy (eV) Energy (eV)

FIG. 14. Imaginary parts of the dielectric functiofexcitation
perpendicular t@ axis) for the SiG (thin line), GeQ, (dotted thin
line), SnG (thick line), and PbQ (dotted thick ling rutile phases.
The RSU peak is indicated by an arrow for each phase.

FIG. 13. Imaginary parts of the dielectric functiofexcitation
perpendicular ta axis) for the TiO, (dotted thin ling, VO, (thin
line), CrO, (dotted thick ling, and MnQ (thick line) rutile phases.
The RSU peak is indicated by an arrow for each phase.

tures of the spectra are similar, with three main peaks after

Consequently, it is tempting to consider that the RSU, ™ . .
peak could also be found in other oxides crystallizing in thethe intensity onset. For S0 GeQ,, SnG,, and PbQ, the

rutile phase. To check on that assumption, calculations o;eak positions are 12.5-14-16 eV, 8.2-11.4-14.9 eV, 7.0-9.8-

o L 4.2 eV, and 4.2-8.4-13.5 eV, respectively. The study of the
other transition metal dioxides as well as 14th group elemen . .
dioxides are presented below. k point shows that the last peak is in fact related to RSUs

and that the main interaction is between tep levels and
_ _ the oxygen D levels. The degree of overlap between these
C. Other rutile oxides levels determines, as in the case of the transition metals, the

Three other rutile phases involving atoms of the first rowdirection and strength of the RSU peak position shift. It can
of transition metals are considered below. In Fig. 13, and’® @ssessed by measuring the dispersion of the valence band
following the same procedure as described earlier, we calft the band structures. This dispersion is 10.95 eV, 10.5 eV,
identify a RSU peak in the,,, of VO,, Cr0,, and Mng 8.3 €V, and 8.3 eV for Si9 GeQ,, SnG,, and PhQ, re-
rutile phases. A progressive and monotonic shift of this peagPectively. The general trend is a decrease of the covalence
is observed: 13.2 eV for Ti§) 13.8 eV for VQ,, 14.2 eV for from top to bottom of the 14th_ column Ie_adl_ng to a decre_ase
Cr0,, and 14.5 eV for Mn@. This shift is due to the change N the RSU peak energy. The interpretation is not.as straight-
of overlap of the metal 8 orbital with respect to the oxygen forward as that for transition metal compounds sincerthe
2p. Indeed, the larger the overlap integrals, the miamti-  '€Vvels are not the same (is differeny and the meaM-O
)bonding are theéantjbonding levels created in the octahe- distances vary considerably.774 A, 1.884 A, 2.054 A, and
dron. The separation between the two levels is increased, arfd164 A, from Si to Ph This might explain the larger cal-
ase, precisely measures the energy difference between the&dtlated shift for the characteristic peakE=2.5 eV) when
levels, a shift is observed. The interaction between the metfompared to the transition metal serigs=1.3 eV). Nev-
3d levels and the oxygenglevels depends on the energy ertheless, this shift is much smaller thap thg one observed for
difference between these atomic levels as well as on the digh€ other two peaks at 12.5 and 14 eV in S{QE=5.6 and
tances between the considered atoms. In going from left t§-8 €V, respectively This is due to the fact that the states
right of the periodic table, thedBlevels go down in energy involved in the RSU peak are mainly made up of oxygen
and get closer to the oxygerp2evels. Equally, the mean orpltals. The robustness' in the pgak pqsmon as a function of
M-O distances in the octahedra are 1.956 A, 1.928 A, 1.90}! is consequently a striking particularity of the RSU peak.

A, and 1.888 A for Ti, V, Cr, and Mn, respectively. Both
criteria are met, which results in an increase of the overlap
and, hence, of the transition energy. This is also confirmed by
a comparison of the percentage of oxygen Bhdharacter at We showed that low-energy loss spectra of rutile and ana-
the A point as a function oM: 7—67 %, 11-64 %, 16—60 %, tase TiQ were different in the 10—15 eV region, due to the
23-55% when going from Ti to Mn. The position of this presence of a special transition around 14 eV. The precise
peak is consequently related to the degree of covalence in ttenalysis of this transition, thanks &b initio band structure

M and O bond. calculations, proves that it is due to states generated by

The same conclusion can be achieved from the study of &@i;O,; rutile structural units. The existence and even the en-
series of rutile compounds witkl originating from the same ergy position of this transition can be generalized to other
periodic table column. Figure 14 shows,, for SiO,, rutile phases in the first row of transition metals and in 14th
GeO, SnG, and PbQ in the rutile phase. The general fea- column elements. Trends in the shift of this RSU peak as a

V. CONCLUSION
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function of M can be related to the covalence of thieO  gation to find out whether a characteristic peak also exists.
bond in a series. A further development could be the study of perovskite

It is believed that such characteristic peaks can be foundtructures: the identification of a characteristic peak in the
in other materials and other structures. To a very large extencorresponding low-energy loss spectra would make this
it does not depend on the cation in the center of the octahdechnique as general as ELNES or EXELFS for structural
dron. Fluorine rutile compounds are presently under investidetermination.
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