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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 Cr@ The magnitude off , 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 gm€@ahedra, which localize one electron
into the xy orbital at each Cr site, while the electrons in theandyz 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, r@gduciQgantum
fluctuations suppress the orbital long-range order, giving rise to an orbital resonant valence bond-type ground
state.
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. INTRODUCTION ture T in the range of 385-400 R The magnetic mo-
ment, extrapolatedtO K and high field, is an integral 2.
Chromium dioxide, Cr@, is a half-metallic ferromagnet per Cr ion. The full spin polarization of CeCat low T has
that is widely used in magnetic recording tapes. A half-been confirmed recently by tunneling experiments through

metallic ferromagnét is fully spin polarized with the @0 Al/l/CrG, interface, where | is an artificial barrier and Al
\ACts as the superconducting counterelectddée tempera-

majority-spin component having a Fermi surface and beha o

ing like a metal, while the spectrum of the minority-spin ture dependence of3/t2he magnetization well belbw was

bands is gappetinsulating properties The full spin polar- fou_nd to follow th_eT dependence_ expected_for ferromag-

— . . . netic magnons with an average spin-wave stiffness constant

|zat|or1 makefs this compound an |Qegl .can_d|de_1te for a SOUICE: D =1.8x 10~ % . 2° The resistivity has 2 variation at

of spin-polarized electrons for spin injection into semicon-|qyy, temperaturé€ and at intermediatd it is well described

ductors at low temperatufe. by an Arrhenius law with an activation energy of about 90
CrO, has a rutile structure with the Cr ions forming a K.® The low-temperature specific heat is proportionalTto

tetragonal body-centered lattit€r* ™ has a closed-shell Ar with an enhancedy coefficient of about 7 mJ K212 The

core and in addition two & electrons. The Cr ions are at the T>> magnon contribution is also observed in the specific

center of CrQ octahedra, so that thed®rbitals are splitinto ~ heat. o . o b

a t,, triplet and an excited, doublet. With only two @ The activation gap in the resistivity, tHE*? spin-wave

electrons to be placed, theg states are irrelevant and only dependence of the magnetization, arificeof 400 K are not

. . consistent with a gap of 1.5 eV for the minority-spin excita-
the t,4 orbitals need to be considered. The tetragonal symz : ;

. . : ion redi h nd-str r Iculations. We pro-
metry distorts the octahedra, which in turn lifts the degento s as predicted by the band-structure calculations. We pro

) X pose to reconcile this glaring difference in the spin-flip en-
eracy of thetzg. orbitals m;co axy ground state andzfyz. ergy by means of many-body correlatiofishich are not
andxz—yz excited state$” Due to the strong correlations in fylly included in band calculationsleading to collective
the 3d shell the spins of the twodelectrons are aligned to low-energy excitations. The origin of the correlations are the
form S=1 at each Cr sitéfirst Hund’s rulg. Hence, thexy ~ Hund’s rule coupling and the hopping of thel Zlectrons
orbital is occupied by one electron and to first approximation(correlated hopping which gives rise to a ferromagnetic in-
the xz andyz orbitals have each a 50% probability of being teraction between sites, related to the double-exchange
occupied' mechanisnt?*~® This mechanism also explains why the
The band structure of CiOvas calculated by several au- ground state of Cr@is ferromagnetic in the first pladsee
thors using the local spin density approximafién®(LSDA) ~ also Ref. 5.
and LSDA+U.® In all cases the hybridization of the Cdl3 The density of states of CiQ measured by x-ray and
electrons with the O @ states yields a half-metallic ferro- ultraviolet p_hoto_emlssmn and bremsstrahlung |so<_:hromat
magnetic ground state, i.e., the Fermi level is pinned by relaSPectroscopie is in reasonably good agreement with the

tively narrow bandgof widths less that 1 eyof the majority ~ -SPA +U band calculationgexcept at low energieS and

