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Double-exchange mechanism for CrO2
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Band-structure calculations predict a gap of 1.5 eV in the minority-spin density of states of the half-metallic
ferromagnet CrO2. The magnitude ofTC , the magnons, and the activation gap in the resistivity cannot be
explained with this band picture. We propose a double-exchange mechanism for two electrons per Cr site
invoking strong Hund’s rule correlations and the distortion in the CrO6 octahedra, which localize one electron
into the xy orbital at each Cr site, while the electrons in thexz and yz orbitals are itinerant. The effective
exchange interaction naturally leads to a ferromagnetic ground state with low-energy magnon excitations and
several branches of excitations separated by energy gaps from the ground state, reducingTC . Quantum
fluctuations suppress the orbital long-range order, giving rise to an orbital resonant valence bond-type ground
state.
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I. INTRODUCTION

Chromium dioxide, CrO2, is a half-metallic ferromagne
that is widely used in magnetic recording tapes. A ha
metallic ferromagnet1 is fully spin polarized with the
majority-spin component having a Fermi surface and beh
ing like a metal, while the spectrum of the minority-sp
bands is gapped~insulating properties!. The full spin polar-
ization makes this compound an ideal candidate for a so
of spin-polarized electrons for spin injection into semico
ductors at low temperature.2

CrO2 has a rutile structure with the Cr ions forming
tetragonal body-centered lattice.3 Cr41 has a closed-shell A
core and in addition two 3d electrons. The Cr ions are at th
center of CrO6 octahedra, so that the 3d orbitals are split into
a t2g triplet and an excitedeg doublet. With only two 3d
electrons to be placed, theeg states are irrelevant and on
the t2g orbitals need to be considered. The tetragonal sy
metry distorts the octahedra, which in turn lifts the dege
eracy of thet2g orbitals into axy ground state andxz1yz
andxz2yz excited states.4,5 Due to the strong correlations i
the 3d shell the spins of the two 3d electrons are aligned to
form S51 at each Cr site~first Hund’s rule!. Hence, thexy
orbital is occupied by one electron and to first approximat
the xz andyz orbitals have each a 50% probability of bein
occupied.4

The band structure of CrO2 was calculated by several au
thors using the local spin density approximation4,6–8~LSDA!
and LSDA1U.5 In all cases the hybridization of the Cr 3d
electrons with the O 2p states yields a half-metallic ferro
magnetic ground state, i.e., the Fermi level is pinned by r
tively narrow bands~of widths less that 1 eV! of the majority
electrons, and the minority-spin component is gapped at
Fermi level with the O 2p states filled and well below the
Fermi level, while the Cr 3d states are empty and far abov
the Fermi level. The magnitude of the gap of the minor
states depends on the calculation, but it is always
least 1.5 eV.

Experimentally, CrO2 has a ferromagnetic Curie temper
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ture TC in the range of 385–400 K.9,10 The magnetic mo-
ment, extrapolated to 0 K and high field, is an integral 2.0mB
per Cr ion. The full spin polarization of CrO2 at low T has
been confirmed recently by tunneling experiments throu
an Al/I/CrO2 interface, where I is an artificial barrier and A
acts as the superconducting counterelectrode.11 The tempera-
ture dependence of the magnetization well belowTC was
found to follow theT3/2 dependence expected for ferroma
netic magnons with an average spin-wave stiffness cons
of D51.8310240 Jm2.10 The resistivity has aT2 variation at
low temperatures12 and at intermediateT it is well described
by an Arrhenius law with an activation energy of about
K.9 The low-temperature specific heat is proportional toT
with an enhancedg coefficient of about 7 mJ K22.13 The
T3/2 magnon contribution is also observed in the spec
heat.

The activation gap in the resistivity, theT3/2 spin-wave
dependence of the magnetization, and aTC of 400 K are not
consistent with a gap of 1.5 eV for the minority-spin excit
tions as predicted by the band-structure calculations. We
pose to reconcile this glaring difference in the spin-flip e
ergy by means of many-body correlations~which are not
fully included in band calculations! leading to collective
low-energy excitations. The origin of the correlations are
Hund’s rule coupling and the hopping of the 3d electrons
~correlated hopping!, which gives rise to a ferromagnetic in
teraction between sites, related to the double-excha
mechanism.14–16 This mechanism also explains why th
ground state of CrO2 is ferromagnetic in the first place~see
also Ref. 5!.

