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Half-metallic ferromagnetism: Example of CrO 2 „invited …

J. M. D. Coey and M. Venkatesan
Physics Department, Trinity College, Dublin 2, Ireland

A broad classification scheme is proposed for half-metallic ferromagnets which embraces the
possibilities of itinerant and localized electrons, as well as semimetallic and semiconducting
electronic structure. Examples of each type are given. The problems of defining and measuring spin
polarization are discussed and some characteristics of half-metals are reviewed with reference to
chromium dioxide. ©2002 American Institute of Physics.@DOI: 10.1063/1.1447879#
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I. HALF METALS

A half metal is a solid with an unusual electronic stru
ture. For electrons of one spin it is a metal with a Fer
surface, but for the opposite spin there is a gap in the s
polarized density of states, like a semiconductor or insula
This definition presupposes a magnetically ordered stat
define the spin quantization axis. The responses of a
metal to electric and magnetic field at zero temperature
quite different. There is electric conductivity, but no hig
field magnetic susceptibility.1

Normal ferromagnets, even strong ferromagnets, are
half metals. Cobalt and nickel have fully spin-polariz
d-bands with a filled↑ 3d band and only↓ d electrons at the
Fermi levelEF . However, the Fermi level also crosses t
unpolarized 4s band, so there is a density of both↑ and ↓
electrons there. In order to obtain only↑ or ↓ electrons at
EF , it is necessary to reorder the 3d and 4s bands by hy-
bridization, pushing the bottom of the 4s band up aboveEF

or depressing the Fermi level in thed-band below the bottom
of the 4s band. Otherwise a hybridization gap might be i
troduced atEF for one spin orientation. In any case, it
necessary to pass from a pure element to an alloy or c
pound; all half metals contain more than one element. M
known examples are oxides, sulfides or Heusler alloys. S
are stoichiometric compounds, others are solid solutions

Two situations where there is a single spin orientation
EF are illustrated in Fig. 1. In either case there is a spin g
D↓ or D↑ and a smaller gapDsf for spin–flip excitations from
the Fermi level. Half-metallic oxides where the 4s states are
pushed aboveEF by hybridization with the O(2p) states are
type IA when there are less than fived electrons, but of type
IB when there are more than five. Otherwise, half-meta
Heusler alloys with heavyp elements like Sb tend to hav
the 3d levels depressed below the 4s band edge byp–d
hybridization. CrO2 is a type IA half metal with↑ electrons
of mainly Cr(t2g) character atEF .2 Another well-known ex-
ample is the half Heusler alloy NiMnSb3 which has↑ elec-
trons of Ni(eg) character atEF . A type IB half-metallic oxide
is Sr2FeMoO6,4 where the↓ conduction electrons are mainl
of Mo(t2g) character. The Heusler alloy Mn2VAl 5 which has
Mn(t2g) ↓ electrons atEF is another type IB.

Electrons in the second class, type II half metals, lie i
band that is sufficiently narrow for them to be localized. T
heavy carriers may form polarons and conduction is then
hopping from one site to another with the same spin. Oth
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wise, the states in band tails may be localized by the p
ence of disorder; there is then a mobility edge, and cond
tion involves excitation to that edge. In either case, there
activated conductionr'r` exp(Ea /kT) with Ea'0.1 eV.
Magnetite, the best-known example,6 is a type IIB half metal
where↓ electrons of Fe(t2g) character hop amongB sites in
the spinel structure.