L . ; [ tal optical conductivity of CsQRef. 17 re-
electrons, and the minority-spin component is gapped at thg‘e experimen .
Fermi level with the O p states filled and well below the Sembles the calculated ofidhe above is not unexpected,

Fermi level, while the Cr @ states are empty and far above since the collective double-exchange excitations are not rel-

. . -~~~ evant at intermediate and high energies. Many-body aspects
the Fermi level. The magnitude of the gap of the MINOMY 50 their temperature dependencies have been studied in

states depends on the calculation, but it is always akefs 18 and 19 for a two-orbital Hubbard-like model using
least 1.5 eV. _ _ the dynamical mean-field theoDMFT) yielding an im-
Experimentally, Cr@ has a ferromagnetic Curie tempera- proved semiquantitative agreement with experiments.
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The remainder of the paper is organized as follows. The
lattice and electronic structures of Gr@re briefly reviewed
in Sec. Il. Although the O R orbitals hybridize with the Cr
3d, we will neglect this effect in this paper, i.e., we assume
that the essential correlations arise in tlteshell. In Sec. llI
we consider the correlated hopping al &lectrons between
two neighboring sites including the on-site Hund’s coupling.
Three situations are discusséi). The hopping of electrons
in two orbitals per site and the spin degrees of freedom cor-
related via Hund’s rule yieldantiferromagneticallycoupled
spins for on average two electrons per site, in analogy to the
t-J model, which is the large limit of the Hubbard model.
This case cannot lead to a ferromagnetic ground staje.
Thexy orbital has lower energy than the andyz levels"®
and localizes one electron. An additional electron is allowed
to hop between the sites subject to Hund’s rule correlations,
leading to the well-known double-exchange mechanism,
originally introduced to explain thé&erromagneticcoupling
in the manganite¥*~26 (i) The two-site problem with ex-
actly four electrons, with one localized at each site and the
other two exchanged by correlated hopping, again yields a
ferromagneticcoupling between the sites. Two different or-
bital states xz andyz) are necessary for this mechanism. In
addition, the coupling between the sites also yields excite
states with an energy that is a fraction of the ground-stat
energy of the Heisenberg ferromagnet. In Sec. IV we brieﬂ)}.1
discuss the consequences of the coupling on a lattice d
spins. A double exchange as the origin of the ferromagnetism
of CrG; is also suggested in Refs. 5 and 18. The ferromag-  geyeral LSDA band-structure calculations have been car-
netism is a.ccompanled.by. no long-range order in the orbitaliay out for CrQ. Schwarf predicted a full 25 per CA*
states, which form a liquid of resonant valence bonds. Agn a5 required by Hund’s rules. The Fermi level lies in a

d FIG. 1. Crion surrounded by the six oxygen atoms forming the
gctahedron. The octahedra are arranged in “ribbons.” The tetrago-
al symmetry of the lattice distorts the octahedra. The solid lines
in neighboring oxygen sites in the equatorial plane, while the
ashed lines join the apicéhp and equatorialeg oxygens.

discussion follows in Sec. V. partially filled majority (up-spin band, but the minority
(spin-down density of states is gapped at the Fermi level
Il. ELECTRONIC STRUCTURE (gap~1.5 eV), yielding a half metallic ferromagneSimi-

) . ) . lar results were obtained in Ref. 7. A more detailed LSDA

Cr02 CryStalllzeS in a rutile structure with two formula calculation by Lewiset a|_4 had a similar Outcoméha”:-
units per unit celf The_underl_ying Bravais lattice is body- metal with a minority gap of about 1.5 @VThe spin-density
centered tetragczagal with lattice constamts-b=4.419 A,  contour levels revealed a clover-leg§ pattern for the po-
and c=2.912 A*® The tetragonal symmetry orthorhomb- |arization in the equatorial plane of almost exclusively local-
ically distorts the Cr@ octahedra. In a unit cell the Cr atoms jzed 3d character corresponding tqug, while similar re-
are then located at the position8,0,0] and[3,3,3] in the  sults with half the strength were obtained for theandyz
lattice coordinates, and the four oxygens are placed aarbitals.
[uu,0], [1-u1-u0], [s+ui—-ul], and [{-u,} A slightly different picture \(vag obtained' yvithin the frame-

