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The local environment around magnetic impurity atoms was reported to be unchanged in a structural phase
transition of nanocrystalline Co-doped ferromagnetic ,Ti@ur ab initio density functional theory investiga-
tions show that the substitutional Co ions incorporated into, Tifile tend to cluster, and then the neighboring
interstitial sites become energetically favorable for Co to reside. This suggests that a Co-doped rutile contain-
ing only substitutional Co may not be an appropriate reference bulk system in determining the local environ-
ment of Co in polycrystalline (Ti,Co)©rutile. We also find that the interstitial Co is in the low spin state and
destroys the spin polarization of the surrounding substitutional Co, and hence reduces the average magnetic
moment of impurity atoms.
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I. INTRODUCTION pared by the sol-gel method at different temperatures, Soo
et al. found that the local structure around Co could remain
Spintronics has emerged expeditiously as an interestingirtually anataselike while the nanomaterials underwent an
technology where both charge and spin are harnessed f@natase-to-rutile phase transitionThis discovery is rather
new functionalities in devices combining standard micro-unique, and certainly deserves more detailed investigation in
electronics with spin-dependent efféé? For their practical ~order to gain a microscopic understanding of the magnetism
spintronic applications, a ferromagnetic semiconductor is redisplayed by this intriguing material. _ _
quired to be not only easily integrable but also to have a high Here we point out that in extracting the information of the
Curie temperature. The development of new materials halocal structure of Co through the x-ray absorption fine struc-
grown rapidly. Room-temperature ferromagnetism has beeft!r® mgthod, Soce.t al. emplo_yed a referenge bulk .SVSteT“
observed, for instance, in Mn-doped ternary compounds su ssuming all Co ions substitute for the Ti sites in rutile

) 15 1 Foi ;
as CdGeR,* ZnSnAs.5 and ZnGeR.® A recent discovery i0,.*° In a recent work! we showed byab initio density
: . . functional theory study that Co could also occupy interstitial
of room-temperature ferromagnetism in Co-doped ,TiO

¢ by Mat ot al’ usi binatorial | sites in anatase TiD The question that arises is this: Is it
anla a:t;)e y z_atsumto eh al. usr:g a C?_m tln(?_o:la mo e; Iso the case for Co-doped rutile Hi®To answer this ques-
cular beam epitaxy technique, has motivated INtensIive SUGy,, '\ve have performed a computational investigation on the
ies on the structural and physical properties of this

8910111 e _ _ .~ structural, electronic, and magnetic properties of Co-doped
material>1%*"**Transparent to visible light, this material is TiO, rutile. We show that substitutional Co ions tend to clus-

expected to be of particular importance in spin-based optogy, byt this has no remarkable effect on the magnetization of
electronic applications such as spin-light-emission-diode angto. We also find that an interstitial site will become energeti-
optical switches operating at a terahertz frequéncy. cally favorable for a Co atorfin reference to bulk Cowhen

It is interesting to note that Matsumott al. observed a  two of its neighboring substitutional sites are occupied by
magnetic structure only in (Ti,Co){Qanatase but not in the Co. The interstitial Co is in the low spin state (0849, but
rutile phase;® seemingly suggesting that the magnetizationit exerts a strong detrimental effect on the magnetization of
of the impurity atoms depends sensitively on the local enviits neighboring Co (0.7f6.z— —0.03 1) and therefore re-
ronment surrounding them. More recently, however, Parkjuces the magnetic moment Co in this magnetic semicon-
etal. have successfully grown ferromagnetic (Ti,C@)O ductor. In the following, we give a brief outline of our theo-
rutile films by sputtering? The Curie temperature was esti- retical procedure, and a discussion of the results based on
mated to be above 400 K for a Co content of 12%. Since théonding characteristics and its relevance to our understand-
rutile phase is thermodynamically more stable than the anang of the magnetism in this Co-doped oxide.
tase phase, it may have a higher potential for technical ap-
plications. The dissimilar behaviors of films grown by differ-
ent methods indicate that the local environment of Co could
have a drastic effect on the magnetic structure of this mate- The calculations were done using a spin-polarized version
rial. Furthermore, by annealing the (Ti,Co)®amples pre- of the Viennaab initio Simulation Packag¥. Fully nonlocal

II. CALCULATION
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TABLE I. Calculated spin magnetic momenig) in the atomic
sphere of Co (radius1.10 A) and that for a whole unit cell.
Co(B1), Ca(B2), and CdA) denote Co ions occupying sites B1, B2,
and A[see Fig. 1b)].