The density of states of CrO2, measured by x-ray and
ultraviolet photoemission and bremsstrahlung isochrom
spectroscopies,13 is in reasonably good agreement with th
LSDA 1U band calculations~except at low energies!,5 and
the experimental optical conductivity of CrO2 ~Ref. 17! re-
sembles the calculated one.8 The above is not unexpected
since the collective double-exchange excitations are not
evant at intermediate and high energies. Many-body asp
and their temperature dependencies have been studie
Refs. 18 and 19 for a two-orbital Hubbard-like model usi
the dynamical mean-field theory~DMFT! yielding an im-
proved semiquantitative agreement with experiments.
©2003 The American Physical Society19-1
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The remainder of the paper is organized as follows. T
lattice and electronic structures of CrO2 are briefly reviewed
in Sec. II. Although the O 2p orbitals hybridize with the Cr
3d, we will neglect this effect in this paper, i.e., we assum
that the essential correlations arise in the 3d shell. In Sec. III
we consider the correlated hopping of 3d electrons between
two neighboring sites including the on-site Hund’s couplin
Three situations are discussed.~i! The hopping of electrons
in two orbitals per site and the spin degrees of freedom c
related via Hund’s rule yieldsantiferromagneticallycoupled
spins for on average two electrons per site, in analogy to
t-J model, which is the largeU limit of the Hubbard model.
This case cannot lead to a ferromagnetic ground state.~ii !
The xy orbital has lower energy than thexz andyz levels4,5

and localizes one electron. An additional electron is allow
to hop between the sites subject to Hund’s rule correlatio
leading to the well-known double-exchange mechanis
originally introduced to explain theferromagneticcoupling
in the manganites.14–16 ~iii ! The two-site problem with ex-
actly four electrons, with one localized at each site and
other two exchanged by correlated hopping, again yield
ferromagneticcoupling between the sites. Two different o
bital states (xz andyz) are necessary for this mechanism.
addition, the coupling between the sites also yields exc
states with an energy that is a fraction of the ground-s
energy of the Heisenberg ferromagnet. In Sec. IV we brie
discuss the consequences of the coupling on a lattice
spins. A double exchange as the origin of the ferromagnet
of CrO2 is also suggested in Refs. 5 and 18. The ferrom
netism is accompanied by no long-range order in the orb
states, which form a liquid of resonant valence bonds
discussion follows in Sec. V.

II. ELECTRONIC STRUCTURE

CrO2 crystallizes in a rutile structure with two formul
units per unit cell.3 The underlying Bravais lattice is body
centered tetragonal with lattice constantsa5b54.419 Å,
and c52.912 Å.20 The tetragonal symmetry orthorhomb
ically distorts the CrO6 octahedra. In a unit cell the Cr atom

are then located at the positions@0,0,0# and @ 1
2 , 1

2 , 1
2 # in the

lattice coordinates, and the four oxygens are placed

@u,u,0#, @12u,12u,0#, @ 1
2 1u, 1

2 2u, 1
2 #, and @ 1

2 2u, 1
2

1u, 1
2 #, whereu50.303. The shortest distance between

ions is 2.912 Å along thec axis. The side-shared octahed
are then arranged in ‘‘ribbons’’ running parallel to the tetra
onal c axis.4 Adjacent ribbons~corner-shared octahedra! are
rotated by 90°. Thet2g orbital contained in the plane of th
ribbon is called thexy orbital. From the symmetry of the
deformed octahedron the other two orbitals arexz1yz and
xz2yz, where thez axis is perpendicular to the plane of th
ribbon ~see Fig. 1!. The orthorhombic distortion of the CrO6
octahedra lifts the degeneracy of thet2g levels with thexy
orbital having lowest energy. Thexz1yz andxz2yz levels
are also split, but with the solid-state effects both hav
finite density of states at the Fermi level. For simplicity w
will consider these two levels as degenerate throughout
paper.
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Several LSDA band-structure calculations have been
ried out for CrO2. Schwarz6 predicted a full 2mB per Cr41

