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The problem of importance of strong correlations for the electronic structure, transport, and magnetic
properties of half-metallic ferromagnetic 4@ addressed by performing density functional electronic struc-
ture calculations in the local spin density approximatibBDA) as well as using the LSDAU method. It is
shown that the corresponding low-temperature experimental data are best fitted without accounting for the
HubbardU corrections. We conclude that the ordered phase of,@&3@eakly correlated.
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As a compound with multiple industrial applications and generate 8 orbital into higher energy doubly degenerate
its unusual half-metallic electronic structure, Gr@as re- level and lower energy triple degenerafglevel. Distortions
cently attracted a lot of theoretiéaf and experimentat!?>  of oxygen octahedra further split thg, states into lower
interest. The main discussion was centered around the role e‘hergytgg orbital (xy character and higher energy twofold
strong correlations for the description of its ferromagneticdegeneratda;g orbitals (yz+zx and yz-zx characterg®
phase. Since Cr in its formal 4+ valence state has tdo 3  The results of the LSDA band structure calculation in the
electrons ot,; symmetry, one would expect manifestation of vicinity of the Fermi energy are shown in Figs. 1 and 2. The
correlation effects of the Mott-Hubbard nature. On the Othen:ermi level crosses the Spin majori[éé manifold. The rest
hand, metallic behavior of spin majority band suggests thagf the Cr 31 states is formed from foue, bands and threg,
C°U3|0mb interactions of the Hubbard type can be screenegnin minority bands which are located above the Fermi level.
out® The comparison with the available photoemission and, poth spin channels, andt,, bands are well separated for

optical conductivity data did not make the situation MOre .|| momenta except for thE point. The whole @ complex is
clear. One-electron spectra calculated using the LSDA strongly hybridized with oxygen.

3,14 f iSS - -
method?®4 fit well the photoemission and inverse photo In Fig. 2 one can see that in the spin minority channel

emission experiments with the choice of intra-atomic Cou-there is gap of approximately 1.3 eV between the oxvaen 2
lomb and exchange parametéds3 eV andJ=0.87 eV3’ gap PP y L yge

This indicates the importance of strong correlations. Con—ba_nd and_thg chromiumdsband. This gap Iea_ds to 100%
trary to this result, the LSDA optical conductivity calcula- Spin polgrlzanon aE and assures the magnetic moment 1o
tions explain experimental datasuggesting the regime of be precisely equal to4 per unit cell. Thetyy bands that
weak coupling. 11.0
In the present paper we address the issue of controversial |

10.5
role of strong correlations in ferromagnetic Gry present- .
ing combined studies of its electronic structure, optical con- 1004
ductivity and magnetic anisotropy using the LSDA and 9.50

LSDA+U schemes. We employ a linear-muffin-tin-orbital
(LMTO) method in its atomic sphere approximation
(ASA)>16for our electronic structure calculations. The low
symmetry of the rutile structure and small packing factor of
the unit cell require an introduction of additional empty
spheres. Their positions are chosen to leahd 4 in |
Wyckoff notations. The radii of the spher@a atomic unit$ 7.00 ]
for Cr and O atoms, as well as of the empty spheres are
chosen to be 1.975, 1.615, 1.378, and 1.434, correspond-
ingly. The basis set adopted in the calculations is 6.
Cr(4s,4p, 3d) and 2s, 2p).

In rutile structure Cr atoms are surrounded by distorted FIG. 1. (Color online LSDA band structure of CrOfor spin
oxygen octahedra. The positions of the octahedra lead to @ajority carriers. Dark and light shaded aré¢asi and greenshow
new natural basis for Cr orbitals. In this basis the cubic comihe specific weight otzLg andtgg orbitals, respectively, in the par-
ponent of the octahedral crystal field splits the fivefold de-ticular band.
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TABLE I. Values of the energy gaft and the exchange splitting
Agy (in €V) in b—e are approximate and extracted from DOS re-
ported in the papers cited below.