1 h —0303. The sh di b c work of a LSDA+U calculation? The additional Hubbard-
.+u,§.], whereu=0. T e.s ortest. Istance between Crjia interaction reincorporates some of the correlations nor-
ions is 2.912 A alqng Fhe axis. Thg side-shared octahedra mally underestimated or neglected in the LSDA. Again a
are then arranged in “ribbons” running parallel to the tetrag-p,4is-metallic ferromagnet was obtained, but with an en-
onal ¢ axis* Adjacent ribbongcorner-shared octahedrare hanced gagof about 2.7 eV folU=3 eV) in the minority-
rotated by 90°. They, orbital contained in the plane of the gy density of states. There was also a stronger participation
ribbon is called thexy orbital. From the symmetry of the ¢ ihe O 2 states at the Fermi level in the majority band.
deformed octahedron the other two orbitals &are-yz and  korotin et al® proposed Cr@ to be a self-doped double-
xz—yz, where thez axis is perpendicular to the plane of the exchange ferromagnet. 1) was increased further
ribbon (see Fig. 1. The orthorhombic distortion of the CEO  ~ g eV) a gap opened as well in the majority band.
octahedra lifts the degeneracy of thg levels with thexy
orbital having lowest energy. Thez+yz andxz—yz levels
are also split, but with the solid-state effects both have a
finite density of states at the Fermi level. For simplicity we In this section we consider the hopping of thd 8lec-
will consider these two levels as degenerate throughout thgons between two Cr sites subject to the on-site correlations
paper. leading to Hund’s rules. The correlations and the hopping

IIl. EXCHANGE MECHANISMS
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yield an effective exchange interaction between the sites. lduction of the energy of th&=1 states due to hopping is
order to simplify the problem to the essential features, we—2U —4t?/U to second order ih The remaining two states
introduce the following approximationgi) Although the  of this multiplet are obtained by applying the spin-lowering
hopping between sites is mediated by the oxygprstates, operator. There are altogether three states with spin projec-
here we will assume direct hopping between Cr siigs\We  tion S,=0. One state belongs to ti%e=2 multiplet, a second
assume that the hopping is diagonal in the orbital index. Thistate to theS=1 triplet, and the third state has total sgBn
hypothesis has no consequences for the two-site problems; 0. This state can easily be obtained from the orthogonality
since we may diagonalize the hopping matrix and define @ondition to the other two states, i.e.” %(¢;_i,.
new basis of orbital stategiii) We assume the hopping ma- + i, , ¢, — ¢;101420). To second order ibthe energy of this
trix element is the same for all orbital channels, but it may bestate is— 2U — 6t%/U.
spin dependent. The effective Hamiltonian for the two-site subspace under
Three situations are considered in this sectioht The  consideration is
hopping of correlated electrons in two orbitals with on aver-
age two electrons per site, which gives rise to antiferromag-
netic coupling,(B) one localized electron per site in thg Hetr=—2U—2(t%/U)(1- S-Sy, 2
orbital and one electron hopping between the sifesro-
magnetic double-exchange mechanfi$it), and (C) the  whereS; are the effectiveS=1 operators at sitg Here the
two-site problem with exactly four electrons, one being lo-spin operators contain the components of both orbital de-
calized at each site and the other two electrons allowed tgrees of freedom, i.e$j=s,+Sjz. The effective coupling
hop, which again leads to ferromagnetic coupling. We limitbetween the spins iantiferromagnetic in analogy to the
ourselves to derive the exchange interaction between sitespin-spin coupling in thé-J model?*??and cannot give rise
which gives rise to the magnetic excitations, and project outo ferromagnetismin CrQO,. Note that this model is different

