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Electronic structure of Ce;_,Sr, TiO5;: Comparison between substitutional and vacancy doping
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The change of the electronic structure across the metal-insulator transition in a Mott-Hubbard system
Ce,_,SKTiO5; has been investigated by x-ray absorption and photoemission spectroscopy. The results are
compared with CeTi@, 5, where hole doping is achieved by excess oxygen instead of Sr substitution. It is
found that additional doped-hole states are created in the insulator gap for both cases, while the density of
states at the Fermi level in CeT{Q, is nearly half of that in Ce ,Sr,TiO5 at the same nominal doping. This
suggests a strong reduction in the mobility of carriers due to cation vacancies produced by excess oxygen.
[S0163-18299)03803-3

I. INTRODUCTION troscopy (UPS, and compared the result with that of
CeTiO,, 5 (Ref. 10. CeTiO; is a Mott-Hubbard insulator

Stimulated by the discovery of high-temperature superwith an on-siteU of about 2—3 eV\?~*?put with a variable-
conductors, physical properties of perovskite-type transitionfange-hopping-like resistivity due to defects. On substituting
metal (TM) oxides have been intensively studied in the lastCe with Sr, or increasing the oxygen content, the system
few years. This has led to an understanding of their ricrexhibits an insulator-to-metal transiti6rCe-based systems
physical propertie$,and has also provided an opportunity to are thus similar to La-based systems, namely_L&r,TiO3
investigate the anomalous electronic structure of TM oxidegind LaTiQ;, 5 in terms of Ml transitions caused by hole dop-
further near the metal-insulatéM!) transition. Photoemis- ing due to Sr substitution or excess oxydémowever, the
sion spectroscopy of early TM oxides revealed that there ar€e systems show differences in their transport and thermo-
two electronic features, coherent and incoherent parts, at arfiynamic properties such as electrical resistivity, magnetic
near the Fermi levelEg), respectively. The intensity ratio susceptibility, et€* Oxygen s XAS shows that hole states
changes as a function &f/W (U is the on-site Coulomb with substantial O P character evolve as a function ®f
energy, andW is the bandwidth>~* and the experimental while UPS results show that the gég100 me\} observed
results are consistent with dynamical mean-field theoryfor thex=0 compound closes across the Ml transition due to
results’ the doped-hole states. Both vacancy-doped and substituted

In early studies, the doping level was controlled mainly ofsystems exhibit a coherent featureEgt and an incoherent
the substitution of atoms having different valencies, e.g.feature away fromEg which corresponds to the lower
La,_,Sr,CuQ,, La;_,SrMnO;, etc. The doping level can Hubbard band. Importantly, we found that the relative den-
also be controlled by changing the oxygen content, e.gsity of statedDOS) at Er for the vacancy doping is half of
La,CuQ,, ; shows a MI transition, and the excess oxygenthat for the substitutional doping at the same doping content.
tends to locate at interstitial sites in the layered perovskitén conjunction with the electrical resistivity data, we con-
structure® while it leads to a cation vacancy in materials with clude that the mobility of carriers is strongly reduced in the
a three-dimensional perovskite structure as in LaMngd  vacancy doping case, to give an order-of-magnitude higher
CeTiO;, 4 etc. The difference in transport properties be-resistivity beyond the carrier density contribution.
tween substitutional doping and vacancy doping has been
recognized in recent timésRecent study shows that the cal-
culated electronic structure is different between SgTi©O
and Si_,La,TiOs, where SrTiQ is a band insulatot These Polycrystalline specimens of € Sr,TiO; (x=0, 0.05,
results give rise to the question of whether vacancy dopingnd 0.2 and CeTiQ ; were prepared from congruent melt in
causes different modifications of electronic states as coman Ar arc furnace, using Cg(d99.9% purity, SrO (99%
pared to substitutional doping. purity), TiO, (99.9% purity, and Ti metal(99.9% purity.

In order to study the difference of the electronic structureThe oxygen concentration and the cation concentrations were
between substitutional doping and vacancy doping in the viestimated by thermogravimetric analysis and electron-probe
cinity of the Mott-Hubbard insulating state, we have studiedmicroanalysis, respectively, to an accuracyzdd.01 of the
the electronic structure of ¢e,SrTiO; by using x-ray- nominal concentrations.
absorption(XAS) as well as ultraviolet photoemission spec- XAS measurements were carried out at the synchrotron
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FIG. 2. O 1s-2p XAS spectra of Ce ,Sr,TiO3 (x=0.0, 0.05,
and 0.2 and CeTiQ; (dotted ling (Ref. 10. The inset shows the
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FIG. 1. (a) Ce 3d-4f XAS spectra of Ce_,SrTiO3 (x=0.0 and The O 1s-2p XAS spectra of Ce ,STiO; (x=0.0,