LSDA?2 LSDA+U? LSDAP LSDA+US GGAY GGA®

A 13 2.1 1.5 2.0 1.3 1.8
Aey 2.3 46 1.8 45 25 29

aQur calculations.

bAs reported by SchwarttRef. 1).
CAs reported by Korotiret al. (Ref. 3.
7.00 dAs reported by Maziret al. (Ref. 4).

650 Q % eAs reported by Kunest al. (Ref. 10.

6.00 are in the excellent agreement with full potential calculations
I X M I Z R A Z performed by Mazin and co-workets.

FIG. 2. (Color onliné LSDA band structure of CrQfor spin Now we compare calculated electronic structure using the
minority carriers. Dark and light shaded arége] and greenshow ~ LSDA and the LSDA-U methods with the available experi-
the specific weight of;, andtgg orbitals, respectively, in the par- mental data. Figure 4 shows comparison of ultraviolet pho-
ticular band. toemission spectroscogyPS experimenté (photon energy

hv=40.8 eV} with the theoretical spectra which are calcu-
cross the Fermi level in the spin majority channel mainlyjated densities of states smeared by both Gaussian and
consist of thet; orbitals (see Fig. 1 Almost nondispersive Lorentzian broadening functions. The Gaussian broadening
narrow band belovEe (shown as lightly shadeds formed  takes into account experimental resolution while Lorentzian
by the t;, orbital. This localized state undergoes large ex-takes into account finite lifetime effects. The Gaussian broad-
change splittingA®* making spin minoritytgg orbitals unoc-  ening parameter is taken to be 0.4 eV. The full width at
cupied(see Fig. 2 half-maximum(FWHM) of the Lorentzian was taken to be

The main changes which occur in the band structure foenergy dependent and equal to|B:2E¢| eV. We can distin-
nonzero values o) andJ using the LSDA-U method are  guish two main features in the UPS spectiaa small hump
schematically shown in Fig. 3. These calculations were perin around—1.5 eV which arises from thi, band of Cr, and
formed withU=3 eV andJ=0.87 eV. The center of gravity (i) a big hump around-6.0 eV which comes from the broad
of occupiedty, band is pushed down by 0.6 eV. The spin 2p oxygen band. Both features are fairly well described by
majority unoccupiede, bands are pushed up by 0.6 eV, both the LSDA and the LSDAU calculation. The small
which opens 0.4 eV gap betwegjy ande, bands above the discrepancy between the LSDA calculation and experiment
Fermi level. In the spin minority channel the occupied oxy-could be referred to the fact that at small photon energies
gen bands are shifted up by 0.3 eV. The upper unoccugjed photoemission is a more surface sensitive technique. Indeed,
andey bands are shifted up by 1.1 eV. As a result, the insutecent PES studies of Vanadium oxitfélsave been found to
lating gap is increased and reaches the value of 2.1 eV.  yield spectra not characteristic of the bulk, but rather of sur-

Before we proceed we would like to compare our resultface atoms whose lower coordination number can render
with earlier reported calculations. Table | summarizes valuegnore strongly correlated surface layer.
of spin minority energy gag and exchange splittinde,, For the unoccupied states we have chosen to compare our
reported in literature as well as the ones obtained by us. We
would like to emphasize that our results obtained using ASA

Energy (eV)

7.50

— M ‘Expérimeht L
4 LDA
LDA LDA+U g E: Y LDA+4U -=-=mnn-
f T
2| i
=
g 2
I )
©g tog >
€9 ‘Z
) N t2 3
. 2d = \
29 1] .
EF . S —
LE] EF LET] l 8 7 6 -5 4 3 2 -1 0
ﬁ "¢ Energy (eV)
9 t2g FIG. 4. Comparison between theoretical densities of states and