all other degrees of freedom. from the standard-J model, which involves spig- opera-
tors and no Hund’s rule coupling.
A. Hopping of electrons in two orbitals For a given state the amount of the reduction depends on

the dynamics of the electrons under hopping. T3e?2

For_ two orb_ltals,a a_nd,B, the subspace for two electrons §tates have no dynamics, while the possibilities for hopping
at a site consists of six states, namely, the direct product 0 . = : . o
are maximum for theS=0 state, i.e., the spin polarization

the spin triplet times the orbital singlet and the spin singlet

. . ) ; , inhibits the hopping of the electrons. This situation is quali-
times the orbital triplet. Hund’s rule coupling of strendth . : ; . o
>0 reduces the energy of the spin triplet toU and in- tatively unchanged if a third orbital channel is included,

creases the enerav of the spin sinalettoThe around state which increases the number of possible wave functions and
o 9y pin sing ) 9 hence the amount of algebra. The main conclusion, i.e., an-
at sitej is then one of the following states:

tiferromagnetic coupling of the spins, remains unchanged.

— T AT s
¥+ =Cla1Cp110),
B. Double exchange

Pio=2 Y] c] 5+l cl)]i0), The conclusion of Sec. Ill Aantiferromagnetic coupling
completely changes if there is a localized spin at each site.
z,b,-,=cJ-T LCJTB1“0>’ (1)  Hund's rule couples the spin of the localized electron with

that of the itinerant electrons and the hopping becomes cor-

WherechmU creates an electron in the orbitalwith spin o, related, i.e., it now depends on the relatwerojections of
and|j0) denotes the vacuum state at gite the localized spins and that of the conduction electron. This

For the two-site problem we restrict ourselves to the submechanism is known as the double exchange and was origi-
space of nine states spanned by the on-site spin-tripletially proposed to explain the ferromagnetic phase in the
orbital-singlet states. Due to the rotational invariance of thenanganites?~16
spin space, the nine states can be classified according to the As argued in Sec. Il due to the tetragonal symmetry the
total spin, i.e..S=0, 1, and 2, and the spin projection along xy orbital has lowest energy and contains one localized elec-
the z direction. Denoting the two sites 1 and 2, the hoppingtron. We consider the simplest situation leading to double

of electrons between the sites with amplitudis given by  exchange, and assume a localized $pit each Cr site and
Hi=— tZU(CIaUCZaU+C£aaclaa+CIﬁUCZBU+C;ﬁUC1BU)- only one orbit for the itinerant electrons. The hopping be-
The hopping Hamiltonian applied to the statégs, ¢, , or tween the sites labeled 1 and 2 is then

1, _ yields zero. These states are part of 82 quin-

tuplet, which has energy-2U, due to the absence of dy-

namics. The remaining three states of 8¥2 multiplet are ~ ~1
9 P Hihop=—t > (351, 10[34(5+ 1)(Sp,+ 0))

obtained by successively applying the spin-lowering operator 13500
to the state ¢y, 4,,, e.g. for S,=1 we obtain 5 o
27 YA Yoo+ i o). X(SS,;, 30/S3(S+ 3)(Sp,+ 0))
The state witl5,= 1 orthogonal to the abové= 2 state is + +
2~ Y2y otfar — 1+ o), Which has total spis=1. The re- X(C14C25F C24C10), 3
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wher.e.the symbol_s in parentheses denote _CIebsch-Gordan <Pja+:CjTaT|iT>,

coefficients enforcing Hund’s rules at each site. For one lo-

calized electron per site we hage= %, while for two local- @ia0=2 YAl i 1)+, i),

ized electrons theB=1, etc. ForS= £ the model represents

the situation of MA™ and Mrf* of the manganite&® Note Pia-=Clalil)- (6)

that thg I0(l:al|zed electrons do not partlupate in hopping. For two orbitals this set of states consists of six states per
For S=3 the states of the two-site problem can be clasijte.

