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The local-spin-density approximation is used to calculate the energy bands of both the ferromagnetic and
paramagnetic phases of metallic Gt’he Fermi level lies in a peak in the paramagnetic density of states, and
the ferromagnetic phase is more stable. As predicted by Schwarz, the Fermi level lies in an insulating gap in
the minority-spin bands between oxygprand chromiumd states(“half-metallic” behavior). The resulting
magnetic moment is 2g per Cr atom, in agreement with experiment. Thg Raman frequency is predicted
to be 587 cm' . Drude plasma frequencies are of order 2 eV, as seen experimentally by Chase. The measured
resistivity is used to find the electron mean free pathwhich is only a few angstroms at 600 K, but,
nevertheless, resistivity continues to rise as temperature increases. This pytg@r@e category of “bad
metals” in common with the higf=, superconductors, the highmetallic phase of VQ, and the ferromagnet
SrRu0;. In common with both SrRu@and SpRuO,, the measured specific-heat parametés higher than
band theory predicts by a renormalization factor close to 4.

[S0163-182607)04615-9

[. INTRODUCTION Schwarz; however, Refs. 7 and 9 give somewhat different
results. Reference 7 finds a gap between oxygend chro-
The physical properties of rutile-structure oxides are di-mium d states forboth spin species, whereas Schwarz only
verse, including insulators (TiO,), antiferromagnets finds a gap for minority spins. In Ref. 9 the computed spin
(MnO,), good metal§RuO,), and metal-insulator systems moment is 1.772g, which is inconsistent with the half-
(VO,). Metallic CrO,, with a Curie temperature Metallic picture. We perform further investigations of this
Teuwie~390 K, is the only ferromagnet in this class. Schwarz Material within the LSDA using a plane-wave pseudopoten-
used local-spin-density-approximatiéhSDA) band theory tial (PWPBH method, and c_)btaln majority- and minority-spin
to predict that the spin moment would be the fujig re- bands that agree well with the all-electron calculations of
quired by Hund's rules for the Gf (3d?) ion. The Fermi Schwar_z and Ref_. 8, rather than those of Refs. 7 and _9. Our
level lies in a partly filled(metallic band for the majority calgulatlons predict the frequency of t@$0 Raman—act]ve
(up-spin electrons, but for minoritydowr) spins lies in a CPtC mode ofA;; symmetry, and provide an analysis of

semiconducting gap which separates the filled oxygéev- transport measurements using band-theoretical parameters.

els from the chromiund levels. The situation where one spin This work is onedof thte ﬂtr_stl ;IIuitrgnonf 0; theh"flbr']“ty of.a.
species is metallic and the other semiconducting has bedfj2€-Wave pseudopotential technique 1o do a high-precision

named “half-metallic” by de Grootet al? Brandle et al® DA calculation, and the first, to our knowledge, for a fer-

found good agreement between theory and experiment fdpmagnetic compound.

the diagonal parts of the optical conductivity tensor. The

off-diagonal magnetocquuctivity properties_ were recently Il. COMPUTATIONAL METHOD

calculated by Uspenskii, Kulatov, and Halildwvho ob-

tained reasonable agreement with experiment. Evidence of The electronic ground state for CsGs computed using

close to 100% spin polarization was seen in both spinthe local-spin-density approximatitthof density-functional

polarized photoemissidrand vacuum tunnelin§However,  theory!! The form chosen for the exchange-correlation en-

this polarization was observed not at the Fermi energy, but 2rgy and potential is that of Ceperley and Ald&ive use

eV below, a discrepancy which has not yet been resolved. the frozen-core approximation, in which the core electrons
Besides the paper by SchwarzSDA band-structure cal- are fixed in their free-atom configuration, and only the va-

culations have been reported by several other grétpshe  lence electrons are allowed to respond to the chemical envi-

band structure of Ref. 8 is in good agreement with that offonment of the solid. Interactions between the valence elec-
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trons and ion cores are described by efficiénform-

_ | ® Oxygen .
conserving pseudopotentids. The s, p, and d 0 Chromium .\.