A third class of half metals, known as the transport h
metals,7 have localized↑ carriers and delocalized↓ carriers
or vice versa. A density of states exists forbothsub-bands at
EF , but the carriers in one band have a much larger effec
mass than those in the other. So far as electronic trans
properties are concerned, only one sort of carriers contrib
significantly to the conduction. A schematic band structure
type IIIA is shown in Fig. 2~a!. The heavy carriers give an
activated conduction but they are short circuited by the li
carriers which are metallic, with resistivity given by Ma
thiessen’s ruler'r01r(T). An example of type IIIA is the
optimally doped manganite (La0.7Sr0.3)MnO3, with mobile
Mn(eg) ↑ electrons and immobile Mn(t2g) ↓ electrons at
EF .7

There is a big difference between a half metal and
semimetal. A semimetal, of which bismuth is the textbo
example, is usually nonmagnetic with small and equal nu
bers of electrons and holes~'0.01 per atom! due to a fortu-
itously small overlap between valence and conduction ba
@Fig. 2~b!#. However, if a semimetal is magnetically ordere
with a great disparity in effective mass between electro

FIG. 1. Schematic density of states for a half metal,~a! Type IA with only ↑
electrons atEF and ~b! Type IB with only ↓ electrons atEF . In narrowd
bands, the states atEF may be localized~type II!.
5 © 2002 American Institute of Physics
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and holes, it may be a type IV half metal. An example i
Tl2Mn2O7,8 @Fig. 2~c!#, where a few heavy↑ Mn holes lie at
the top of the Mn(eg) band, while there is an equal number
of light ↓ electrons of mainly Tl(6s) character.

Finally, we consider the electronic structure of ferromag
netic semiconductors. These can become half metallic in o
of two ways: In one case, localized ion cores may polariz
the conduction or valence band bys"S exchange, producing a
spin splitting which is greater than the Fermi energy. Ex
amples are EuO and EuS doped withR31, where the 4f 7

Eu21 ion cores split the bottom of the 5d/6s conduction
band by about 0.2 eV,9 and~GaMn!As whered5 Mn21 cores
split the top of the valence band, producing↓ holes.10 An-
other possibility is that the dopant impurity atoms lie suffi
ciently close to each other to form a narrow band which i
unstable with respect to spin splitting. None of the atom
need then be magnetic. It is possible that (La0.005Ca0.995)B6

and ferromagnetic carbon belong to this category.
Our classification is summarized in Table I. Prospects fo

discovering new half-metallic compounds are quite limited
but the prospects are better for finding new solid solution
with robust half metallicity.11

Half metallicity is not easy to detect experimentally. Un
like superconductors, metals, semiconductors or insulato
there is no clear electrical signature. It is impractical to mea
sure the intrinsic high-field susceptibility of a ferromagnet a
low temperature sufficiently accurately to assert that it i
zero. The best indication of a type I or type II half metal is
metallic conduction in a solid with a spin moment atT50
which isprecisely an integral number of Bohr magnetons pe
unit cell. In a stoichiometric compound, the number of elec
trons per unit celln5n↑1n↓ is an integer. On account of the
gap in one of the spin-polarized bands,n↑ or n↓ is also an
integer. It follows that bothn↑ and n↓ are integers, and so
then is the differencen↑2n↓ which is the spin moment in

FIG. 2. Schematic density of states for~a! a type IIIA half metal, where
electrons of one spin direction are itinerant and the others are localized,~b!
a semimetal,~c! a type IVA half metal, and~d!, ~e! two types of ferromag-
netic semiconductor.
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units of the Bohr magneton. The integer spin moment cri
rion, or an extension of it to cover solid solutions, is a ne
essary but not a sufficient condition for half metallicit
Spin–orbit coupling is neglected; it may destroy ha
metallicity.1

Measuring the spin polarization is a key problem. Met
ods summarized in Fig. 3 are spin-polarized photoemiss
and transport measurements in point contacts and tun
junctions, either with two ferromagnetic electrodes, or w
one ferromagnetic and one superconducting electrode.

The straightforward definition of spin polarization is

P05~N↑2N↓!/~N↑1N↓!, ~1!

whereN↑,↓ are the densities of states at the Fermi level, b
this is not necessarily what is measured. In experiments
volving ballistic or diffusive transport, the densities of stat
must be weighted byv the Fermi velocity of the electrons, o
its square, respectively,12

Pn5~^N↑v↑n&2^N↓v↓n&!/~^N↑v↑n&1^N↓v↓n&!. ~2!