FIG. 3. Schematic density of staté®OS of CrO, deduced experimentalRef. 7) UPS spectra for Cr® The theoretical DOS
from the LSDA and LSDA-U calculations. Shaded semicircles were smeared out by Gaussian and Lorentzian broadening functions
from right and left represent the bands for spin majority and spinto account for experimental resolution and lifetime effects. The sec-
minority carriers. ondary electron background has been taken into account.
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‘Experiment’ - tgg and unoccupiee, bands. The hump is formed by inter-
- A band transitions within thé,; manifold and the oxygen®
N bands near the Fermi level in the spin majority channel. Ap-
¥ parently, the LSDA prediction is much closer to the experi-
f mental curve than the LSDAU one. The LSDArU calcu-
L& [ ! lations overestimate the minority gap, and hence, the spin
Y minority transitions occur at higher energies. Our conclusion
completely agrees with the conclusion of the study by Mazin
and co-worker$.
, ‘ ‘ , , ‘ ‘ Results of calculated MAE for Crlare presented below.
0 1 ) 3 4 5 6 We remind that magnetic anisotropy is the dependence of the
Energy (eV) internal energy on the direction of spontaneous magnetiza-
tion. The magnetic anisotropy is a relativistic phenomenon
arising due to spin-orbit coupling, where the spin degrees of
curve from the partial Cr @ and 4 DOS we used 0.1 eV for frlgedom |2tera(glw;tfé the spatl?lfanlsdotropy ;}hrough the coul—
Gaussian FWHM. The Lorentzian FWHM was taken to be energypmg to the orbital degrees of freedom. The experimenta

dependentand equal to 2 €. The binding energy ofcorerg, et R & A 0 CAoice BBt Y e e evers-
Cr state 577 eV has been subtracted from the experiment P ’

spectrum ibly decomposes at about 200 ¢EThe recent reliable mea-
' surements are performed on epitaxial gr@yers®2 For

results with the available x-ray absorption sped¥&S)* thicker films (700 A—1.2um) the in-plane magnetic aniso-
rather than with the inverse photoemission as it had beeH0opYy was observed witf001] and[010] easy and hard axis
done beforé. The main reason for this is that XAS is a bulk directions, respectively. The value of magnetocrystalline an-
(not surfacg sensitive method. The@Cr XAS spectruritis  isotropy constantK, reported by different groups are
compared to our theoretical calculations in Fig. 5. To deducé.7 ueV,'® 9.6 ueV;?° and 15.6ueV (Ref. 21 per cell.
theoretical spectra we performed both Gaussian and Lorenthese values are bigger than typical values of MAE for met-
zian broadening of @ and 4 partial DOS. Two first peaks als (€.g., for Ni and Fe they are 2.8 and 1V per cell
around 0.5 eV and around 1.5 eV come from the unoccupie§orrespondingf). It could be justified by the fact that such
3d orbitals of chromium. The main contribution to the sec-Metals as Fe and Ni have cubic crystal structure where MAE
ond peak comes from thi, orbitals in the spin minority identically vanishes in the second order and arises as fourth
channel. Thus, the LSDAU overestimates the spin minority order effect in the spin-orbit couplirig. The low crystal
gap twice as much. symmetry of CrQ provides MAE to appear already in the
Below we discuss the optical conductivity of GrQOn second order of the perturbation theory, leading to bigger
Fig. 6 diagonak components of the optical conductivity cal- value of MAE than typical metal values.
culated using the LSDA and LSDAU methods are com- Within our LSDA calculation the directiof001] was
pared with the experimental results reported by Basov anfpund to be easy magnetization axis, which is consistent with
co-worker§ (x coordinate refers to the basis of unit gellhe  latest thin film experiment&?! To calculate the magnetic
main two features of the calculated optical conductivity are anisotropy energie€MAEs) we subtract the total energy for
shoulder around 2-3 eV and a broad hump located at ene®asy magnetization axis from the total energies with different
gies 0.2-1.5 eV. In both LSDA and LSDWU schemes the directions of magnetizatio(i010], [111], and[102]). For the
shoulder can be identified with two types of transitions. Firstnomentum space integration in the total energy calculations,
contribution arises from the minority spin gap transitions andve follow the analysis given by Trygg and co-workérand

the second one comes from transitions between the occupidtpe special point methédwith a Gaussian broadeniffgof
15 m Ry. The validity and convergence of this procedure has