pseudopotential cutoff radii are 1.10, 1.00, and 1.50 bohr,
respectively, for chromium, and 1.25, 1.25, and 1.25 bohr,
respectively, for oxygen. Single-particle wave functions are
expanded in a plane-wave basis'3awhich is well con-
verged for CrGQ at a cutoff energy of 81 Ry. The use of
pseudopotentials and plane waves to study nonmagnetic ma-
terials within local-density-functional theory has been ex-
tremely successful for a wide range of systéfmcluding
transition-metal oxide$’ Application of this method to mag-
netic systems, however, is less well established. One of the
goals of this study is to demonstrate its validity in the realm
of magnetic compounds.

A worry with using the PWPP method for magnetic ma-
terials is that, because spin splitting of the exchange-
correlation potential is driven largely by the tightly bound FIG. 1. lllustration of the rutile structure. Heavy solid and

d electrons, spin-polarizing effects would be prominent Ir]dashed lines demarcate unit cells of the crystal. Thin lines empha-

the core region, where the pseudo wave-functions differ sig-. . . )
- . size the oxygen octahedra surrounding each chromium atom, with
nificantly from the all-electron wave functions. However,

Sasaki, Rappe, and Louie rfacently demonstllélﬂf@t this is isnog“(:h“er:ﬁstohltgzllggincg? (t)l:;gzc:]ugtgglasl.planes and dotted lines link
not, in fact, a problem. While the pseudopotential approach

does cause thed3wave function to shift in the core region
relative to the all-electron case, it also produces a simila
shift in the spin splitting of the exchange-correlation poten-
tial. Thus the total energy, which involves integration of the
density against the potential, is largely unaffected. Sasak
Rappe, and Loui&® as well as Cho and Karlg,have also
shown that it is important to employ the partial-core correc-

tion scheme of Louie, Froyen, and CoR&in order to re- The ireducible wedae of th | Brillou h
duce core-valence overlap errors introduced by nonlinearit e Irreducible wedge of the tetragonal Brillouin zone has

of the exchange-correlation potential. Spin-polarized calcu2€en sampled at nirlepoints for the purposes of computing
lations using this method have been performed for'ftamd the self-cons_|stent electron de_n5|ty. A high degree of conver-
nickel 1#1°and the agreement with all-electron LSDA calcu- gence for this level of sampling has been confirmed by re-

lations for structural, electronic, and magnetic properties i€10ing the calculation for a given structure usingk?goints.
outstanding. The two calculations agree to within 0.5 mRy per Grfor-

To our knowledge, the present study of Gr@ the first mula unit. It may seem surprising_that so féwpoints are
LSDA investigation of a ferromagnetic compound using theN€€ded to achieve convergence, since L.SDAlgcaIcuIathns for
PWPP method. Results for the magnetic and electronic strud=€ @nd Ni require many mor@0—60k points.™ The main
ture obtained here are in excellent agreement with previou€ason for the good-point convergence for Cris the
all-electron LSDA band-structure calculations of this Insulating nature of the minority bands. It is well known that
system8 which nicely illustrates the effectiveness and pre-insulating bands stabilize the charge density at a low number
cision of this method. of k points. It helps that the rutile unit cell, containing six