P1 or P2 may be large for transport half metals~types III and
IV !, but P0 can be small for the same materials~Table II!.
The densities of states in tunnelling experiments should
weighted by the appropriate spin-dependent tunnelling m
trix element to givePT , which is equal toP2 for a specular
barrier with low transparency.12 There is mounting evidence
that the spin polarization in a tunnel junction is critical
dependent on the interface with the barrier, and can e
change sign for a given ferromagnetic electrode according
the nature of the barrier.13 If so, it makes little sense to talk
about spin polarization as an intrinsic property of a mater
unlessP5100%.

Another difficulty arises when transport through the ba
rier does not occur in one step. Co-tunneling processes

FIG. 3. Comparison of five methods of measuringP: Photoemission, tunnel
junction, point contact, Tedrow–Meservey experiment, Andreev reflectio

TABLE I. Summary of the classification of half-metals.

Type
Density
of states Conductivity

↑ electrons
at EF

↓ electrons
at EF

IA Half-metal Metallic Itinerant None
IB Half-metal Metallic None Itinerant
IIA Half-metal Nonmetallic Localized None
IIB Half-metal Nonmetallic None Localized
IIIA Metal Metallic Itinerant Localized
IIIB Metal Metallic Localized Itinerant
IVA Semimetal Metallic Itinerant Localized
IVB Semimetal Metallic Localized Itinerant
VA Semiconductor Semiconducting Few, itinerant None
VB Semiconductor Semiconducting None Few, itinera
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volving intermediate states in the barrier are possible, an
the state involves a magnetic impurity, depolarization m
occur.14 Otherwise the polarization in a tunnel junction m
be enhanced by multiple reflection in the barrier, or by tran
via an intermediate state where there is Coulomb blockad15

One would like to have a way of identifying a materi
as a half metal without the need to remove electrons. O
possibility is to map the Fermi surface by measuring angu
correlations of photons emitted following spin-polarized po
itron annihilation.16 Otherwise, it might be possible to ex
ploit the small shift in chemical potentialgmBsB
'60mV T21, that arises in an applied magnetic field. T
authors are unaware of reports of any such measuremen

II. CHROMIUM DIOXIDE

Chromium dioxide is the only stoichiometric binary o
ide that is a ferromagnetic metal. It is the simplest and b
studied half metal.17 Although metastable under ambie
conditions, there is a narrow stability range near 300
which extends to high oxygen pressure. It has proved p
sible to grow small crystals and good-quality films, and p
duce powder which is sufficiently stable for industri
applications.18 Acicular powder, typically 100330330 nm,
is still used for video tapes. Thermal decomposition of Cr3

under natural oxygen pressure in a sealed vessel in the
ence of a TiO2 substrate yields oriented thin films. Singl
crystal films can be produced by chemical vapor transpor
CrO3, CrO2Cl2 , or Cr8O21,19,20 Photodecomposition o
Cr(CO)6 is another route.21 The materials prepared in differ
ent ways do not necessarily have identical composition
properties. Substrate-induced strain in thin epitaxial films
fluences their physical properties.22 Furthermore, the oxygen
stoichiometry of thin films is usually undetermined. Ear
work on CrO2 is summarized in Chamberland’s 197
review.18

~a! Structure and bonding:CrO2 has the tetragonal rutile
structure illustrated in Fig. 4. The space group isP42 /mnm

FIG. 4. The rutile structure of CrO2 . The local axis frame for thet2g

orbitals is shown.
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with Cr in 2a sites 0,0,0;12,
1
2,

