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We present the results of Raman and photoluminescence studies on epitaxial anatase phase
Ti;_«Co,0, films for x=0-0.07, grown by pulsed-laser deposition. The low-doped systerf.01

and 0.02 shows a Curie temperature of 700 K in the as-grown state. The Raman spectra from the
doped and undoped films confirm their anatase phase. The photoluminescence spectrum is
characterized by a broad emission from self-trapped exc{®nE) at 2.3 eV at temperatures below

120 K. This peak is characteristic of the anatase-phase @@ shows a small blueshift with
increasing doping concentration. The Co-doped samples show two spin-flip emission lines at 2.77
and 2.94 eV. ©2003 American Institute of Physic§DOI: 10.1063/1.161921)2

II-VI based dilute magnetic semiconductors, such asstudies on epitaxial anatase phasg_JCo0,0, films for
Mn-doped CdTe and ZnSeand lIl-Vs, such as Mn-doped x=0, 0.01, 0.02, 0.04, and 0.07, grown by PLD. Details re-
GaAs? have been studied extensively in the last decade dugarding the growth and physical properties from these films
to their potential usage in spintronics. However, these mateare reported in Ref. 4. The Raman measurements were car-
rials undergo ferromagnetic phase transitions much belowied out in a perfect backscattering geometry using a fiberop-
room temperature. The discovery of Curie temperature§cally coupled confocal micro-Raman systéRIAX 320)
above 300 K in cobalt-doped Tiby Matsumotcet al* has ~ equipped with a liquid Btcooled charge-coupled detector.
generated a considerable amount of interest in this and simthe 514.5-nm line of an Ar ion laser was the excitation
lar systems. Epitaxial films of Ji,Co,0, have been grown source. The microscope is equipped with a holographic
by various techniques, such as pulsed-laser depositioﬁuper—notch filter to block the elastically scattered light. A
(PLD)*~" and molecular-beam epitaxyMBE).2° First- 50X microscope objective was used to focus and collect the
principles calculations of Co-doped Tithave studied the scattered laser light, with a spatial resolution of abown5.
microscopic distribution of Co atoms crucial for ferromag- The PL spectra were excited using the 363.8-nm line of an
netic ordering'®!* but the exact nature of ferromagnetism Ar™ laser. The luminescence excitation was a_nalyzed \_/vith a
still remains unclear. The PLD-grown films show evidenceSPEX 0.85-m double monochromator equipped with a
of clustering of Co for higher cobalt concentratibféand ~ cooled GaAs photomultiplier tube and standard photon
the oxygen-assisted MBE-grown films seem to indicate thaf®unting electronics. _
almost all of the Co substitutes for Ti in the lattite. The anatase and the rutile phases of Ti@long to the

1 4 -
Our motivation behind this work is twofold: assess de-SYMmetry space groups4ﬁ)and Dfllh’ respectively* Group
fect structure and crystalline quality of as-grown theory predicts six Raman active modes for the anatase

. . =1 . —1. . 1.
Ti;_,Ca,0, epitaxial films using Raman spectroscopy andphgse, 5.511‘;7 em Egoi 198604% ; ?’%g .Tghgg C"_} ; ﬁ‘lg
probe the electronic structure using photoluminescéRte an Elg' R cm- ?n EJ'd cfm h hethrutle z ase i
spectroscopy. Our PL studies also directly validate recentas four z.iman aclvf mo .es, ° W_f N prg ominan
1011 ones are [ 448 cm *; Agr 612 cm 7 and By 827
band structure calculatiori: g 9

TiO, is a wide band gap semiconductor which occurs inc™ Since the Raman peaks from each phase are clearly

three crystal structures: rutile, anatase, and brooklite. Th(seeparated n frequency, the two phases are easily distinguish-
a(\alfle by their Raman spectra.

anatase phase of concern here has a very shallow donor lev Figure 1 shows the Raman spectra from TCo,0, for

and high electron mobility? Detailed investigations of the various Co concentrations. The 485-chpeak is from the
absorption edges in anaf[asg and rutile phases by &aay LaAlO5 substrate and serves as a good calibrant. The Raman
have shown that the excitonic states of the anatase phase Eﬂgaks at 398 and 515 cth clearly show that the samples are
self-trapped, while those of the rutile phase are free. in the anatase phase. Within an experimental accuracy of a
In this work, we present the results of Raman and Plga,y, wave numbers, there is no discernable shift of the Ra-
man peaks with higher Co-doping concentration. However,
dElectronic mail: guhas@missouri.edu for the higher Co-doped samples, the Raman peaks broaden.
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FIG. 2. PL spectra of 1i,Co,0, for various Co concentrations at 30 K.