The rutile structure(see Fig. 1 has a simple tetragonal atoms in a fai_rly open structure, is considerably larger than
Bravais lattice with two formula units per unit cell. It con- theé monatomic unit cells of close-packed metals. Thus a
sists of chromium atoms octahedrally coordinated by oxygesimilar density ofk points could be obtained with a smaller
atoms, with the oxygen octahedra arranged in “ribbons”total nu_mber ofk points. _The electronic ldensny of states,
running parallel to the tetragonalaxis. Adjacent octahedra Magnetic moment, Fermi energy, Fermi surface area, and
on the same ribbon share a common edge, whereas octahedi@nsport coefficients are det(_armlned using the Im_ear tetr_ahe—
on adjacent ribbons share a common corner and are situat&fon metho& on band energies computed at 50 irreducible
relative to each other according to a fourfold screw axis withK POINts.
nonprimitive translation equal to half the axis. Figure 1
highlights the planar CrQunits which form the ribbons. We
refer to the ribbon oxygens as “equatorial,” and the other
two oxygens of the Cr@ octahedra as “apical.” The octa- Figure 2 shows the computed electronic density of states
hedra are orthorhombically distorted away from the ideal ge{DOS) of ferromagnetic CrQ@ for majority spins(positive
ometry, with the apical oxygen atoms slightly more distantaxis) and minority spingnegative axis These results agree
from the central chromium atom than the equatorial oxygerwell with earlier DOS calculations for this materidfl.Inte-
atoms. Chromium atoms are located at the posit[dh8,0] grating the total DOS up to the total number of valence elec-
and[ 3,1,3] in lattice coordinates, and the four oxygen atomstrons determines the Fermi level, which is then used as the
are located afu,u,0], [1—u,1—u,0], [3+u,3—u,3], and  zero of energy. The Fermi level intersects the majority-spin

L%—u,%+ u,3], whereu is a dimensionless internal coordi-
nate less than unity. The measured values of the structural
parametersa, ¢, andu are 4.419 A, 2.912 A, and 0.303,
respectively’* In the present study, we have fixed the axes at
their experimental lengths, and optimized the internal coor-
dinate,u. Its computed value is 0.3043, in excellent agree-
ment with experiment.

Ill. ELECTRONIC STRUCTURE
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Minority Spins :
N N R R SR R FIG. 3. Spin density of Cr@in (a) the equatorial plane of the

-20 -15 -10 -5 0 5 oxygen octahedron ar(®) a plane of the octahedron containing two
apical and two equatorial oxygens. Adjacent contour levels are
separated by 30g/unit cell, with the zero contour designated by
dashed lines. Chromium and oxygen atomic positions are desig-
nated by filled squares and circles, respectively. Apical and equato-
rial oxygen atoms are distinguished by labels.

Energy (eV)

FIG. 2. Densities of states for majority and minority spins in
ferromagnetic CrQ. Majority (minority) states are plotted along
the positive(negative ordinate. The dotted line denotes the Fermi

energy- gen X level, and is identical for both spin species, contrib-

o ) o uting nothing to the spin density. Similarly, the broad band
bands near a local minimum in the DOS, and lies in a bang,gq —7 to —1 eV comes mostly from the oxygerpatates,
gap of the minority-spin DOS. Thus CgQs half-metallic it 5 small admixture of chromiumd character, and is
within LSDA, as was first demonstrated by SchwaBhis a4 imost identical for majority and minority spins. The source
property leads to an integral magnetic moment, which i the spin density is an exchange splitting of approximately
found to be 2:/CrO, the value predicted by Hund's rules 1 g eV of the broadbands near and above the Fermi level.
for the spin moment of the ¢t ion. This agrees with the  Thege pands are primarily chromiund 3tates ot,y parent-
measugg(zztsat_urat_lon moment per formula unit for 1@  age with thee, bands higher in energy by the crystal-field
2.0ug """ which is nearly all attributable to spins; Uspen- gpitting of approximately 2.5 eV. The exchange splitting
skii, Kulatov, and Halilo¥ calculated an orbital contribution shifts the minority-spird bands above the Fermi level. The
of a few percent. The density of majority states at the FerMnajority t,, band is two-thirds filled, with the Fermi level
level is 0.69 states/eV/Cr R R R lying in a “pseudogap” in thet,4 manifold. Following Sor-