ion as required by Hund’s rules. The Fermi level lies in
partially filled majority ~up-spin! band, but the minority
~spin-down! density of states is gapped at the Fermi lev
~gap'1.5 eV), yielding a half metallic ferromagnet.1 Simi-
lar results were obtained in Ref. 7. A more detailed LSD
calculation by Lewiset al.4 had a similar outcome~half-
metal with a minority gap of about 1.5 eV!. The spin-density
contour levels revealed a clover-leafxy pattern for the po-
larization in the equatorial plane of almost exclusively loc
ized 3d character corresponding to 1mB , while similar re-
sults with half the strength were obtained for thexz andyz
orbitals.

A slightly different picture was obtained within the frame
work of a LSDA1U calculation.5 The additional Hubbard-
like interaction reincorporates some of the correlations n
mally underestimated or neglected in the LSDA. Again
half-metallic ferromagnet was obtained, but with an e
hanced gap~of about 2.7 eV forU53 eV) in the minority-
spin density of states. There was also a stronger participa
of the O 2p states at the Fermi level in the majority ban
Korotin et al.5 proposed CrO2 to be a self-doped double
exchange ferromagnet. IfU was increased further (U
.6 eV) a gap opened as well in the majority band.

III. EXCHANGE MECHANISMS

In this section we consider the hopping of the 3d elec-
trons between two Cr sites subject to the on-site correlati
leading to Hund’s rules. The correlations and the hopp

FIG. 1. Cr ion surrounded by the six oxygen atoms forming
octahedron. The octahedra are arranged in ‘‘ribbons.’’ The tetra
nal symmetry of the lattice distorts the octahedra. The solid li
join neighboring oxygen sites in the equatorial plane, while
dashed lines join the apical~ap! and equatorial~eq! oxygens.
9-2
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DOUBLE-EXCHANGE MECHANISM FOR CrO2 PHYSICAL REVIEW B 67, 174419 ~2003!
yield an effective exchange interaction between the sites
order to simplify the problem to the essential features,
introduce the following approximations:~i! Although the
hopping between sites is mediated by the oxygen 2p states,
here we will assume direct hopping between Cr sites.~ii ! We
assume that the hopping is diagonal in the orbital index. T
hypothesis has no consequences for the two-site prob
since we may diagonalize the hopping matrix and defin
new basis of orbital states.~iii ! We assume the hopping ma
trix element is the same for all orbital channels, but it may
spin dependent.

Three situations are considered in this section:~A! The
hopping of correlated electrons in two orbitals with on av
age two electrons per site, which gives rise to antiferrom
netic coupling,~B! one localized electron per site in thexy
orbital and one electron hopping between the sites~ferro-
magnetic double-exchange mechanism14–16!, and ~C! the
two-site problem with exactly four electrons, one being
calized at each site and the other two electrons allowe
hop, which again leads to ferromagnetic coupling. We lim
ourselves to derive the exchange interaction between s
which gives rise to the magnetic excitations, and project
all other degrees of freedom.

A. Hopping of electrons in two orbitals

For two orbitals,a andb, the subspace for two electron
at a site consists of six states, namely, the direct produc
the spin triplet times the orbital singlet and the spin sing
times the orbital triplet. Hund’s rule coupling of strengthU
.0 reduces the energy of the spin triplet to2U and in-
creases the energy of the spin singlet toU. The ground state
at sitej is then one of the following states:

c j 15cj a↑
† cj b↑

† u j 0&,

c j 05221/2~cj a↑
† cj b↓

† 1cj a↓
† cj b↑

† !u j 0&,

c j 25cj a↓
† cj b↓

† u j 0&, ~1!

wherecjms
† creates an electron in the orbitalm with spin s,

and u j 0& denotes the vacuum state at sitej.
For the two-site problem we restrict ourselves to the s

space of nine states spanned by the on-site spin-trip
orbital-singlet states. Due to the rotational invariance of
spin space, the nine states can be classified according t
total spin, i.e.,S50, 1, and 2, and the spin projection alon
the z direction. Denoting the two sites 1 and 2, the hopp
of electrons between the sites with amplitudet is given by
Ht 5 2 t(s(c1as

† c2as 1c2as
† c1as 1c1bs

† c2bs 1c2bs
† c1bs).