0.2), which confirm the trivalent nature of Ce ions by the absence of0-09, and 0.Pare shown in Fig. 2. The overall features of the
the Cé* satellite. (b) Ti 2p-3d XAS spectra of Ce SiTiO; O 1s XAS spectra for three compoung@shown in the inset
(x=0.0 and 0.2 are similar, having three structures at about 532-, 535-, and

544-eV photon energy. By comparing the experimental re-
radiation facility (UVSOR) of the Institute for Molecular ~sult with that of LaTiQ,*’ the structure around 544 eV is
ScienceIMS), Okazaki, by using BL2b1 in the total electron assigned to the Ti 4pband. The prominent peak centered at
yield mode at a resolution of 1 eV. Samples were scraped 535 eV is due to Ce & states with an O @ admixture, while
situ with diamond files to obtain clean surfaces. UPS meathe small structure around 532 eV is ascribed to@seates
surements with better energy resolutithl e\) were per- hybridized with the upper Hubbard band. We find that the
formed using a home-built spectrometer with a He discharg&veak feature around 532 eV in tie=0.0 spectrum evolves
lamp (He1, 21.2 eVJ. For UPS measurements, samples weresystematically with Sr substitution.

scrapedn situ at about 60 K to obtain clean surfaces. Since the O $ XAS spectra represent an Qpartial
DOS hybridized with an unoccupied Td3partial DOS, it is
IIl. RESULTS AND DISCUSSION obvious that the additional doped-hole states, having sub-

stantial O D character, grow at the bottom of conduction

Figure Xa) shows Ce &-4f XAS spectra of band as a function of across the Ml transitiotf To see this
Ce _,SKTiO5 (x=0.0 and 0.2 The spectra fox=0.0 and more clearly, we enlarge the Gs IXAS spectra neaEg in
0.2 are very similar to each other, and show two peaks due tbig. 2, where we clearly see the weak broad feature at 532
the spin-orbit splitting at 915 and 933 eV, respectively. AneV atx=0.0 showing a strong and systematic enhancement
important point to note in both spectra is the absence of atx=0.05 and 0.2. These spectral changes are caused by the
satellite feature 6 eV above the main peak, which is charadiole doping due to substitution of Ce atoms with Sr atoms.
teristic of tetravalent Ce. The spectra for both compositiond’he XAS result indicates that these doped-hole states with
thus correspond only to a trivalent Ce ion. This indicates thasubstantial O B character increase with substitution, and
the change in valency due to Sr substitution, and thus, carrignay cause a Ml transition beyond a critical concentraion
number, takes place only in the Til3 O 2p manifold. ~0.05. While early TM compounds are usually thought to

In order to study these changes, we have performed The Mott-HubbardMH) insulators in the Zaanen-Sawatzky-
2p-3d XAS as shown in Fig. (b). The Ti 2p spectrum for  Allen schemé?® the present results indicate substantial
x=0.0 is very similar to that of LaTi@'>® The spectral charge-transfer nature of early TM compounds due to strong
features o= 0.0 correspond to ¥, and are well explained hybridization, as theoretically pointed out earffer.
by a cluster calculatioff Upon Sr substitution, we see small  In order to confirm whether the evolution of the DOS
changes at higher photon energy but a negligible change iabserved with XAS corresponds to the MI transition, we
the leading edge of the spectrum. This suggests that holeave performed UPS measurements. Figure 3 shows UPS
doping due to Sr substitution up t0=0.2 results in negli- spectra in the vicinity oEg of Ce,_,Sr, TiO3 (x=0.0, 0.05,
gible changes in the Tidpartial DOS neaE in the unoc- and 0.2 obtained using He resonance lin€21.2 e\}. The
cupied part. spectrum of CeTi@ has a broad structure around 1.2-eV
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oo ] ' x=0.05 and 0.2, are ascribed to the coherent part of spectral
S Ce Sr TiO weight deriyed from Ti 8 states and the incoherent part
1-x~"x 3 corresponding to the remnant of the lower Hubbard band,
H Hel(21.2¢V) respectively. We notice that the states realis sharper than

: that reported in earlier studi€$??®because of the higher
resolution and lower measurement temperature. The appear-
ance of a feature in the occupied DOS due to Sr substitution
is surprising, simply because hole doping by Sr substitution
should create states in the unoccupied DOS. Thus the spec-
tral changes in the occupied DOS confirm that Sr substitution
also results in increasing the bandwidi¥’) or reducing
U/W, and gives rise to the coherent featureEat, as pre-
dicted from the dynamical mean-field theory calculafiddn

the other hand, in CeTiQ, we know that the perovskite
lattice cannot accommodate excess interstitial oxygen, and