1
2 and oxygen in 4f sites6x,

6x, 0; 1
26x, 1

27x, 1
2, wherex50.302. Lattice parameter

area50.4422 nm andc50.2917 nm. Each oxygen has thre
chromium neighbors, and each chromium is octahedrally
ordinated by oxygen with two short apical bonds~0.189 nm!
and four longer equatorial bonds~0.191 nm!. Octahedra shar-
ing a common edge form ribbons parallel toc. Local axes are
defined withx andy towards the edge-sharing oxygens, a
z towards the apical oxygens. The Crd orbitals are split by
the crystal field~;2.5 eV! into a t2g triplet and aneg dou-
blet; the t2g orbitals are split further into a nonbondingdxy

orbit which lies in the equatorial plane of the octahedron, a
a dyz , dzx doublet, which form and antibondingdyz6dzx

(p* ) combinations with respect to the oxygenp-orbital per-
pendicular to the Cr3O triangles.23,24

~b! Electronic structure:The formal electronic configu-
ration is (t2g

2)↑ for Cr41, and 2p6 for O22 although there is
some O22→Cr41 charge transfer and strong mixing of oxy
gen hole and chromium electron states atEF .25 The Cr d
levels lie close to the top of the O 2p band. The Fermi level
lies in the half-full dyz6dzx band. A dozen LSDA, LSDA
1U, and GCA calculations, beginning with that o
Schwarz26 have refined the picture. There is a large peak
the paramagnetic density of states atEF , but almost every
calculation confirms that the spin–split band structure is t
of a type IA half metal, with a spin gapD↓.1 eV, and a
spin–flip gapDsf of a few tenths of an eV~Table III!. The
calculations generally show at2g bandwidth of 2.5 eV, with a
trident structure including a narrow peak in the density

FIG. 5. Spin polarization of the density of states of CrO2 ~Ref. 2!.

TABLE II. Calculated spin polarization in ferromagnetic oxides.

CrO2

~Ref. 2!
(La0.67Ca0.33)MnO3

~Ref. 7!
Tl2Mn2O7

~Ref. 8!

N↑ (eV21 f.u21) 0.69 0.58 1.25
N↓ (eV21 f.u21) 0.27 0.24
VF

↑ (106 ms21) 0.25 0.76 0.06
VF

↓ (106 ms21) 0.22 0.33
P0 % 100 36 66
P1 % 100 76 25
P2 % 100 92 271



he
t

th

-

-
r
th
ol

o-
r-
a

r

we

c
e

et

te

et
llin

r

ie
d
an

c-

e
b

e

d

ee-

ude
ich
gap,

eV
low

w-
100

ty,
and

-

s

y

ra-

rmi
g

e
ic
t
i-
.8

g at

rter

is

8348 J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 J. M. D. Coey and M. Venkatesan
states due to thedxy electrons~Fig. 5!. The Fermi level lies
in a pseudogap between thedyz6dzx bands, but its position
relative to the minimum is rather sensitive to details of t
calculation. The half-metallic character is maintained up
the surface.27 There is controversy about the screening of
on-site Coulomb correlationsU, with magneto-optic spectra
suggesting effective screening28 while core level spectros
copy and photoemission suggest the opposite.29,30All the cal-
culations yield a moment very close to 2mB/formula. Both
Cr electrons and Cr/O holes are present atEF. The Fermi
surface presents two main features;31,32 an electron
pseudocube centered at theG point which contains 0.12 elec
trons f.u21, and a compensating hole surface centered nea
whose shape is extremely sensitive to the position of
Fermi level. There may be small extra electron and h
pockets.32

~c! Magnetic properties:The Curie temperature of CrO2
is usually reported to lie in the range 392~6! K. The critical
behavior of an epitaxial film withTC5386.5 K is that of a
normal Heisenberg ferromagnet withb50.371 and g
51.43.33 The low temperature ferromagnetic moments
5133 Am2/kg (J50.824 T) corresponds to an integral m
ment of 2.0mB /f.u,18 as expected for a half metal. Neve
theless, there is evidence that the Cr moment is actu
closer to 2.1mB /f.u with a compensating moment of20.1
mB /f.u on the oxygen, reflecting the covalent mixing of C
t2g