FIG. 1. Raman spectra of Ti,Co,O, for various values ok at 300 K. The  The inset shows the center of the STE emission versus doping concentra-
peak at 485 cm! is from the substrate. The inset shows the full width at tjgp.

half-maximum of the 398 cm' peak as a function of Co concentration.

ing concentrations, as seen in the inset. A saturation of the
The inset of Fig. 1 shows the broadening of the 398-Em STE energy is observed for higher Co concentration, indica-
peak with increasing Co concentration. This may be an inditjye of limited cobalt solubility at higher concentrations.
cation of limited Co solubility resulting in a disorder of the The most striking feature of Fig. 2 is the appearance of
crystal structure. Recent work by Shindeal. shows that  yyo peaks at 2.77 and 2.94 eV in the Co-doped samples
higher Co dopingbeyondx=0.02 without annealing results \yhich are absent in the undoped samples. At 30 K, the
in the formation of Co clusters in 7i,C0,0,.* 2.77-eV peak appears as a weak shoulder in the low-doped
Since the notch filter cuts off energy positions below Zoosamples. To understand the origin of these peaks, we have
cm !, we do not observe the low-energy, Raman peaks. carried out a detailed temperature dependence study of the
The doubly degenerate,nodes are observed to be perpen-p| - since higher cobalt doping leads to clustering in as-
dicular to thec axis of the conventional unit cell. All the grown films? we compare the PL from undoped i@ the
other modes are parallel to tieeaxis'® The absence of the oy Co-doped samples as a function of temperature.
640-cm ' E; mode in undoped Ti@indicates that for an Figure 3 shows the PL spectra for a few selected values
epitaxial film, thec axis of the crystallites is oriented per- ¢ temperature foa) x=0.01 and(b) x=0.0 samples. The
pendicular to the substrate; thg Bnodes may then be for- ghacira have been normalized to the STE emission. With

bidden in zilperfect' backscattering geometry. A signature Ofcreasing temperature the intensity of the STE drops and
the 640 cm * peak inx=0.01 and 0.02 samples shows that ey ond 120 K it is barely visible. Each individual PL spec-

the crystallites have parallel components of thexis. We  ,m is fitted with four Gaussian peaks, as shown by the

point out that the Emodes are observed in thicker films and yad line under the 32 K data for the=0.01 sample. The
in bulk anatase TiQwith a different scattering geomet!$. individual peak positions of these four PL peakao of

Although the absorption edge of anataseli®at~3.2  \ynich are from STEare plotted as a function of temperature
eV, the luminescence spectrum Stokes shifts by almost 1 ey, Fig. 4.

A broad greenish-yellow emission, centered at 2.3 eV, is ob-
served from films and crystals of anatase Jit'*' The TiQ;
octahedra in the anatase phase are distorted to lower symme {7 _ceo o,
try, which lifts degeneracies and creates band splitting, re-  [x=0.01
sulting in a narrowing of the conduction band. The band-to- %‘
band excitation therefore results in self-trapped excitonic § -
states due to a localization of the excited state whose energ)‘é

T T
2.77e]2-94 oV Ti, Co O
1-x x 2

is lowered by the lattice relaxation energy. ? 1t i

Figure 2 shows the PL spectra of; TiCoO, for vari- % . K
ous values ok, measured at 30 K. The spectra are charac- § S1K
terized by a broad emission centered at 2.3 eV due to the2 7 41K
self-trapped excitondSTE). The individual spectra have i o

been normalized to the 2.3-eV emission and are vertically
shifted for clarity. A recent work using polarized PL shows 1s le.'_oE 2’5 ‘3,:0 35 1.5 20 25 30 3.5
that this broad emission can be further resolved into at least neray (V) PL Energy (eV)

two peaks centered at 2.2 and 2.4%\The center of the FIG. 3. PL spectra ofa) TigodC0 00, and (b) undoped TiQ at selected

emission from STE blueshifts in energy with increased doptemperatures.
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3.0 ettt arise from the cobale, energy levels. Moreover, the 170
ARSI meV difference between the two PL peaks agree well with
28140000000 0 o the energy separation between the spin-up and spin-gégwn
1 states of the LSDA calculatiof?.
S 2.6+ A 2 The location of Co midgap levels also depends on the
X a microscopic distribution of the Co atoms, as suggested by
g 24 2a Yang et al!! The local oxygen nonstoichiometfyhich in-
e 71 t T fluences the valence states of catioalso affects the band
"‘2_15_ | filling. Thus, the assignment of the observed levels to spe-
cific electronic states would require these inputs. Based on
{ s'°"i, the total energies calculated for various configurations, Yang
2.0 5x10 °‘”K_ et al. suggest that cobalt ions in the ;TiCoO, matrix
. } would prefer nonuniform doping mode with short Co—Co
distances! Future work involving magneto-optical tech-

25 50 75 100 125 150
Temperature (K)

niques should reveal the nature of magnetic coupling and
magnetic excitations from various 4Ti,Ca O, configura-

FIG. 4. PL transition energies of glif0y ¢;0, as a function of temperature. tions and their pOSSIble participation in optlcal processes.
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2.94 eV hardly shift with temperature, indicating that they
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