sified into a pair ofS=3 quadruplets and a pair &= The hopping of the itinerant electrons changes the con-
doublets. The two states with full spin polarization are figuration with two electrons per site to one in which one site
has ondlocalized electron and the other site three electrons

l//‘zz:271/2(‘31@0;1”1%2”: (4) (one localized and two itinerantThis new state requires a

large energyJ. To second order in the hoppirigve obtain

) ) an effective exchange interaction within the space of states
where the ket contains the spin components of the two kma%panned by the sé6) in analogy to the procedure shown in

ized electrons at sites 1 and 2, respectively. These two stateg,. || A, The states can be classified according to the total

are eigenstates of the hopping Hamiltonian. Since thgpin the total spin projection, and the orbital stagieglet or
Clebsch-Gordan coefficients for this case are equal to ONriplet).

the energy of the states ist. The state with lower energy We consider first the states with maximum sp8x 2.
corresponds to the bonding state, while the one with highefhere are four spin quintuplets, three corresponding to an
energy is the antibonding state. Due to the spin rotationghpjta] triplet and one to the orbital singlet. The orbital triplet
invariance all four states of the bonding quadruplet have engyq_site states are invariant under the exchange of orbital
ergy —|t| and all states of the antibonding quadruplet havgpgices (even parity, while the wave function of the orbital
energy|t|. The remaining states of the quadruplets are obgjnglet state changes sign if the orbital labels are inter-
tained by successively applying the total spin-lowering opchangedodd parity. The spin-polarized states of the orbital

The bonding and antibondir§= 3 doublet states are con-
structed using the orthogo_nallty to the quadrup!et states. Varen(S= 2)=cIaTczaHlT,ZT):cle@zﬁ,
They are, of course, also eigenstates of the hopping Hamil-
tonian (3). For the spin projection- 1 these states are @b (S= 2):2_1/2(CIaTC;BT+CIBTC£aT)|1T'2T>

=27 Y101 @ops + v @
_ « B+ T P1+P2a+)s
Y= (12974 [11,27) +efy[1],21) = ¢} 11,21)
BB (q_oy_t of _
£cl|11,200)+37¥el 11,20) = ¢} [11,21)), Vever( S=2)=C151 Cop| 11.21)= 0151 02+

(5) and the corresponding orbital singlet state is

aB (o oy_o-12 T Af Tt
which have energy+ 3t. The factor} in the energy arises ¥oad S=2) =2 "1C1a1Cap1 ~ Cag1Cza) 1 11,21)
from the Clebsch-Gordan coefficients. The remaining two =2*1’2(gola+<,02,8+—<p15+go2a+). (8
states are obtained by reversing all spins.

The results folS=1 can then be summarized as follows.
The ground state belongs to the bonding multiplet with larg

It is straightforward to see that the orbital triplet states have
no dynamics, because when applied to the hopping Hamil-
; ) X ‘tonian they yield zero. The energy of the state with odd or-
est total spin. Hence, the spins are @romagnetically o parity, ‘on the other hand, is reduced by the amount
coupled with each other, as expected for the double-_4t2/U_ The remaining state@with other spin projections

EXChange mechanism. For the generalization to arbif&ry are generated by Successive|y app|y|ng the Spin-|owering op-
(see, e.g., Ref. 23the ground state again belongs to thegrator.

bonding multiplet of maximum spin and has energyt|, The states with total spiB=1 and projectiorS,=1 are
such that the sites are alferromagneticallycorrelated. Or-  constructed using the orthogonality condition to the states
bital degrees of freedom do not affect this result. with S=2 and the same spin projection. Again, there are four
such multiplets corresponding to orbital triplet and singlet
C. Double exchange for CrGQ states, 1.e.,

