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ABSTRACT

The prospects for devices based on the manipulation
of electronic spin rather than charge (spintronics) are
based on the identification of materials which support
strongly spin-polarized currents. The ferromagnetic ma-
terial, CrO2, has found wide spread use in magnetic
recording applications and, due to its theoretical 100%
spin-polarization, has potential for use in spintronics.
Previous band structure calculations predict CrO2 to
be a half-metallic ferromagnet, but the underlying elec-
tronic structure of CrO2 is still controversial. In the cur-
rent work strong electron-electron interactions are intro-
duced using the hybrid-exchange approximation to DFT
using the B3LYP and PBE0 functionals [1-2]. The com-
puted electronic structure is found to be significantly
different to that computed within the LDA and to be
consistent with recent spectroscopy measurements. In
particular there is an improved prediction of the energy
gap in minority spin states due to the effects of strong
d -d interactions.
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netism, hybrid, DFT

1 Introduction

CrO2 has received much attention as a potential spin-
tronic material due to theoretical predictions that it is
a half-metallic ferromagnet [3-7]. Half-metallic ferro-
magnets are completely spin-polarized at the Fermi level
(EF ), with a metallic density of majority spin (spin-up)
states and an insulating band gap in the minority (spin-
down) states. Point-contact Andreev reflection spec-
troscopy and spin-polarized tunneling experiments have
observed a spin-polarization of the conduction electrons
that is larger than 95% [6]. CrO2 therefore has potential
for use as a source of spin-polarized electrons in mag-
netic tunneling applications such as magnetic random
access memory [7]. CrO2 is a room temperature fer-
romagnet with a Curie temperature, TC , of 390 K [8]
with the strong magnetic coupling thought to be due to
double exchange interactions [9]. Although the trans-
port properties are not yet well established, bulk CrO2

is generally considered to be a poor metal, exhibiting
a T 2 dependence on resistivity above a characteristic

temperature between 80-100 K and, at low very T , a
residual resistivity of 5 µΩcm [10]. The T 2 dependence
is indicative of strong electron-electron interactions and
its suppression at very low T has been assigned to the
absence of minority-spin states (at EF ) and thus the ex-
clusion of spin flip scattering by magnon excitations [11].

CrO2 crystallizes in the rutile structure (space group
D14

4h: P42/mnm) with two formula units per unit cell.
The Bravais lattice is tetragonal with lattice constants
a = b = 4.421 Å and c = 2.916 Å[9]. Each Cr atom is
surrounded by six O atoms, and the CrO6 octahedron
gives rise to a crystal field potential that removes the
degeneracy of the Cr-3d orbitals, splitting them into a
t2g triplet (dxy, dyz and dzx) and an eg doublet (dx2

−y2

and dz2
−r2) [13].

The electronic structure of CrO2 has been studied
previously within DFT using several different approxi-
mations to electronic exchange and correlation. Schwarz
first predicted CrO2 to be a half-metallic ferromagnetic
using the LDA in 1986 [3]. The LDA was seen to pre-
dict a finite density of states (DOS) at EF for spin-up
electrons and a gap of 1.5 eV in the spin-down spec-
trum. The inadequcies of the LDA and generalized gra-
dient approximations (GGA) for studying strongly cor-
related systems are, however, well known [4]. One of
the reasons is the unphysical self-interaction of electrons
implicit in non-orbitally dependent effective potentials.
In strongly correlated systems, this self-interaction can
delocalize the 3d electrons, underestimate band gaps
and incorrectly describe the ground state (e.g., metal-
lic rather than insulating) [5]. We point out that a
number of measurements, including x-ray absorption
spectroscopy [7], resistivity [11] and optical [12], have
suggested that strong correlation effects are present in
CrO2. The LDA+U approach provides an ad hoc ap-
proach for approximating the electron-electron interac-
tions by introducing an on-site Coloumb potential U.
LDA+U band structure calculations by Korotin et al.

yielded improved semi-quantitative agreement with the
DOS measured by x-ray and ultraviolet photoemission
experiments [13]. Recently, hybrid density functional
methods such as B3LYP and PBE0 have been shown
to be quite successful in the description of strongly cor-
related systems [14]. In these functionals, the non-local
Hartree-Fock exchange is mixed with the GGA exchange-
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correlation energy, reducing the self-interaction error
and leading to improved estimates of band gaps [15],
magnetic moments [16] and magnetic coupling constants
[14]. In this paper we apply the B3LYP and PBE0
hybrid-exchange functionals to the half-metallic ferro-
magnet CrO2. In agreement with previous work [17],
our results show that correlation effects beyond LDA are
essential in understanding the electronic and mangetic
properties of CrO2. We demonstrate that hybrid-exchange
functionals can lead to improved prediction of band gaps
and d -d correlation effects in CrO2.