Intensity (arbitrary units)

FIG. 5. Comparison between theory and experim@df. 11
for Cr 2p x-ray absorption(XAS) spectrum. To deduce theoretical

T Baperiment been tested in their work We used about 100R points in
IR H))/iw o } ] the irreducible Brillouin zone, while the convergence of
Hog SRSy HEEe ] MAE was tested up to 800K points without any change in
2 0s values of MAE. Numerical values of MAE in LSDA calcu-
She lation exceed the maximum experimental value by approxi-
? 04 interband transitions M mately fOUr time§'1
g wibimghaniod } i ] To figure out the influence of intra-atomic repulsidron
2 e the magnetic anisotropy, we have performed LSBA cal-
g ] culations for different values dff increasing it from O to 6
‘OE: eV (J=0.87 eV was kept constant except for the LSDA

=0 case. The results of these calculations are presented in

45 Fig. 7. MAE decreases rapidly starting from the LSDA value
(which is approximately equal to 68eV per cel) and
FIG. 6. (Color online Comparison of the optical conductivity of changes its sign arourldd=0.9 eV. This leads to switching
CrO, obtained using the LSDA and LSD®U methods against the correct easy magnetization axif01] to the wrong one,
experimental datéRef. 8. namely[102]. The biggest experimental value of the MAE
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calculations of electronic structure, optical conductivity, and

100
0 Lo -~ Experimental Value | I magnetic anisotropy of CrOOur comparisons with the ex-
= perimental data point out the local spin density approxima-
© -100 | tion as the proper method to describe this material. We ex-
E‘-zoo | plained the discrepancy between the LSDA and
2 photoemission studies, discussed earlier by other autHors,
1w <300 - by the fact that due to small photon energies used in PES, it
= is more surface rather than bulk sensitive technique. We re-
-400 - L . .
E(010) - E(001) —m— solved this problem by showing that XAS spectrum is unam-
-500 1 E(102) - E(001) —e— biguously described by the LSDA calculation. It has been
E(111)- E(001) —a— also shown that even intermediate valuedJofof the order

600 s 5 & of 1-2 e\) lead to the failure of the LSDAU method to

3
U(ev) describe the magnetic anisotropy and the optical conductivity
FIG. 7. The magnetocrystalline anisotropy energies forQx®  of CrO,. Since the LSDA-U is not adequate for the descrip-
functions of U. The experimental value of MAE[010]-E[001]  tion of electronic structure of CrQOas well as of its optical
=15.6ueV per cell is shown by the arrow. and magnetic properties, we conclude that the ordered phase
of CrO, could be described as weakly correlated material
reported in the literature is 15&eV per cell’! The calcu- with small values of on-site Coulomb repulsion. It is impor-
lated MAE approaches this value aroulld=0.6 eV. This tant to notice that, while we have found that a simple one-
signals that correlation effects in tlieshell may be impor- electron picture describes well the ferromagnetic phase of
tant for this compound although they are strongly screenethis material, there is a narrow band formed by the nondis-
out. persivetg orbitals (xy character which in the paramagnetic
Another question can arise whether dynamical mean fielgphase will be single occupied, due to the on-site Coulomb
theory (DMFT) treatment would change values of MAE or interactions, an effect which cannot be described in LDA and
not. From our experience we expect the total energy to bavill require a dynamical mean-field treatment for this mate-
sufficiently robust quantity, almost insensitive to the factrial as done in Ref. 5. The physical basis for the applicability
whether we take into account dynamical correlations or notof static mean-field picture in tHerromagnetic phasef this
Within DMFT framework the redistribution of the spectral material, is due to the large exchange splitting which is able
weight nearby the Fermi level usually occurs, but the totalo effectively enforce the single occupancy of tgbeorbitals.
energy seems to remain almost the same. This research was supported by the ONR Grant No.
To conclude, we have reported the LSDA and LSPA  4-2650. The authors would like to thank I. I. Mazin.