Contour plots for the spin densifys(r)=n;(r)—n(r)]  antin and Schwarz, we can explain the stability and the shape
are shown in Fig. 3 for two cross sections of the crystal.of the spin density in Cr@as follows. Only one of the three
Figure 3a) contains the (10) plane formed by the equato- t,, states participates in covalent oxygerehromiume hy-
rial oxygen atoms and the chromium atom. Figur@)3 bridization. Hybridization creates both bonding and anti-
shows a perpendicular plane containing two apical and tw®onding hybrid orbitals, with the bonding orbital reduced in
equatorial oxygen atoms. Both panels have the samenergy, appearing in the occupied region of nominally oxy-
contour-level spacing. These figures reveal that the spin demgenp states, and the antibonding hybrid orbital remaining in
sity is highly localized around the chromium atom, and thatthe chromiunt,, manifold, but pushed up in energy relative
it stems almost exclusively from the chromiund 3tates. to the two nonbonding members, leaving the “pseudogap.”
Figure 3a) shows that the spin density has the “cloverleaf” To see whictt,, state hybridizes, consider an oxygen atom
shape of al,, function, where a local set of, y, andz axes  with its three coplanar chromium nearest neighbors. This
are used, with the origin on a chromium atom and axes to€r,0 cluster buildss bonds from hybrids between the two
ward the octahedral oxygen atoms, the apical oxygen defircr e, states and two of the three Dstates(This hybridiza-
ing the localz axis. It is well-known that the crystal field tion leaves antibonding, states raised in energy relative to
caused by an octahedron of surrounding negative charges; states, and is part of the explanation of the crystal-field
splits thed states of a transition-metal ion, with the three spiitting) The leftover Op state is the one which points
tyy states @y,, dy,, andd,,) lying lower and the twoe;  perpendicular to the GO plane. This state hybridizes by
states (x2-y2 anddg;22) lying higher. Figure &) shows  forming a 7 bond with the Crt,, state which is correctly
that thed,,, or equivalently, thed,, component ofs(r) is  oriented. This state is orthogonal to tlg, state which lies
also present, with about half the strength of the compo-  in the equatorial plane. Thus one half of tdg, and d,,
nent. Thee, states make no noticeable contribution. components of the,; manifold is pushed upward by anti-

Bonding in CrO, was analyzed by Sorantin and bonding, and this explains the dominancedgf character in
Schwar?® and by Burdetteet al?® Referring to the DOS in  the spin density.

Fig. 2, the sharp band at aboutl7 eV arises from the oxy- For comparison purposes, we have also computed the
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FIG. 4. Density of states for paramagnetic Gr@he dotted line r
denotes the Fermi energy. o0, T
0.28 0.30 0.32
band structure for Cr@without spin polarization. The DOS Internal Coordinate, u
for paramagnetic Cr@is plotted in Fig. 4. It agrees fairly
well with the linear-muffin-tin-orbital calculation of Kulatov FIG. 5. Total energy vs internal coordinateor fixed values of
and Mazin! although they did not find a pseudogap in the jyice parametera andc.
chromiumt,y band. Note that the Fermi level intersects a
sharp peak of the DOS. The large DOS at the Fermi levehave from this source be fairly large, perhaps as large as 1,
(2.35 states/eV/Cr@spin) is an unstable, high-energy situa- but not as large as 3.3. In addition to having the electron-
tion, which is relieved by the formation of a ferromagnetic phonon enhancement, ferromagnetic metals can have a mass
phase, according to the usual Stoner argument. The paramagnhancement from virtual exchange of spin fluctuations. Be-
netic band structure also provides a useful comparison focause of the absence of single-particle states of opposite spin
understanding the electronic transport properties of Ce#3  at the Fermi energy, this source is expected to be altered in a
is discussed below. half-metallic materiaf® Perhaps one could patch up band
theory in some way, improving the LSDA exchange-
IV. RAMAN MODE correlation potentials or making self-interaction or gradient
corrections, to diminish the enhancement to a more reason-
A symmetry analysis of the zone-center phonons of theyple value. However, given the reasonable success of LSDA
rutile structurg(space grouf4,/mnn) shows that there are in describing the total energy and qualitative nature of the
four Raman frequencies and four infrared-actiV®) fre-  spectrum of electronic excitations farther away from the
quencies. The Raman frequencies belong to irreducible refeermi surface, it seems to us more likely that the large
resentation®\;4, Ayq, Azg, andEg, whereas one of the IR specific-heat enhancement indicates a correlation effect be-
frequencies haé,, symmetry, with the rest having, sym-  yond the reach of a patched-up density-functional theory.
metry. Very similar enhancements have been reported in the ferro-
The A;y Raman mode is particularly simple, correspond-magnet SrRu@ (Ref. 29 and in SpRuQ,.%°
ing to fluctuations of the internal coordinate Thus the en-