Unit cell CaB1) CaoB2) Co(A) Total
Ti15C0,03, 0.73 - - 1.00
Ti14C0,03, 0.77 0.75 - 2.00
Ti14C0305, -0.03 —-0.03 0.94 1.00

to see here whether Co atortendto cluster or not. Follow-

ing the recent first-principles works on Mn-doped Cdgé&P
boron?? and arsenic-doped silicdfi,we have evaluated the
pairing energy as the total energy difference between a
Co-Co pair and well separated Co atoms in the host.

We first minimized the total energy of the cell;ToO;
(Co content: 12.5% Then we doubled this cell and brought
the two CG together to form Tj,Co3,Co3,05, (2aX2a
(b) X 2c). The latter configuration is found to be more stable
by 0.31 eV/Co, indicating that Co clustering is very likely
to occur at this concentration. The calculated formation
energy of an interstitial Co (Cpas a neutral defect in ref-
erence to bulk CoE(Ti;¢C0,0s5,)-E(Ti1¢057)-E(C0), is
+1.75 eV, implying that a sole ¢ds highly unstable in

Vanderbilt-type ultrasoft pseudopotentidlsvere used to X ) ; .
represent the electron-ion interaction. Exchange correlatio tile TiO2. Th|s§ can be. understqod in the bond-order—
ond-strength picture. Ti:®Co:0 is much weaker than

interactions were described by the Perdew-Wang 1991 ge ) . . . .
y g g O:Ti:0, as is evident from a comparison of the formation

eralized gradient approximatiofGGA).'® Wave functions . . 4 .
and augmentation charges were expanded in terms of plafats of TiQ, TiO, and CoG* Nonetheless, with the pres-

waves with energy cutoffs of 396 and 700 eV, respectively®Nc€ Ofs Cél’ the formghon energy of Cp ie,
For each system, the geometry was relaxed until the atomi€(T115C05;C0,Os3,)-E(Ti15C05;,03)-E(Co),  drops  to
forces were smaller than 0.03 eV/A. +0.47 eV. According to our calculations, the formation heat

The six-atom rutile unit cell of TiQ [see Fig. 1a)] is  of CoG, in a hypothetical rutile Ti@ structure is—3.46 eV,
characterized by the two lattice constaatsand ¢ and the  slightly larger than twice that of Co@—-1.59 eV). This
internal parameteu. The pOSitionS of Ti arqoy 0, Q and means that Co:®Co:0 is Only Sllghtly less stable than
(1/2, 1/2, 1/2, and those of O are/—u,+/—u,0) and ©:Co:0, thus Cbbecomes much less unstable. Further cal-
(+/—ul2,—/+u/2,1/2). The optimized, c, andu are, re- ~ culations show that when both B1 and B2 sites are occupied
spectively, 4.661 A, 2.973 A, and 0.638, in good agreemenby Co upon clustering, site A becomes favorable fof @ith
with experiment® and previous pseudopotential GGA a formation energy of-0.72 eV. Once again, this can be
calculations® For Co-doped cases, we mainly dealt with aexplained by the formation heat of g0, (-9.57 eV
supercell containing 16 primitive unit cel[Rax2ax2c,  greater than twice that of Co@—3.46 eV). Our calculations
see Fig. 1)], with one or two Ti atomssite B1, or, sites B1  thus suggest a 2C€e Cd local structure in Co-doped TiO
and B2 replaced by Co and with/without an interstitial Co rutile. It should be noted that the formation of more compli-
(site A). Based on our knowledge of anatase (Ti,CoYaat cated (C6,Cd) combinations is also possible depending on
the volume contraction and expansion associated with sughe growth condition, but the formation probability should be
stitutional and interstitial Co have only a negligible effect onlower than that of 2C%+ Cd.
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FIG. 1. Unit cells of non-dopefbanel(a)] and Co-doped Ti©
rutile [panel(b)]. Large and small circles represent O andTo),
respectively.

the formation heat of (Ti,Co)Q** we fixeda andc at the In order to examine the effect of clustering on magnetism,
calculated bulk TiQ values and optimized only internal free- We performed calculations on both intracell ferromagnetic
doms upon Co doping. (FM) and intracell antiferromagneti®AFM) alignments of

the Co pair in a Tj,C0°Cc°03, unit cell (for simplicity, we
denote this cell as TiCo,0s, in the following while keep-
ing the intercell coupling ferromagnetic. When the two Co
Whether Co atoms cluster or not depends not only on thetoms form a pair, occupying B1 and B2 sites, the AFM
formation energies for different distributions, but also on thephase is found to be unstable and it switches to FM during
microscopic diffusion mechanisms. The determination of theself-consistency iterations. When they are far apart by 7.23 A
latter, however, involves an exhaustive investigation of thewith one at(0, 0, Q and the other atg,a,c), the AFM phase
energetics of Co-Co complexes of various configurationsis higher in total energy by 0.26 eV/Co than the FM phase. In
which is not affordable in the present study. Instead, we wanthe case of 2Co+ Cd, we checked all three possible intra-