2 Computational Details

All unrestricted Hartree-Fock (UHF) and density func-
tional theory (DFT) calculations were performed using
the CRYSTAL06 software [18]. For DFT calculations,
the exchange-correlation energy was evaluated in the
LDA, GGA as defined by Perdew, Burke and Ernzer-
hof (PBE), and B3LYP and PBE0 hybrid-exchange ap-
proximations. In the B3LYP method, the amount of
exact Fock exchange mixed into the GGA exchange-
correlation functional (20 %) was determined by fitting
theoretical results to thermochemical data for certain
atoms and molecules [16]. Interestingly, the functional
has turned out to be quite successful in descrbing pe-
riodic systems. The PBE0 functional, developed by
Perdew, Burke and Erzenrhof [19], is based on fourth-
order pertubation theory and includes 25% Fock ex-
change.

All atoms are described as Bloch functions expanded
with atom-centered Gaussians [18]. The Cr atom is rep-
resented with a 86-411G* basis set (one s, four sp, and
two d shells) adopted from a previous Cr2O3 study [20].
The basis set for the O atom is a 8-411G* contraction
(one s, three sp, and one d shells) taken from an Al2O3

study [21]. In the calculations, a shrinking factor of
8 was adopted to form a reciprocal mesh of k -points in
the first Brillouin zone according to the Pack-Monkhorst
method [18]. Thresholds of 10−7, 10−7, 10−7, 10−7 and
10−14 were used as tolerances for the monoelectronic
and bielectronic integrals, and the overall self-consistent
field procedure was set to converge when ∆E=1x10−7

Hartree. The cell parametes and internal coordinates
were optimized using analytical energy gradients with
respect to the cell vectors and nuclear coordinates, re-
spectively.

3 Results & Discussion

In agreement with experimental work, the ground
state energy of the ferromagnetic phase, EFM , was al-
ways found to be lower than that of the antiferromag-
netic phase, EAFM . The relative stability of the phases
is shown in Table 1 as the energy difference in the two
phases, ∆E = EAFM−EFM . In periodic UHF and DFT

Figure 1: Total (left) and spin (right) density maps in
110 plane. Positive continuous and negative dashes lines
represent spin-up and spin-down densities, respectively.

studies based on the Kohn-Sham formalism, the Slater
determinants are not eigenfunctions of total square spin
operator, but of Ŝz, the z component of the spin opera-
tor. Hence, the magnetic coupling of two Cr4+ cations
each with total spin S=1 is described by the Ising Hamil-
tonian

ĤIsing = −

∑

i,j

JijŜiz · Ŝjz (1)

where Ŝiz and Ŝjz are the spin operators for sites i and
j, respectively, and Jij < 0 corresponds to antiferro-
magnetic order. The extraction of J from the Ising
Hamiltonian has been justified on the basis that particu-
lar eigenfunctions have equivalent expectation values for
both the Heisenberg and Ising Hamiltonians, and thus
a mapping exists between the model Hamiltonians [22].
However, in CrO2, only Z nearest neighbor magnetic
ions are considered (Z = 8 for CrO2), so the magnetic
coupling constant J can be extracted from the relation
∆E = JS2Z [14]. An estimate of the Curie temper-
ature TC can then be obtained within the mean-field
approximation:

TC =
S(S + 1)

3kB

J (2)

where kB is Boltzman’s constant [23]. Values of J and
TC are listed in Table 1, as well as the net atomic
charges q and spin moments µ obtained from the Mul-
liken population analysis. Previous work has shown that
hybrid-exchange functionals with 35% Fock exchange
can lead to a proper description of magnetic coupling,
but other functionals often overestimate J [14]. Indeed,
our B3LYP magnetic coupling constant was overesti-
mated by ∼ 30%. In the ferromagnetic case, all of the
functionals produced Cr spin moments on the order of
2 µB. Fig. 1 shows the charge and spin density maps of
the ferromagnetic ground state from the B3LYP calcu-
lation.

The calculated DOS from LDA and PBE are nearly
identical, and indeed bear strong resemblance to those
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Table 1: The energy difference ∆E (eV) between FM and AFM phases relative to FM phase, magnetic coupling
constant J (eV), mean-field Curie temperature (K), net atomic charges q = Z − (nα + nβ) (e) and spin moments
µ = nα − nβ (µB).

FM AFM
q µ q µ∗

∆E J TC Cr O Cr O Cr O Cr O
LDA 0.348 0.044 340.412 1.926 -0.963 2.090 -0.045 1.910 -0.955 1.631 0.006
PBE 0.750 0.094 727.245 1.961 -0.981 2.175 -0.087 1.948 -0.974 1.699 0.010
B3LYP 0.523 0.065 502.882 2.058 -1.029 2.295 -0.148 2.065 -1.033 2.048 0.011
PBE0 0.331 0.041 317.202 2.075 -1.037 2.428 -0.214 2.101 -1.050 2.113 0.019
UHF 0.000 2.575 -1.287 2.151 -0.076 2.224 -1.112 2.957 0.528
Exp. 390-400
∗ Magnitudes of spin moments
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Figure 2: Spin-resolved DOS from LDA, B3LYP and
PBE0 functionals. Inset shows DOS near EF .

produced by previous authors. The notable exception is
the fact that PBE predicts a slightly larger spin-down
band gap (1.9 eV) than LDA (1.5 eV). To our knowl-
edge, the only experimental study that has reported
the size of this band gap is infrared spectroscopy work
by Singley et al., in which they ascribe a resonance of
ω = 270000cm−1 = 3.35 eV to this gap [12]. As ex-
pected, both LDA and PBE calculations underestimate
this band gap.

