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CrO;: A Self-Doped Double Exchange Ferromagnet
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With the help of band structure calculatiofisSDA + U) a clear picture of the physics behind the
metallic ferromagnetic properties of Cy@s revealed. It is concluded that Cf@ a negative charge
transfer gap material which leads to self-doping and explains why it is a metal in spite of the large
Coulomb interactions. We find that there exist in ¢tith localized and itinerant electrons, resulting
in ferromagnetic ordering due to double exchange similar to colossal magnetoresistance manganates.
[S0031-9007(98)06035-9]
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There has been a revival in interest 3@ transition d bands are divided into two parts: a very weakly dispers-
metal oxides during the last decade. This was initiallying band well below the Fermi level providing localized
stimulated by the discovery of high- superconductivity moments, and strongly dispersing and strongly hybridized
in complex copper oxides, and more recently by the acd bands crossing the Fermi level. The strong hybridiza-
tive study of the colossal magnetoresistance manganatéisn of these bands dilutes the effect of the on-sitd
(CMR) La,—,(Ca Sn,MnOs. These latter systems in the Coulomb interaction leading to the metallic behavior co-
most interesting composition range are metallic ferromagexisting with the presence of localized magnetic moments.
nets. This is interesting in itself because both metallic CrO, is a ferromagnetic metal with a saturation mag-
behavior and especially ferromagnetism are rare amongetic moment o2.00uz and a low temperature resistivity
the oxides: most of them are antiferromagnetic or ferri-with a nearly7? temperature dependence [9]. Band struc-
magnetic with dominating antiferromagnetic interactionsture calculations in LSDA [3] explain this behavior as that
We need to meet certain special conditions to stabilizef a half-metallic ferromagnet [4] with a gap in the minor-
ferromagnetism. One of the main mechanisms invokedty spin band resulting in the integral magnetic moment
to explain ferromagnetic ordering in these systems is th@er formula unit in spite of the strong covalency effects.
double exchange mechanism [1] which typically acts inHowever, the magnetic susceptibility in the paramagnetic
doped compounds, although it is not the only one [2].  phase exhibits a Curie-Weiss—like behavior with a local

Another very well known material of this class is moment of als®2up indicating that the mechanism for
chromium dioxide, Cr@, widely used in magnetic record- ferromagnetic behavior is not a band (Stoner-like) mecha-
ing tapes. In contrast to La,(Ca Sr,MnOs, already nism. Local moments indicate strong correlation effects,
pure stoichiometricCrO, is metallic and ferromagnetic. and this was, in fact, suggested by early photoemission
In its formal 4+ valence state Cr has tw&d electrons data [10] which looked more like those of a semiconduc-
in t,, orbitals which in a simple picture of strong corre- tor with a vanishing density of states (DOS) at the Fermi
lations would suggest a Mott insulatinglike ground stateenergy and a spin polarization of nearly 100% for binding
with S = 1 local moments and most likely antiferromag- energies about 2 eV below the Fermi level.
netic spin order. This seems to be about as far from the CrO, has a rutile structure (space grodp: P4,/
actual observed properties as one can get. Band structurem) in which the unit cell consists of two formula units.
calculation [3], in contrast to marB¢ transition metal ox- The Bravais lattice is tetragonat fa = 0.659 58) with a
ides, do give a good description of these properties corlattice constant ofi = 4.421 A [11]. The Cr atoms form
cluding that CrQ is a so-called half metallic ferromagnet a body-centered tetragonal lattice and are surrounded by
[4]. In this Letter we will address the problem asvity  distorted oxygen octahedra. The octahedra surrounding
CrO, is metallic in spite of a large Coulomb interaction. Cr at the body’s center and corner positions differ by
We conclude that the very unique band structure with am 9C° rotation about thec axis (see Fig. 1 where Crl
almost pure oxygelp band crossing the Fermi level is and Cr2 atoms are in the corners of the unit cell and
responsible for that and that this causes Cibe mixed Cr3 atom is in the body center position). The simplest
valent much like the doped manganates. CrBere- CrOq cluster calculations show that this kind of distortion
fore belongs to the class of negative charge transfer gapf the octahedra (elongation along theaxis) leads to
materials in the Zaanen-Sawatzky-Allen (ZSA) schemedhe new natural basis for the, orbitals:xy, (yz + zx),
[5—7]. Using LSDA+ U method [8] we show that the and (yz — zx) in a local coordinate system for every
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ity spin DOS from the bottom of the conduction band
to higher energy, the dip in the majority spin DOS at
the Fermi level becomes more pronounced which can be
taken as an indication of the tendency toward a gap for-
mation. The decrease of the DOS &t in comparison