The hopping Hamiltonian applied to the statesc11c21 or
c12c22 yields zero. These states are part of theS52 quin-
tuplet, which has energy22U, due to the absence of dy
namics. The remaining three states of theS52 multiplet are
obtained by successively applying the spin-lowering opera
to the state c11c21 , e.g. for Sz51 we obtain
221/2(c10c211c11c20).

The state withSz51 orthogonal to the aboveS52 state is
221/2(c10c212c11c20), which has total spinS51. The re-
17441
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duction of the energy of theS51 states due to hopping is
22U24t2/U to second order int. The remaining two states
of this multiplet are obtained by applying the spin-lowerin
operator. There are altogether three states with spin pro
tion Sz50. One state belongs to theS52 multiplet, a second
state to theS51 triplet, and the third state has total spinS
50. This state can easily be obtained from the orthogona
condition to the other two states, i.e. 321/2(c12c21

1c11c222c10c20). To second order int the energy of this
state is22U26t2/U.

The effective Hamiltonian for the two-site subspace un
consideration is

He f f522U22~ t2/U !~12S1•S2!, ~2!

whereSj are the effectiveS51 operators at sitej. Here the
spin operators contain the components of both orbital
grees of freedom, i.e.,Sj5sj a1sj b . The effective coupling
between the spins isantiferromagnetic, in analogy to the
spin-spin coupling in thet-J model,21,22and cannot give rise
to ferromagnetismin CrO2. Note that this model is differen
from the standardt-J model, which involves spin-1

2 opera-
tors and no Hund’s rule coupling.

For a given state the amount of the reduction depends
the dynamics of the electrons under hopping. TheS52
states have no dynamics, while the possibilities for hopp
are maximum for theS50 state, i.e., the spin polarizatio
inhibits the hopping of the electrons. This situation is qua
tatively unchanged if a third orbital channel is include
which increases the number of possible wave functions
hence the amount of algebra. The main conclusion, i.e.,
tiferromagnetic coupling of the spins, remains unchanged

B. Double exchange

The conclusion of Sec. III A~antiferromagnetic coupling!
completely changes if there is a localized spin at each s
Hund’s rule couples the spin of the localized electron w
that of the itinerant electrons and the hopping becomes
related, i.e., it now depends on the relativez projections of
the localized spins and that of the conduction electron. T
mechanism is known as the double exchange and was o
nally proposed to explain the ferromagnetic phase in
manganites.14–16

As argued in Sec. II due to the tetragonal symmetry
xy orbital has lowest energy and contains one localized e
tron. We consider the simplest situation leading to dou
exchange, and assume a localized spinS̃ at each Cr site and
only one orbit for the itinerant electrons. The hopping b
tween the sites labeled 1 and 2 is then

Hhop52t (
S1zS2zs

„S̃S1z , 1
2 suS̃1

2 ~S̃1 1
2 !~S1z1s!…

3„S̃S2z , 1
2 suS̃1

2 ~S̃1 1
2 !~S2z1s!…

3~c1s
† c2s1c2s

† c1s!, ~3!
9-3
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where the symbols in parentheses denote Clebsch-Go
coefficients enforcing Hund’s rules at each site. For one
calized electron per site we haveS̃5 1

2 , while for two local-
ized electrons thenS̃51, etc. ForS̃5 3

2 the model represent
the situation of Mn31 and Mn41 of the manganites.23 Note
that the localized electrons do not participate in hopping

For S̃5 1
2 the states of the two-site problem can be cl

sified into a pair ofS5 3
2 quadruplets and a pair ofS5 1

2

doublets. The two states with full spin polarization are

c6
3/25221/2~c1↑

† 6c2↑
† !u1↑,2↑&, ~4!

where the ket contains the spin components of the two lo
ized electrons at sites 1 and 2, respectively. These two s
are eigenstates of the hopping Hamiltonian. Since
Clebsch-Gordan coefficients for this case are equal to o
the energy of the states is7t. The state with lower energy
corresponds to the bonding state, while the one with hig
energy is the antibonding state. Due to the spin rotatio
invariance all four states of the bonding quadruplet have
ergy 2utu and all states of the antibonding quadruplet ha
energyutu. The remaining states of the quadruplets are
tained by successively applying the total spin-lowering o
erator to the states~4!.