↑ and O 2p states.17,34,35

The temperature dependence of the magnetization
belowTC follows a BlochT3/2 law36 with spin wave stiffness
D'1.8310240 J m2, indicating that normal ferromagneti
spin waves are excited. They are detected by ferromagn
resonance in thin films, where the Gilbert damping param
is very small.37 The localizedS5 1

2, dxy core is exchange
coupled to the (dyz1dzx) conduction electrons by an on-si
Hund’s rule interactionJH;1 eV to formS51 atomic spins,
which then interact by double-exchange and ferromagn
superexchange interactions. The intrinsic magnetocrysta
anisotropy of epitaxial CrO2 films on ~100! TiO2 is K1

527 kJ/m3 at room temperature, with an easyc axis.38 In
powders, the easy axis is reported to lie at about 20° toc.34

Shape anisotropy for acicular particles used in magnetic
cording may be as high asm0MS

2/4, givingKS'50 kJ/m3 at
room temperature. Magnetostriction islS5531026.39

The paramagnetic moment deduced from the Cur
Weiss susceptibility aboveTC slightly exceeds that expecte
for S51.17,18 There is no evidence that it is much less th

gA@S(S11)#mB , as had been predicted for a half metal.40

~d! Thermal properties:The low temperature heat capa
ity of sintered29 and powdered CrO2

36 has been fitted to yield
values of the electronic termg52.5 mJ/mol K2 and 5.1
mJ/mol K2, respectively, which are typical ofd-band ferro-
magnets. The corresponding densities of states,N↑51.1 and
2.2 eV21 f.u21, are enhanced relative to the calculated valu
given in Table III. The enhancement may be explained
electron–phonon2 and correlation effects.40 The spin-wave
specific heat, varying asT3/2, is enhanced with respect to th
value deduced from the Bloch law, which corresponds toD
'1.1310240 J m2.17,29 The Debye temperature deduce
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from the low temperature heat capacity is 593 K. The S
beck coefficient is'210 mV K21.18

~e! Spectroscopic properties:Optical reflectivity data are
available as a function of temperature.41 In the optical con-
ductivity, there is a strong temperature-dependent Dr
peak at low frequency and features at 2.0 and 3.0 eV wh
are assigned to intraband transitions across the pseudo
and interband transitions across the spin gapD↓, respec-
tively. Spin–flip excitations occur in the range 0.06–0.25
where there is a rapid decrease in relaxation rate at
temperature.41 Using a calculated plasma frequencyvp

517 000 cm21 and Fermi velocityvF50.253106 ms21,2

the relaxation rate at 10 K and zero frequency, 13 cm21,
corresponds to a mean free path of 115 nm. The lo
frequency scattering rate increases by more than a factor
between 10 K and 300 K. Off-diagonal optical conductivi
deduced from the frequency dependence of the Faraday
Kerr effect agrees well with GGA calculations by Kunesˇ.28

Broadening of Raman modes nearTC is associated with scat
tering from collective spin fluctuations.42 The energy of the
Alg mode agrees well with the LSDA calculation.2 Photo-
emission studies show a small density of states atEF .29

~f! Transport properties (intrinsic):The electrical con-
ductivity determined on single crystals or high quality film
shows residual resistivityr0 of a few 1028 Vm 17,18,43,44and
a resistivity ratior(300 K)/r0 that can be as high as 140.22

Below 50 K, CrO2 is a rather good metal, with a resistivit
that is practically independent of temperature~Fig. 6!. The
mean free path corresponding tor05431028 Vm is '90
nm.2 The resistivity continues to increase at high tempe
tures, with a change of slope ofdr/dT at TC , reaching 6
mVm or more. Based on the area of the paramagnetic Fe
surface,2 this implies a mean free path of 0.1 nm, makin
CrO2 a bad metal in the sense thatdr/dT.0. However, if
the spin splitting persists aboveTC , the mean free path ther
is then'0.5 nm, which is a bit more than the interatom
spacing. The sign ofdr/dT aboveTC becomes negative a
high frequency.45 The scattering of magnetic origin, est
mated by extrapolating the high field slope to zero is 2
mVm.17