Our results show several important differences in the
DOS between the hybrid-exchange and LDA-based func-
tionals. We note that, unlike the previous LDA+U

studies, B3LYP and PBE0 show the formation of a psue-
dogap near EF in the spin-up electrons (Fig. 2). The
small but finite DOS at EF is in good qualitative agree-
ment with recent photoelectron spectroscopy studies [8].
Moreover, the spin-down band gaps calculated within
B3LYP (3.5 eV) and PBE0 (4.3 eV) are in much bet-

ter agreement with the experimental value than LDA or
PBE. Our results agree quite well with the previous work
[15] suggesting B3LYP to be an appropriate functional
for estimating band gaps. However, all reported theoret-
ical values to date are on the order of eV, and it remains
unclear how the magnitude of this band gap relates to
the temperature (80-100 K) at which spin-flip scatter-
ing is observed in the form of T 2 resistivity dependence.
Our band calculations do not fully include many-body
correlation effects, so this difference in spin-flip energy
will remain to be elucidated for now. However, in the
spirit of realizing the potenial of CrO2 as a spintronic
material, the available states at EF and their depen-
dence on T must be investigated. Recently, Chioncel
et al. have employed LDA with dynamical mean field
theory (LDA+DMFT) as a means to address dynamical
correlation effects. They have reported spin-down low-
energy excitations at EF in semi-quantitative agreement
with spin-polarization measurments at similar temper-
atures [17].

Transition metal (TM) oxides can be classified in
terms of the on-site d -d Coulomb energy U, p-d charge
transfer energy ∆ and the ligand p-metal d hybridiza-
tion energy t, based on a scheme proposed by Zaanen,
Sawatzky, and Allen (ZSA) [24]. The Coulomb energy U

is defined as the energy required to remove an electron
from a d orbtial and place it in another d orbital site,
U = E(dn+1) + E(dn−1) − 2E(dn), where hybridiza-
tion is neglected, and E always represents the lowest
multiplet configuration. The charge transfer energy ∆
is the energy required to excite a ligand p electron to
a transition metal d orbital, ∆ = E(dn+1L) − E(dn),
where L denotes a ligand hole. TM oxides are consid-
ered to be Mott-Hubbard insulators when U < ∆ and
charge-transfer insulators when U > ∆. In this for-
malism, we look to the partial Cr and O DOS for evi-
dence of U and ∆ in the bulk electronic structure. In
the calculated DOS from LDA and PBE, the Cr-3d and
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Figure 3: Partial Cr and O DOS from B3LYP.

O-2p peaks below EF occur at the same energy, i.e.,
U ≃ ∆, which places CrO2 on the border on the Mott-
Hubbard and charge-transfer regimes, similar to antifer-
romagnetic Cr2O3. However, the hybrid-exchange func-
tionals produce results in which U > ∆, supporing the
work by Korotin et al. with the classification of CrO2

as a charg-transfer insulator. Qualitative estimates of
U (and ∆) are defined as the energy gaps between the
Cr-3d (O-2p) peak below EF and the Cr-3d peak above
EF (Fig. 3). We also wish to point out that B3LYP
places the Cr-3d peak at 2.3 eV below EF , in excellent
agreement with recent photoelectron spectroscopy data
by Ventrice et al. [8].

The classification of CrO2 as a charge-transfer insu-
lator is supported by the B3LYP and PBE0 band struc-
tures, in which one of the bands crossing EF is of pure
O-2p character. As expected, the band structure from
B3LYP (shown in Fig. 4) and PBE0 are typical of a
half-metallic ferromagnetic in that they appear 100%
spin-polarized with a metallic density of spin-up states
at EF . The hybrid functionals predict more Cr-3d -O-
2p hybridization than LDA or PBE, consistent with
LDA+U results that led authors to conclude that the
ground state of CrO2 is ferromagnetic through the dou-
ble exchange mechanism [13].

4 Conclusions

The electronic structure of bulk CrO2 was inves-
tigated using hybrid-exchange density functional the-
ory. We showed that the hybrid-exchange functionals
give better theoretical predictions of the energy gap in
the minority-spin states and an improved description
of strong electron-electron interactions. We emphasize
that future theoretical methods should include an accu-
rate treatment of electron-correlation effects in order to
properly understand the nature of CrO2.
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