We assume that at both sites thg orbital is occupied 28 (S=1)=2 YA 01,0020+ — P10+ P240)
with one electron and that there are two itinerant electrons in
two orbitals &z andyz). The Hund’s rule locally couples all O (S=1)=2"Y 01,0028+ — P1a+ P2p0
spins ferromagnetically. As in Sec. Il A we denote the orbit-
als by« and 8. The localized electron of spin component T Q150P20+ = P14+ P240)
at sitej is denoted by the kefs). The relevant spin-triplet

; . L 1 o1

states with orbitak at sitej are now Yore(S=1)=2 Y 0150025+ — P15+ P2p0)
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shys=1=2"" -
Podd ) (<Pla09923+ Pira+P280 Heff:_2<z> (tizj/U)(% _271'7_])_ (13)
i

— P180P2a+ T P15+ 240 9

and all four states have the energ2t?/U. The states with i) we now analize the possibility dfantiferrojorbital
other spin projections are obtained by successively applyingyng-range order in the ground state due to Ep). The

the spin-lowering operator. _ . _situation is simplest for interpenetrating sublattices, e.g., for
The four spin-singlet state$S{=0) are again obtained via jnteractions between nearest-neighbor sites on different rib-

orthogonality to the other states: bons. The natural sublattices for a body-centered tetragonal
2a e a1 lattice are the corners of the tetragon and body-centered sites.
Veven(S=0)=3"" @10+ P2a- T P10~ P20+ ~ P1a09240); If one of the sublattices orders in the orbitaland the other
sublattice orders in 3, the ground-state energy is
(S=0)=6 YA 010 @ops T 1ot P2p-— P1a09250 —Nzf/U, whereN is the number of sites armithe coordi-

nation numbefin this case=8). This energy is highgitess
favorablg than expected from the two-site problem because
the orbital long-range order suppresses the hopping between

T Q18- P20+ T P11+ P20~ P180P240)

BB (a_(y—2-172 _ _ long

Yeren(S=0)=3" "M @15+ Pop— T P15-P2p+ — P18092p0), sites. Orbital singlets can no longer be formed between all
wp o nearest-neighbor sites simultaneously. Interchanging one pair

Uoad(S=0)=6""(@10-P2p+ T P10+ P2s— — P1a0P20 of orbitals on nearest-neighbor sites between the orbitally

ordered sublattices introduces z22{1) “wrong” bonds.
Such an excitation of energy 2¢ 1)t?/U is induced by the
(100 orbital-flip operators in Eq13), i.e., (7' 7; +7 7,'), and in
. 2 . . second-order perturbation it reduces the ground-state energy
and the energies are- 3t</U for the orbital triplet and by a factor[ 1+ 0.5(z— 1)1, which forz=8 is a decrease

—t2/U for the orbital singlet. . o
The state with lowest energy is then the orbital singletmc 7./0' The energy can be _reduced further by SW't(.:h'ng the
: S , orbitals at more than one link. Hence, the mean-field state
with S=2, indicating that in the ground state the system

favorsferromagneticcoupling. The energies for all the states with long-range antiferro-orbital order is not the one of low-

of the two-site molecule can be cast into the following ex-cot SNery: I-e., quantum fluctuations are of fundamental

ression: importance.
g ' (iv) Assuming that the hopping matrix element is a rap-

idly decreasing function of the distance, we will consider

eff_ 2 3 1

Hi; =—20t7U)[(3— 7 7o) —(5+ 7 7)S- S, only nearest- and next-nearest-neighbor sites. The shortest
(11 distance between Cr sites is along thaxis, i.e., the sites lie

where 7, are the “spini” operators for the orbital pseu- ©N the same ribbon. Th|s dlstapcedgshfc=2.9%2 A, while

dospin at sitg, andS; are the spin operators for the total spin the next-nearest-neighbor sites  withl,,,=3 yc*+2a

S=1 at sitej. =3.447 A are from the body center to a corner of the tet-

ragon. Hence, if only the nearest-neighbor sites are consid-

ered, the system consists of chains along the ribbons. The

Heisenberg chain has resonant valent boRléBs) but no

In this section we discuss the consequences of the doubléang-range order. The ground-state energy per RVB link is
exchange mechanism for CO _4(t2/U)|n 2~—2.82%/U. Within the context of pOIh(III)