Suppression of the normal ferromagneticT2 scattering at
low temperature, together with intense magnetic scatterin
higher temperatures leads to a resistivity varying asr5r0

1AT2e2D/T whereA'33Vm/K2 andD'80 K. Data have
also been fitted to a simple power lawr}Tn, wheren53.2,44

D is much less thanDsf ~Table III!. Spin-wave scattering
appears only to be effective for magnon wavelengths sho
than a threshold corresponding to this energy~3 nm!.36

The change in conduction regime at low temperature
evident in the magnetoresistance.43,44,46The intrinsic proper-

TABLE III. Some electronic structure calculation on CrO2 .

Author D↓ ~eV! Dsf ~eV! N↑ eV21 f.u21

Schwarz Ref. 26 LSDA–ASW 1.3 0.3 0.8
Lewis et al. Ref. 2 LSDA–PWPP 1.4 0.3 0.69
Korotin et al. Ref. 27 LSDA1U(3 eV) 2.4 1.7 0.4
Mazin et al. Ref. 31 LSDA/GGA 1.3 0.2–0.7 0.95
Breneret al. Ref. 32 LSDA–LCGO 1.3 0.2 1.16
Kunešet al. Ref. 28 GGA 1.8 0.7 0.3
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ties are best seen in unstrained films with little residual
sistivity. Above 300 K, the magnetoresistance is negat
linear, and isotropic with a value of order 1%/T.47 Its origin
is the reduction of spin-disorder scattering by the fie
induced magnetization. At low temperatures, large posi
perpendicular~field perpendicular to film! and transverse
~field parallel to film! magnetoresistance varies asB2

reflecting43,44 high mobility and long mean free path of th
carriers.

The Hall effect in CrO2 is the sum of the ordinary an
anomalous termsrH5R0B1RSm0M . The anomalous term
dominates the Hall resistivity above 150 K;RS varies asT4

from 40–300 K, indicating a side-jump mechanism f
which RS}r2.43 The normal Hall effect is the predominan
contribution below 80 K.43,48 Notable is the change of th
slope from positive to negative beyond a value of appl
field which depends sensitively on sample preparation. In
preted in a simple two-band model, the positive slope at
fields reflects the presence of highly mobile holes, wh
pass over to the high field conditionvct5mB.1 above the
turning field, wherem is the mobility. The Hall effect is then
dominated by the more numerous electrons. The two-b
analysis givesmn50.25 T21, andme50.01 T21. Both mo-
bilities have the same temperature dependence,m(0)/m(T)
511AT2e2D/T with D580 K.43 The two band analysis is
simplification in view of the complex Fermi surface, but th
essential feature is mobile holes, of O (2p) character and
heavy Cr(t2g) electrons~and holes!.

~g! Transport properties (extrinsic):The extrinsic trans-
port properties have been studied in tunnel junctions, po
crystalline films, pressed powders and point contacts.
natural barrier oxide on CrO2 is 2–3 nm of Cr2O3 ,49 an
antiferromagnet with TN5300 K. CrO2/native oxide/Co
junctions exhibited disappointingly small magnetoresistan
1% at 77 K and 8% at 4.2 K, of either sign.50,51 Granular

FIG. 6. Resistivity of CrO2 thin films ~Ref. 43!.
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films52 and powder compacts53–55 show larger effects.
Powder magnetoresistance is a simple and versa

method for investigating magnetotransport in half metals56

Ideally, the transmissionT of electrons across a tunnel barrie
between two misaligned half-metallic particles whose ma
netic axes are at an angleu i j varies as cos2(uij /2), which is
identical to (11cosuij)/2. If the directions of magnetization
of the particles are random (r ), ^cosuij&50, and the maxi-
mum observable magnetoresistance,