to [3] may be partially responsible for the reduced signal
close toEr observed in photoelectron spectroscopy [10].
In our calculations, however, CsQs still a metal albeit
with the reduced DOS at the Fermi level. Note that more

FIG. 1. Angular distribution oky (left) and (yz + zx) (right) recent photoemission data [15] show a finite DOFaf

electron spin density for the nearest Cr neighbors as determinédld the spectrum obtained in [15] is in rather good agree-
by LSDA + U. The crystallographie axis is indicated. The ment with our calculations.

left panel shows the orbitals containing localized spins and The tendency to open a gap in an energy spectrum
the right panel—the more dispersiveorbitals forming bands  \yhich we noticed above was confirmed by calculation
crossing the Fermi level. with larger values olJ. It was found that the gap would
indeed open at/ = 6 eV which would make Cr® a
octahedron, in which the axis is directed to the apex Mott-Hubbard insulator.
oxygen and thex and y axes are directed to the basal There are other aspects of the calculation that are very
plane oxygens; cf. [12]. Thus in Fig. 1 for Cr3 atom the interesting and provide the clues to the basic mechanism
axis is directed to the O3 oxygen and thandy axes are for the ferromagnetic metal behavior. First, notice that
directed to the O1 and O2 oxygens. At the same time, théhere are bands of predominantlyXp character crossing
01 and O2 become apex oxygens for Crl and Cr2, and thihe Fermi level close to th& point (white and lightly
z axis is directed to these oxygens. We will demonstrateshaded points in Fig. 2). We stress that these are different
below that this distorted structure is responsible for rathefrom the p states which always appear due bp
peculiar properties of thé bands. hybridization. In our case states would be present &g
LSDA + U calculations were performed in the lin- even with the hybridization switched off (pugeband at
earized muffin-tin orbitals (LMTO) approach [13] with the Fermi surface); this is clearly seen from the “coloring”
atomic spheres radii of 2.06 a.u. for Cr and O and 1.7®&f the bands according to the amount of2p and Cr
and 1.62 a.u. for the two kinds of empty spheres used@d character as shown in Fig. 2. The fact that almost
(8 per unit cell in total) to fill the empty space as muchpure p states extend to the Fermi level is very important.
as possible. The spherical harmonics were expanded fthis means that these states can be used as electron or
the value ofl,,x = 3 and 2 for the atomic and empty hole reservoirs causing a nonintegral occupation ofd¢he
spheres, respectively. For the Brillouin zone (BZ) inte-bands. This may be called self-doping [2,7]; it results
gration 1300k points were used. The screengdandJ  in Cr becoming actually mixed valent similar to what
parameters used in the LSDA U scheme were calcu- happens when we dope LaMr®y Sr. This is one of the
lated by constrain method taking into account participaimain reasons for the metallic behavior of Gri@ spite of
tion of ¢, electrons in screening of the, electrons [14] quite largeU values.
and found to be 3 and 0.87 eV, respectively. The situation when the almost pureXp bands cross
The results of this calculation are shown in Figs. 2—4the Fermi level indicates that such materials should be
First, for U = 3 eV the material is found to be a half- considered as lying in the negative charge transfer gap
metallic ferromagnet, similar to the previous LSDA re- region of the ZSA diagram. The negative charge transfer
sults [3]. However, inclusion of the electron correlationsgap behavior is not unexpected for oxides with transition
modifies the electronic structure in a small but nonethemetals in very high oxidation states because of the
less important way. Together with the shift of the minor-increased electron affinity of these ions. The crossing of
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FIG. 2. LSDA + U band structure of CrOfor majority spin sublattice in the vicinity of the Fermi level. Open circles denote
the contribution ofd states less than 25%, light gray circles—between 25% and 50%, gray—between 50% and 75%, and black—
predominantlyd character of the band. The Fermi level is the zero of energy.
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8 -6 -4 2 0 2 4 6 8 character they are very sensitive to the sizé&/adind shift
T J— further away fromE asU increases.