The bonding and antibondingS5 1
2 doublet states are con

structed using the orthogonality to the quadruplet sta
They are, of course, also eigenstates of the hopping Ha
tonian ~3!. For the spin projection1 1

2 these states are

c6
1/25~12!21/2~c1↓

† u1↑,2↑&1c1↑
† u1↓,2↑&6c2↓

† u1↑,2↑&

6c2↑
† u1↑,2↓&)1321/2~c1↑

† u1↑,2↓&6c2↑
† u1↓,2↑&),

~5!

which have energy6 1
2 t. The factor 1

2 in the energy arises
from the Clebsch-Gordan coefficients. The remaining t
states are obtained by reversing all spins.

The results forS̃5 1
2 can then be summarized as follow

The ground state belongs to the bonding multiplet with la
est total spin. Hence, the spins are allferromagnetically
coupled with each other, as expected for the doub
exchange mechanism. For the generalization to arbitrarS̃
~see, e.g., Ref. 23! the ground state again belongs to t
bonding multiplet of maximum spin and has energy2utu,
such that the sites are alsoferromagneticallycorrelated. Or-
bital degrees of freedom do not affect this result.

C. Double exchange for CrO2

We assume that at both sites thexy orbital is occupied
with one electron and that there are two itinerant electron
two orbitals (xz andyz). The Hund’s rule locally couples al
spins ferromagnetically. As in Sec. III A we denote the orb
als bya andb. The localized electron of spin components
at site j is denoted by the ketu js&. The relevant spin-triplet
states with orbitala at sitej are now
17441
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w j a15cj a↑
† u j↑&,

w j a05221/2~cj a↑
† u j↓&1cj a↓

† u j↑&),

w j a25cj a↓
† u j↓&. ~6!

For two orbitals this set of states consists of six states
site.

The hopping of the itinerant electrons changes the c
figuration with two electrons per site to one in which one s
has one~localized! electron and the other site three electro
~one localized and two itinerant!. This new state requires
large energyU. To second order in the hoppingt we obtain
an effective exchange interaction within the space of sta
spanned by the set~6! in analogy to the procedure shown
Sec. III A. The states can be classified according to the t
spin, the total spin projection, and the orbital state~singlet or
triplet!.

We consider first the states with maximum spin,S52.
There are four spin quintuplets, three corresponding to
orbital triplet and one to the orbital singlet. The orbital tripl
two-site states are invariant under the exchange of orb
indices~even parity!, while the wave function of the orbita
singlet state changes sign if the orbital labels are in
changed~odd parity!. The spin-polarized states of the orbit
triplet are

ceven
aa ~S52!5c1a↑

† c2a↑
† u1↑,2↑&5w1a1w2a1 ,

ceven
ab ~S52!5221/2~c1a↑

† c2b↑
† 1c1b↑

† c2a↑
† !u1↑,2↑&

5221/2~w1a1w2b11w1b1w2a1!, ~7!

ceven
bb ~S52!5c1b↑

† c2b↑
† u1↑,2↑&5w1b1w2b1 ,

and the corresponding orbital singlet state is

codd
ab ~S52!5221/2~c1a↑

† c2b↑
† 2c1b↑

† c2a↑
† !u1↑,2↑&

5221/2~w1a1w2b12w1b1w2a1!. ~8!

It is straightforward to see that the orbital triplet states ha
no dynamics, because when applied to the hopping Ha
tonian they yield zero. The energy of the state with odd
bital parity, on the other hand, is reduced by the amo
24t2/U. The remaining states~with other spin projections!
are generated by successively applying the spin-lowering
erator.