MR5~s i2s r !/s i5~r r2r i!/r r ~3!

is 50%. Sincê cosuij&5^cosui&
25m2, this reduces tom2/(1

1m2) if the moments are incompletely aligned in thei state.
The pressed powders show hysteretic, butterfly-shaped m
netoresistance curves which do not saturate easily~Fig. 7!.
Takingr i as the extrapolated value for 1/H→0 andr r as the
maximum gives MR531% at 4.2 K.49,53 For imperfect po-
larization, the transmission varies asP2 cos2(uij /2), which
gives MR5P2/(11P2), henceP567%. This is an under-
estimate for two reasons~i! the resistance is greater in th
virgin unmagnetized state than it is at the coercive field,
that^cosuij&.0 at coercivity,~ii ! there is a nonzero transmis
sion probability when the electrodes are antiparallel, ass
ated with spin-wave excitations. The magnetoresistance
an aligned powder is greater than 41%,55 but still far from
100% as might be expected if the acicular CrO2 powder
particles all had antiparallel neighbors at the coercive fie
However, the experimentally determined percolation fract
for these particles is 0.23,53 so there will always be a perco
lation path through a 50–50 mixture of↑ and↓ particles.

Dilution of the CrO2 with Cr2O3 particles~Fig. 7! in-
creases the resistance and the magnetoresistance. Clo
the percolation threshold, the magnetoresistance extrapol
to T50 and 1/H50 rises to 40% which would correspond t
P582%. However, there is a low temperature upturn inr of
the formr;exp(D8/T)1/2 ~Refs. 44, 53, and 55! which is due
to Coulomb blocade. The barrierD8 is magnetization depen
dent and the magnetoresistance increases in this regime

FIG. 7. Magnetoresistance of a CrO2– Cr2O3 pressed powder compact, with
temperature dependence shown in the inset~Ref. 56!.



he

in-
on
t
i

.

ith
on
ria

m
a

om
w

–

tiv
na

bl
e

si
e

o

w

ra

gn

M
ys

.

ow

pl.

nd

.

.

and

o,

m.

K.

a,

ys.

.

s.

yu,

.

pl.

.

A.

hys.

. S.

h,

8350 J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 J. M. D. Coey and M. Venkatesan
cause the electrons find more eligible particles to which t
can tunnel when the magnetization is aligned.

Finally, a series of Andreev experiments57–60 have been
carried out on CrO2–superconductor point contacts and p
hole junctions. These indicate a very high spin polarizati
P'80% – 97% for CrO2 in the 1 K temperature range. Mos
convincing evidence of complete spin polarization is seen
a recent Tedrow–Meservey experiment using CrO2 with a
specially prepared Cr2O3 barrier and a Pb counterelectrode60

III. CONCLUSIONS

The concept of half metallicity has been extended w
examples of most of the new types, being based on electr
structure calculations. It is not easy to identify any mate
as a half-metal experimentally. The discussion of CrO2 has
highlighted measurements of spin polarization at low te
peratures using superconducting electrodes or powder m
netoresistance. The transport properties exhibit a syndr
where spin–flip scattering seems to be suppressed belo
temperatureD'0.2TC . This is related somehow to spin
wave excitations and not to the spin–flip gapDsf , which is
many times greater thanD.

The band structure of half metals is especially sensi
to spin disorder, which reduces the transfer integral and
rows the bandwidth in a static picture.61 This may lead to
instantaneous localization, which is relieved by favora
spin fluctuations in the atomic nearest-neighbor environm
giving rise to bad metal behavior near and aboveTC .

It is a challenge to measure and explain the intrin
temperature dependence of the spin polarization of half m
als, and ultimately to exploit them in spin electronics.
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