(i) From the cases discussed in Sec. Il we conclude thatearest-neighbor bonds correspond to interactions within the
the two-site interaction only favors ferromagnetism if thereSame sublattice, while next-nearest neighbors link the two
is a localized spin at each site. An electron can only be losublattices. All interactions are antiferro-orbital and cannot
calized if the degeneracy of thg, levels is lifted. Hence, the be satisfied simultaneously, so that there is a large orbital
strong distortion of the octahedra, a consequence of the tdtustration. The quantum-mechanical nature of the frustration
tragona| Symmetry, is crucial for the ferromagnetic ha'f-aga|n hints at a RVB-like state for the OI‘bItS, rather than

— Q18- Poa+ — Pip+ P2a- T P1509240)

IV. THE CrO , LATTICE

metallic ground state of CrO long-range orbital order. . o
(i) The effective Hamiltonian for the lattice is the sum of ~ (V) The low-energy magnetic excitations are ferromag-
Eq. (11) over all the pairs of neighboring sites, i.e., netic magnons, which we treat within the linearized spin-

wave approximatiofiLSWA). The spin operators are param-
5 etrized by boson operatorsa; and ajT, SJ*:(ZS
HeM'=—22 (t(5/VI(E — 5 7)— (G +7-7)S-S], —aja))Y%;, S =al(2S-afa))? andS'=S-aa;. The
i 12) spin operators are replaced in the spin Heisenberg Hamil-
tonian (the orbital degrees of freedom are traced out by tak-
wheret;; depends on the distance between the sites. For thieg the ground-state expectation valand then the Hamil-
ferromagnetic ground state the Hamiltonian reduces to atonian is expanded into a power series of boson operators.
effective Heisenberg model for the orbital degrees of freeKeeping only terms bilinear in boson operators we obtain,

dom, after Fourier transforming, the LSWA Hamiltonian
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from that for manganitessee Secs. IlIB and I L It is of

HLSWA:_‘]NSZ_4‘]/N82+; [43Ssirt(k,c/2) fundamental importance that two different orbitals are in-
volved in the hopping, because this allows two itinerant elec-
+8J'S(1—- yk)]blbk, (14)  trons with the same spin projection to temporarily be at the

. . ) ) same site. The latter is not essential in the manganites. The
where y,=8 E.,;expakﬁ) with & representing the eight double-exchange mechanism could be the reason why CrO
next-nearest-neighbor sited,and J' are the nearest- and g ferromagnetié,
next-nearest-neighbor exchanges, respectively, and thie (iii ) The effective exchange interaction naturally leads to a

rection is chosen along the axis. _Herebﬁ andby are the  ferromagnetic ground state with low-energy long-wave-
spin-wave boson operators in reciprocal space. length magnon excitations. Quantum fluctuations suppress
(vi) Expanding the dispersion for sm&llwe obtain that e |ong-range order of the orbital degrees of freedom. A
the magnon stiffness constant is_anisotropic, namBly,  pyB-type of orbital liquid is expected from this model.
=D,=J'S& andD,=(J+J 5),2802' The lowT dependence (iv) We considered a diagonal and isotropic hopping be-
of the internal energy itJoT"*, where the anisotropy only tween orbitals. This assumption is of course not realistic for

changes the prefactor but not the exponent. The contributioE L .
e . : rO,. The hopping is mediated by the oxygep Blectrons
of the magnons to the specific heat is then proportional tQ n(d)zis strongﬁ/pdi?ectional. The oyrbital qggntﬂm number is

T32 which has to be added to the electronic specific heaf ) L
(linear in T) and the one of acoustic phononsT?).% not conserved, i.e., we may hop from anorbital into ag

Hence, the electronic specific heat is the dominant term #gN€- This is not relevant for the two-site problem, which can
low T. The magnetization per Cr ion at loWis S—aT3? always be_ diagonalized, bL_Jt it is _for th_e many-site case,
where « is a constant that depends on the average stiffneéé’he“? all links cannot be dlagonallzgd_ smultaneogsly. The
constant. This is in agreement with the experimental obse?0PPINg also depends on whether it is along a ribbon or
vations. between ribbons.