The states with total spinS51 and projectionSz51 are
constructed using the orthogonality condition to the sta
with S52 and the same spin projection. Again, there are f
such multiplets corresponding to orbital triplet and sing
states, i.e.,

ceven
aa ~S51!5221/2~w1a0w2a12w1a1w2a0!,

ceven
ab ~S51!5221~w1a0w2b12w1a1w2b0

1w1b0w2a12w1b1w2a0!,

ceven
bb ~S51!5221/2~w1b0w2b12w1b1w2b0!,
9-4
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codd
ab ~S51!5221~w1a0w2b12w1a1w2b0

2w1b0w2a11w1b1w2a0!, ~9!

and all four states have the energy22t2/U. The states with
other spin projections are obtained by successively apply
the spin-lowering operator.

The four spin-singlet states (S50) are again obtained via
orthogonality to the other states:

ceven
aa ~S50!5321/2~w1a1w2a21w1a2w2a12w1a0w2a0!,

ceven
ab ~S50!5621/2~w1a2w2b11w1a1w2b22w1a0w2b0

1w1b2w2a11w1b1w2a22w1b0w2a0!,

ceven
bb ~S50!5321/2~w1b1w2b21w1b2w2b12w1b0w2b0!,

codd
ab ~S50!5621/2~w1a2w2b11w1a1w2b22w1a0w2b0

2w1b2w2a12w1b1w2a21w1b0w2a0!,

~10!

and the energies are23t2/U for the orbital triplet and
2t2/U for the orbital singlet.

The state with lowest energy is then the orbital sing
with S52, indicating that in the ground state the syste
favorsferromagneticcoupling. The energies for all the state
of the two-site molecule can be cast into the following e
pression:

H12
e f f522~ t2/U !@~ 3

4 2t1•t2!2~ 1
4 1t1•t2!S1•S2#,

~11!

where tj are the ‘‘spin-12 ’’ operators for the orbital pseu
dospin at sitej, andSj are the spin operators for the total sp
S51 at sitej.

IV. THE CrO 2 LATTICE

In this section we discuss the consequences of the dou
exchange mechanism for CrO2.

~i! From the cases discussed in Sec. III we conclude
the two-site interaction only favors ferromagnetism if the
is a localized spin at each site. An electron can only be
calized if the degeneracy of thet2g levels is lifted. Hence, the
strong distortion of the octahedra, a consequence of the
tragonal symmetry, is crucial for the ferromagnetic ha
metallic ground state of CrO2.

~ii ! The effective Hamiltonian for the lattice is the sum
Eq. ~11! over all the pairs of neighboring sites, i.e.,

He f f522(̂
i j &

~ t i j
2 /U !@~ 3

4 2ti•tj !2~ 1
4 1ti•tj !Si•Sj #,

~12!

wheret i j depends on the distance between the sites. For
ferromagnetic ground state the Hamiltonian reduces to
effective Heisenberg model for the orbital degrees of fr
dom,
17441
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He f f522(̂
i j &

~ t i j
2 /U !~ 1

2 22ti•tj !. ~13!

~iii ! We now analize the possibility of~antiferro-!orbital
long-range order in the ground state due to Eq.~13!. The
situation is simplest for interpenetrating sublattices, e.g.,
interactions between nearest-neighbor sites on different
bons. The natural sublattices for a body-centered tetrag
lattice are the corners of the tetragon and body-centered s
If one of the sublattices orders in the orbitala and the other
sublattice orders in b, the ground-state energy i
2Nzt2/U, whereN is the number of sites andz the coordi-
nation number~in this casez58). This energy is higher~less
favorable! than expected from the two-site problem becau
the orbital long-range order suppresses the hopping betw
sites. Orbital singlets can no longer be formed between
nearest-neighbor sites simultaneously. Interchanging one
of orbitals on nearest-neighbor sites between the orbit
ordered sublattices introduces 2(z21) ‘‘wrong’’ bonds.
Such an excitation of energy 4(z21)t2/U is induced by the
orbital-flip operators in Eq.~13!, i.e., (t i

1t j
21t i

2t j
1), and in

second-order perturbation it reduces the ground-state en
by a factor@110.5(z21)21#, which for z58 is a decrease
of 7%. The energy can be reduced further by switching
orbitals at more than one link. Hence, the mean-field s
with long-range antiferro-orbital order is not the one of low
est energy, i.e., quantum fluctuations are of fundame
importance.