Ill. RESULTS AND DISCUSSION
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As a result, the average spin magnetic moment of Co is
reduced to 0.2%5, less than a half of the non-Caalue.
Figure 2 displays the calculated density of states for non-
doped and various cases of Co-doped rutile. As in andtdse,
the Co states are mainly located in the energy-gap region and
the O and Ti states are not much affected by Co doping. It is
worth noting that with the GGA, while the anatase
Ti15C0,04, and Ti;,C0,03, Miss being insulators, the Fermi
energies of their rutile counterparts overpass the valence
bands and fall into the energy gaps. The presence béi@es
not change the insulating electronic structure of this material,
though sole Cbions would turn the material into a metallic
system(density of states not shownThis is another case
where carriers are not necessary in order to generate room-
temperature ferromagnetic coupling in a semicondifctar.
the absence of carriers, the spin interaction between dilute
Co ions at low temperature can only be superexchange.
Superexchange interactions between local spins at cation
sites mediated by diamagnetic anions in insulators such as
MnO leads to antiferromagnetic coupliA@but those medi-
ated bysp-d hybridizatiorf’ in the 1I-VI diluted magnetic
semiconductors can also lead to ferromagnetic coupling de-
pending on the filling of ioniad shells of the incorporated
magnetic transiton metaf§. Very recently, theory
predicted® and experiment evidenc&derromagnetic super-
exchange in Cr-based II-VI diluted magnetic semiconduc-
Energy (eV) tors. However, as in the case of Mn-doped Zn&GéRef. 6
and Co-doped Ti© anatasé, the mechanism of theoom-
FIG. 2. Total density of states for nondoped and various cases akmperaturdferromagnetic superexchange in Co-doped,TiO
Co-doped TiQ rutile. Dotted vertical lines denote the Fermi energy. rutile is still unclear.
In Fig. 3, we compare thed3density of state$DOS) of
cell spin alignments of the three Co ions. All of them con-Co in rutile with those of Co in other Co oxides with differ-
verge to the same final state, with both'@md C& in the  ent oxidation states such as CoO-4) and CaO, (+3 and
low spin state. The calculated total spin magnetic moment int-2). CoO,, the end member of LiCoO2, has recently been
a unit cell of TizC0,0s,, Ti;4C0,05,, and Ti,C0;03,, and  isolated® It seems to be of Cdgltype with a monoclinic
that in the atomic sphere of Qeadius 1.10 A, are listed in  distortion, but positions of O remain to be determined. In this
Table I. It is seen that in all three cases, Co ions are in theegard, we believe that a study of a hypothetical €a®©
low spin state, regardless of their oxidation states. The spiiiO2 rutile structure is meaningful in illustrating the elec-
moment of C6 does not change much upon clustering!,Co tronic structure of C4". For both CoQ and CaO,, we
on the other hand, behaves rather differently. When coupletiave optimized their internal structural parameters. We can
with Co®, Cd kills the spin moments of Coalmost entirely.  see that although much more localized, thBOS of C& in

Density of States/cell/eV

Co0, Tiy5C0;0a,

4l Ti14C0504 - | Ti;4C0304, - S

FIG. 3. The calculated density
of d states of Co in CoQ
Co;0,4, and various cases of Co-
doped TiQ rutile. Dotted vertical
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Ti;sC0,05, resembles that of Co in CqgQOn both the ex- stitial sites, upon clustering of substitutional Co. As a result,
change splitting and crystal field splitting, suggesting theya reference bulk system used to extract information on the
are in a+4 oxidation state. In an octahedral fielg, is local structure of Co in a polycrystalline material should be
lower thaney, and thus Ccb" will have a spin magnetic ©one that containing both substitutional and interstitial Co. It
moment of 1ug . As for the combination 2C-Cd, aclose is found that the interstitial Co destroys the spin polarization
resemblance can be found betweer(@w)) in TiO, rutile ~ Of the neighboring substitutional impurities by lowering its
and C& (Cd") in Co;0,. It thus provides strong evidence charge state, and therefore plays an important role in the
that C& and Cd in such a combination are in3 and+2  Magnetic structure of such a material.

oxidation states, respectively. The sbelectrons of Cdjust

fill t,4 states, and thus yield a vanishing spin magnetic mo-
ment. Unlike the interstitial Co in anatase and*@o Co,0,,

Cd in TiO, rutile is in an octahedral field; therefore the lone  W.T.G. thanks Qiang Sun for helpful discussions. This
electron in theg, state gives a spin moment ofuls . work was supported by the Korea Institute of Science and
In summary, oub initio density functional theory study Technology Evaluation and PlannifGreative Research Ini-

reveals that in Co-doped rutile T}Q Co can occupy inter- tiative) and the Max-Planck-Society Fellowship.
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