On the other hand, the, d states (of predominantly
yz + zx character at each site) are strongly hybridized
with O and form dispersive bands crossing the Fermi
level. This explains why the strong-d Coulomb inter-
action has relatively little influence on these bands which

I b |1 remain metallic. These electrons move through the core
of localizedd,, electrons which because of the Hund’s
ir T 11 rule coupling tend to polarize them, resulting in a ferro-
magnetic exchange very similar to the double exchange
0 W t t t — 0
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mechanism of Zener [1].

An extra confirmation of this conclusion comes from
11 the calculation, in which we artificially imposed an
antiferromagnetic ordering. The simplest two-sublattice

12 antiferromagnetic structure was chosen, with the spin in
: the body center sites opposite to the spins at the corners
c of the unit cell. The band structure obtained has a small
gap ~0.15 eV exactly at the Fermi surface. That means
that CrQ in an antiferromagnetic phase would have been

1 an insulator. Thus, the metallicity and ferromagnetism in
! ! CrO, do indeed support each other, in full agreement with
the double exchange picture.

The reason for this dualistic behavior of the states,
FIG. 3. Total density of states per formula unit and for bothi.e., some localized and others dispersive, can be found
spins (a) and partial Cbd (b) and O2p (c) density of states jn the distortion from an ideal rutile-type crystal structure
of Cr0,. [17]. Our calculations show that in the ideal structure

with the same length of all 12 O-O bonds in a perfect
the O2p band of majority spin causes only a magneticoxygen octahedron, all the,, bands would have the
moment on the oxygen which is in qualitative agreementame width. In the real distorted structure the edge
with observation of magnetic x-ray dichroism at thel© sharing nearest Cr neighbors (Crl and Cr2 in Fig. 1)
edge in CrQ by Schutzet al. [16]. move apart decreasing the bandwidth and shifting its

Another very important feature is the presence ofcenter of gravity to low energies in comparison with the
the almost dispersionless majority spin band at aboutenters of gravity of the other twn, bands. And now
1 eV below Er in Fig. 2 over a large region of the with the inclusion of Coulomb interactions, this band
BZ which, as is indicated by the black circles, hasbecomes the first candidate to be fully occupied. Just that
almost pured character. This is observed as a peak inhappened in our LSDA+ U calculation. This picture has
the DOS in Figs. 3 and 4, and corresponds to stronglynuch in common with the band structure, proposed by
localizedxy orbitals completely occupied by one majority Goodenough [18] on phenomenological grounds.
spin electron. Because these states have almostdure It is possible to visualize thel orbitals mentioned

above (in particular, occupied orbitals) by plotting the an-

gular distribution ofd electron spin density for these or-

1 0 1 bitals (Fig. 1):p(0. &) = 3, Qun Y (0, $) Y (0, p)

where Q. = nl,,,m/ - ni,,,m/ is the d spin occupation
number for the case ofy orbital or2 X 2 matrix for the
case of (z + zx) orbital obtained in our self-consistent
calculation andr,,(6, ¢) are corresponding spherical har-
monics. Note that ¥z + zx) orbitals of Cr atoms hy-
bridize with each other viar overlap with O1 and O2
oxygens [12] (right panel of Fig. 1).

From the picture obtained one should expect, as is com-
mon for the double exchange systems, a negative magne-
toresistance in the paramagnetic region. Previous results
have shown that the magnetoresistance of dglrather
FIG. 4. Partial Crr,, majority spin density of states in the small [9,19], but these measurements were done only
vicinity of the Fermi level. below room temperature. It would be interesting to
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