~iv! Assuming that the hopping matrix element is a ra
idly decreasing function of the distance, we will consid
only nearest- and next-nearest-neighbor sites. The sho
distance between Cr sites is along thec axis, i.e., the sites lie
on the same ribbon. This distance isdnn5c52.912 Å, while
the next-nearest-neighbor sites withdnnn5

1
2 Ac212a2

53.447 Å are from the body center to a corner of the t
ragon. Hence, if only the nearest-neighbor sites are con
ered, the system consists of chains along the ribbons.
Heisenberg chain has resonant valent bonds~RVBs! but no
long-range order. The ground-state energy per RVB link
24(t2/U)ln 2'22.8t2/U. Within the context of point~iii !
nearest-neighbor bonds correspond to interactions within
same sublattice, while next-nearest neighbors link the
sublattices. All interactions are antiferro-orbital and cann
be satisfied simultaneously, so that there is a large orb
frustration. The quantum-mechanical nature of the frustrat
again hints at a RVB-like state for the orbits, rather th
long-range orbital order.

~v! The low-energy magnetic excitations are ferroma
netic magnons, which we treat within the linearized sp
wave approximation~LSWA!. The spin operators are param
etrized by boson operatorsaj and aj

† , Sj
15(2S

2aj
†aj )

1/2aj , Sj
25aj

†(2S2aj
†aj )

1/2, andSj
z5S2aj

†aj . The
spin operators are replaced in the spin Heisenberg Ha
tonian~the orbital degrees of freedom are traced out by t
ing the ground-state expectation value! and then the Hamil-
tonian is expanded into a power series of boson operat
Keeping only terms bilinear in boson operators we obta
after Fourier transforming, the LSWA Hamiltonian
9-5
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HLSWA52JNS224J8NS21(
k

@4JSsin2~kzc/2!

18J8S~12gk!#bk
†bk , ~14!

where gk5821(d exp(ik•d) with d representing the eigh
next-nearest-neighbor sites,J and J8 are the nearest- an
next-nearest-neighbor exchanges, respectively, and thez di-
rection is chosen along thec axis. Herebk

† and bk are the
spin-wave boson operators in reciprocal space.

~vi! Expanding the dispersion for smallk we obtain that
the magnon stiffness constant is anisotropic, namely,Dx
5Dy5J8Sa2 and Dz5(J1J8)Sc2. The low-T dependence
of the internal energy isU}T5/2, where the anisotropy only
changes the prefactor but not the exponent. The contribu
of the magnons to the specific heat is then proportiona
T3/2, which has to be added to the electronic specific h
~linear in T) and the one of acoustic phonons (}T3).13

Hence, the electronic specific heat is the dominant term
low T. The magnetization per Cr ion at lowT is S2aT3/2,
wherea is a constant that depends on the average stiffn
constant. This is in agreement with the experimental ob
vations.

~vii ! The excited multiplets studied in Sec. III C a
gapped and not populated at very lowT. Their magnetic
content is less than the ferromagnetic ground state. He
since these states are gradually occupied with increasinT,
the magnetization has to decrease more quickly than for
of the ordinary Heisenberg model. This could be an expla
tion for the relatively low Curie temperature (TC'400 K! as
compared to the band gap of the minority band. A furth
implication is that the polarization of CrO2 @nearly 100% at
T50 ~Ref. 11!# would rapidly decrease with temperatur
CrO2 is then a less efficient spin-injection source at roo
temperature than originally expected. The exchange inte
tion strength associated withTC is 4t2/U.

V. DISCUSSION

LSDA band calculations for the half-metallic ferromagn
CrO2 predict a gap in the minority-spin density of states th
is by far too large to account for the lowTC , ferromagnetic
magnons, and the Arrhenius law of the resistivity. To expl
discrepancies it is necessary to invoke collective excitati
of the spins. Based on the splitting of thet2g multiplet in a
distorted CrO6 octahedron and the local Hund’s rule corre
tions in the 3d shells, we constructed an effective doub
exchange model involving two electrons per Cr site. Bel
we summarize and discuss the results, their limitations,
consequences.