Intensity (arb. units)

x=0.0 the system actually has cation vacancies. For sn#all
~— (<0.06, where the resistivity data exhibit a semiconducting
. s100meVe - behavior® the induced holes are expected to be localized at
2.0 1.5 1.0 0.5 Ep the cation defects because the defect sites may have rela-
Binding Energy (eV) tively negative potential. When more holes are induced, the

localized states gradually broaden and change into delocal-
ized states around= 0.1, where the resistivity shows a me-
tallic behavio® An important observation to be noted is that
UPS results show that the DOSE¢ in CeTiO; 4 is half of
that in Cg gSIp 5Ti03, though the nominal hole concentration
is the same between the two compoufitif summarizing
binding energy, and no Fermi-edge cutoff. The latter indi-the observed spectroscopic changes in relation to the substi-
cates an energy gap, and the upper-limit value of the gap wdstional doping vis-avis vacancy doping, we find that the
estimated to be about 100 meV by using a model DOS agbserved changes can be duéXpthe U/W ratio difference
shown in Fig. 3! On increasing, a feature evolves &y  between CggSry ,TiO5 and CeTiQ ;, with the Sr-doped case
and, as a result, closes the gaxin0.05, consistent with the having a larger bandwidth compared to the vacancy doped
transport measuremerft$n x=0.2, in addition to the broad case; and?2) the formation and position of the new doped
structure around 1.2 eV, we clearly see a sharp pe@icat hole states as discussed earlier. The ratio of the occupied and
This result confirms that the spectral changes in XAS in Figunoccupied states in the quasiparticle ban&gatshould be
2 correspond to the MI transition. constant for a given doping level, provided that the change is
Ce,_,Sr,TiO; and CeTiQ, s Systems provide a very good solely caused by &/W change in the absence of additional
case to study the change in the DOS due to substitution&loped-hole states. However, in the present case, we observe
and/or vacancy doping in the same parent MH insulatothat the additional doped-hole states are formed and posi-
CeTiO,. To compare the evolution of electronic structuretioned at different energies for €e,Sr, TiO; and CeTiQ, 5
through the MI transition controlled by excess oxydénor ~ as shown by the XAS. We believe this is an important dif-
Sr contentx), we show UPS and XAS results on Ceidn  ference in substitutional doping compared to vacancy dop-
Figs. 2 and 3, respectively, with broken lines. Note that theéng, leading to the observed differences in the properties of
nominal hole concentrations of CeTjQand Cg¢Sr, ,TiO;  the two systems.
are the same. We find that the changes in XAS and UPS At the temperature of measurement, the resistivity of
spectra across the MI transition are similar as a whole fo£€TiOs; is ~30 times larger than that of GgSr,,TiO3.°
both cases; that is, doping causes a closure of the gap.at This result, in conjunction with the present results, shows
However, we notice that the intensity B¢ in the UPS spec- that if we assume a single-band model for the carriers, the
trum of CeTiQ,; is smaller than that of GgSr, ,TiO5, while ~ mobility of the carriers is reduced by an order of magnitude
the intensity of the doped-hole states in the XAS spectrum oft CeTiO; ; compared to CgsSip oTiO3. This shows that va-
CeTiO, ; is higher than that in GgSr, ,TiO. This indicates ~ cancy doping strongly reduces the mobility compared to the
that the position of the center of the doped-hole states i§ubstitutional doping probably due to the increased disorder
different between the two systems, and we note that the prdd CeTiOs, ; with cation vacancie$.
peak in the XAS spectrum is nearly 0.4 eV higher in the
CeTiO; 1 spectrum(Fig. 2).

FIG. 3. UPS spectra of Ge,SrTiO5 (x=0.0, 0.05, and 0)2
measured with Hephotons(21.2 e\j, showing the MI transition as
a function ofx. The dotted line shows the UPS result of CeJ{O
(Ref. 10. The thin line on thex=0 spectrum is a model DOS.

. The ob_served UPS spectral changg in Fig. 2is cqnsistent IV. CONCLUSION
with previous reports on early TM oxides witht configu-
rations as a function of hole concentratidrf??*In particu- We have presented XAS and UPS results on

lar, the broad peak around 1.2 eV for the semiconductingce,_,Sr,TiO3 across the MI transition as a function of Sr
phase is assigned to the lower Hubbard band, and the bindir@pntent(x), and compared them with those of CeZiQ.

energy(1.2 eV) is a measure of half of the on-site Coulomb The O 1s XAS spectrum shows hole states with substantial
energy(U). Thus the structures & and around 1.2 eV, for O 2p character which evolve across the MI transition. UPS
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