(vii) The excited multiplets studied in Sec. IIC are (V) The consequence of directional hopping is that the
gapped and not populated at very Idw Their magnetic orbital space no longer consists of singlets and triplets, but of
content is less than the ferromagnetic ground state. Hencether linear combinations. This will reduce the symmetries
since these states are gradually occupied with increaBing of the RVB-like orbital liquid, but quantum frustration is still
the magnetization has to decrease more quickly than for thaxpected to be present.
of the ordinary Heisenberg model. This could be an explana- (vi) In Sec. Il C we obtained an effective interaction be-
tion for the relatively low Curie temperatur@ {~400 K) as  tween sites with exactly two electrons per Cr ion. Although
compared to the band gap of the minority band. A furtherwe considered the dynamics of the electrons, at the end of
implication is that the polarization of Cignearly 100% at the calculation we projected onto Hund’s rule states with two
T=0 (Ref. 19] would rapidly decrease with temperature. electrons per site. Strictly speaking this subset of states con-
CrO, is then a less efficient spin-injection source at roomstitutes an insulator. The interaction Hamiltonian is an essen-
temperature than originally expected. The exchange interadial but only partial aspect of Cr{) since it neglects the

tion strength associated wiff is 4t%/U. dynamics of the electrons, which would have to be included
in the complete, however, much more complex problem. At
V. DISCUSSION this point it is useful to argue that the solid-state effects

broaden the levels into bands of finite width. The band

LSDA band calculations for the half-metallic ferromagnet broadening may have to be supplemented by “self-doping”
CrO, predict a gap in the minority-spin density of states thatfrom the O 2 states, which yields a mixed-valent state due
is by far too large to account for the loW, ferromagnetic to hybridization and hence additional band width. These
magnons, and the Arrhenius law of the resistivity. To explairmechanisms would lead to a metal despite large Coulomb
discrepancies it is necessary to invoke collective excitationiteractions.
of the spins. Based on the splitting of thg multiplet in a (vii) We now conjecture about the conductivity. Overlap-
distorted CrQ@ octahedron and the local Hund’s rule correla- ping bands of finite width lead to a metallic state. In the
tions in the 3 shells, we constructed an effective double-ferromagnetic ground state all electrons are spin polarized,
exchange model involving two electrons per Cr site. Belowso that the system is a half metal with finite conductivity. The
we summarize and discuss the results, their limitations, andcattering of the electrons off the spin wavéso-magnon
consequences. processesgives rise to a power law with temperature, which

(i) To obtain aferromagneticexchange it is necessary to was found to beT®? in Ref. 24. This temperature depen-
have a localized orbital per site. The distortion of the octadence is difficult to separate from the phonon scattering
hedra is of crucial importance to localize tkg orbital. A (T°). The dominant dependence pfT) at low T is due to
localization would not be possible for Cs@ cubic symme-  the strong Coulomb interactions and is proportionallto
try for which all threet,, orbitals are degenerate and the This power law follows from Fermi-liquid arguments for the
resulting exchange is antiferromagnetsee Sec. Il A. metallic spin componerit.e., the numbers of available initial

(i) CrO, has exactly two electrons per sit@ne localized and final states in the scattering process are both proportional
in the xy orbital and one itinerant in thez andyz orbitals.  to T). A possible explanation for the experimentally found
The resulting double-exchange mechanism is then differeréxponential activatioh'® is that the scattering process could
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involve a transition into one of the excited multiplets. The strong temperature dependence of the density of states has
Boltzmann factor of the excited state is then the origin of therecently been found within the LSDADMFT.*®
temperature dependence.
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