~i! To obtain aferromagneticexchange it is necessary t
have a localized orbital per site. The distortion of the oc
hedra is of crucial importance to localize thexy orbital. A
localization would not be possible for CrO2 in cubic symme-
try for which all threet2g orbitals are degenerate and th
resulting exchange is antiferromagnetic~see Sec. III A!.

~ii ! CrO2 has exactly two electrons per site~one localized
in thexy orbital and one itinerant in thexz andyz orbitals!.
The resulting double-exchange mechanism is then diffe
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from that for manganites~see Secs. III B and III C!. It is of
fundamental importance that two different orbitals are
volved in the hopping, because this allows two itinerant el
trons with the same spin projection to temporarily be at
same site. The latter is not essential in the manganites.
double-exchange mechanism could be the reason why C2

is ferromagnetic.5

~iii ! The effective exchange interaction naturally leads t
ferromagnetic ground state with low-energy long-wav
length magnon excitations. Quantum fluctuations suppr
the long-range order of the orbital degrees of freedom
RVB-type of orbital liquid is expected from this model.

~iv! We considered a diagonal and isotropic hopping
tween orbitals. This assumption is of course not realistic
CrO2. The hopping is mediated by the oxygen 2p electrons
and is strongly directional. The orbital quantum number
not conserved, i.e., we may hop from ana orbital into ab
one. This is not relevant for the two-site problem, which c
always be diagonalized, but it is for the many-site ca
where all links cannot be diagonalized simultaneously. T
hopping also depends on whether it is along a ribbon
between ribbons.

~v! The consequence of directional hopping is that
orbital space no longer consists of singlets and triplets, bu
other linear combinations. This will reduce the symmetr
of the RVB-like orbital liquid, but quantum frustration is sti
expected to be present.

~vi! In Sec. III C we obtained an effective interaction b
tween sites with exactly two electrons per Cr ion. Althou
we considered the dynamics of the electrons, at the en
the calculation we projected onto Hund’s rule states with t
electrons per site. Strictly speaking this subset of states c
stitutes an insulator. The interaction Hamiltonian is an ess
tial but only partial aspect of CrO2, since it neglects the
dynamics of the electrons, which would have to be includ
in the complete, however, much more complex problem.
this point it is useful to argue that the solid-state effe
broaden the levels into bands of finite width. The ba
broadening may have to be supplemented by ‘‘self-dopin
from the O 2p states,5 which yields a mixed-valent state du
to hybridization and hence additional band width. The
mechanisms would lead to a metal despite large Coulo
interactions.

~vii ! We now conjecture about the conductivity. Overla
ping bands of finite width lead to a metallic state. In t
ferromagnetic ground state all electrons are spin polariz
so that the system is a half metal with finite conductivity. T
scattering of the electrons off the spin waves~two-magnon
processes! gives rise to a power law with temperature, whic
was found to beT9/2 in Ref. 24. This temperature depen
dence is difficult to separate from the phonon scatter
(T5). The dominant dependence ofr(T) at low T is due to
the strong Coulomb interactions and is proportional toT2.
This power law follows from Fermi-liquid arguments for th
metallic spin component~i.e., the numbers of available initia
and final states in the scattering process are both proporti
to T). A possible explanation for the experimentally foun
exponential activation9,10 is that the scattering process cou
9-6
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involve a transition into one of the excited multiplets. T
Boltzmann factor of the excited state is then the origin of
temperature dependence.

~viii ! TC is expected to be smaller than that for a stand
Heisenberg model, because the several branches of ex
tions ~which have lesser spin content than the ground st!
when populated reduce the magnetization. Also the polar
tion of CrO2 is reduced withT due to the population of the
excited multiplets. CrO2 is then likely to be a less good spi
injector at room temperature than originally expected.
s
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strong temperature dependence of the density of states
recently been found within the LSDA1DMFT.19
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