0 1 2

1K. Schwarz, J. Phys. F: Met. Phy&6, L211 (1986. Chen, Phys. Rev. B6, 174440(2002.
2S. P. Lewis, P. B. Allen, and T. Sasaki, Phys. Rev5g 10253  3V. |. Anisimov, F. Aryastiawan, and A. |. Lichtenstein, J. Phys.:
(1997. Condens. Matte9, 767 (1997).
3M. A. Korotin, V. I. Anisimov, D. |. Khomskii, and G. A. Sa- *For a review, see, e.gStrong Correlations in Electronic Structure
watzky, Phys. Rev. Lett80, 4305(1998. Calculations edited by V. I. AnisimovGordon and Breach Sci-
41. 1. Mazin, D. J. Singh, and C. Ambrosch-Draxl, Phys. Rev. B ence Publishers, Amsterdam, 2000
59, 411 (1999. 150. K. Andersen Phys. Rev. B2, 3060(1975.
5M. S. Laad, L. Craco, and E. Miiller-Hartmann Phys. Re\68 163, Y. Savrasov, Phys. Rev. B4, 16470(1996.
214421(2002). 17S.-K. Mo, J. D. Denlinger, H.-D. Kim, J.-H. Park, J. W. Allen, A.
6L. Craco, M. S. Laad, and E. Miiller-Hartmann Phys. Rev. Lett. Sekiyama, A. Yamasaki, K. Kadono, S. Suga, Y. Saitoh, T.
90, 237203(2003. Muro, P. Metcalf, G. Keller, K. Held, V. Eyert, V. I. Anisimov,

’T. Tsujioka, T. Mizokawa, J. Okamoto, A. Fujimori, M. Nohara, and D. Vollhardt, Phys. Rev. LetB0, 186403(2003.
H. Takagi, K. Yamaura, and M. Takano, Phys. Rev. 38, 188, L. Chamberland, CRC Crit. Rev. Solid State Mater. S&il

R15509(1997. (1977).

8E. J. Singley, C. P. Weber, D. N. Basov, A. Barry, and J. M. D.19.. Spinu, H. Srikanth, A. Gupta, X. W. Li, and Gang Xiao, Phys.
Coey, Phys. Rev. B30, 4126(1999. Rev. B 62, 8931(2000.

9C. B. Stagarescu, X. Su, D. E. Eastman, K. N. Altmann, F. J2°F. Y. Yang, C. L. Chien, E. F. Ferrari, X. W. Li, Gang Xiao, and
Himpsel, and A. Gupta, Phys. Rev. &1, R9233(2000. A. Gupta, Appl. Phys. Lett77, 286 (2000.

103, Kunes, P. Novak, P. M. Oppeneer, C. Kénig, M. Fraune, U.21X. W. Li, A. Gupta, and Giang Xiao, Appl. Phys. Let?5, 713
Rudiger, G. Guntherodt, and C. Ambrosch-Drax|, Phys. Rev. B (1999.
65, 165105(2002. 223, Trygg, B. Johansson, O. Eriksson, and J. M. Wills, Phys. Rev.
11E, Z. Kurmaev, A. Moewes, S. M. Butorin, M. |. Katsnelson, L. Lett. 75, 2871(1995.
D. Finkelstein, J. Nordgren, and P. M. Tedrow, Phys. Re6  23S. Froyen, Phys. Rev. B9, 3168(1989.
155105(2003. 24M. Methfessel and A. T. Paxton, Phys. Rev.48, 3616(1989.
12p . Huang, H.-T. Jeng, C. F. Chang, G. Y. Guo, J. Chen, W. P25, Yang, S. Y. Savrasov, and G. Kotliar, Phys. Rev. L&,
Wu, S. C. Chung, S. G. Shyu, C. C. Wu, H.-J. Lin, and C. T.  216405(200).

172403-4