ergy of this mode is a by-product of a calculation of the VI. RESISTIVITY
equilibrium structure. Figure 5 shows the variation of the _ _
total energy of the crystal as a functionwffor fixed values Transport properties of ferromagnets were reviewed by

of the lattice constant® and c. The solid line passing Campbell and Fert: The electrical resistivity of single-
through the data points is a cubic-polynomial fit to the datacrystal samples of Crowas measured by Redbell, Lommel,
with the zero of energy placed at the minimum. As men-and DeVrie§2 the data are transcribed in Fig. 6. Similar
tioned above, the equilibrium value of is predicted to be results were reported by Chamberlafidhe solid curves in
0.3043. From the curvature of this function at the minimum,Fig. 6 are Bloch-Groeisen fits to the low-temperature data.

we predict the frequency of the,, Raman mode to be 587 In order to interpret the resistivity curves, it is useful to
cm~L. To our knowledge, this quantity has not yet beenchoose Niand Nb as reference materials exhibiting canonical

measured. resistivity behavior. The data, shown in Fig. 7, are from

Refs. 34-37 for Ni and from Ref. 38 for Nb. Boltzmann

transport theory evaluates the current by summing up the

velocity of the occupied quasiparticle states. Rather than
The low-temperature specific he@t yT was measuréd  solving the Boltzmann equation for the quasiparticle distri-

asy=7 mJ K~ 2 per mole CrQ. Using independent-electron bution function, it is usually a reasonable approximation to

theory, y= (772k82/3)N7(0), this corresponds to an effective use the ansatz that the distribution functiéns a displaced

density of states at the Fermi level Nf,(0)=3.0 states/eV Fermi-Dirac distribution, F(K) = f (es(K+eErs/#)). The

per CrO, formula unit. This exceeds our calculated spin state is labeled by=1 or |. This yields a formula for

N(0)=0.69 by a factor *\,=4.3, a large enhancement. the conductivity,

Conventional metals have an enhancement\l from 5 ) 5 5

electron-phonon interactions, and it would be possible to Txx= €N (0)(v5) Tog TN (0) (V5 ) Tuey (D)

V. SPECIFIC HEAT
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FIG. 6. Measured resistivity of CrOvs temperature from Ref. FIG. 7. Resistivity of Ni and Nb vs temperature showing ca-

32. The data for th¢010] direction have been shifted up by 100 nonical behavior of ferromagnetic and nonmagnetic metals. The
n&2 cm for clarity. The solid curves are Bloch-Greisen functions  gata for Ni are from Refs. 34illed circles, 35 (open circley 36
fitted to the lowT data, as explained in the text. (filled squares and 37(open squarés The data for Nb, from Ref.

o ) 38, have been shifted up by 1) cm for clarity. The solid curves
where the angular brackets signify a Fermi surface averaggye Bloch-Grmeisen functions, as explained in the text.

(9)==,a(k) 8(e)/=S(ey). The temperature dependence of

the resistivity is controlled by the scattering timeg;s. For  free path would hypotheticallyaccording to Boltzmann

electron-phonon scattering, this can be modeled by théheory become as short as 5 A, the temperature dependence

Bloch-Grineisen formula is almost completely arrested. Boltzmann theory is expected

’ to fail when/ is not large compared with a lattice spacing.

) A Q2kgT } Typically this occurs when the resistivity is within a factor of
sinh(z Q/2kgT) | ’ 2 of 10Qu) cm. From the known parameters of Nb, it is

(2)  predicted that” (defined ag|v|?)*?r) at 500 K should be
where the Debye mOdeiixsF(Q)ZZ)\xxs(Q/wD)4 is used. 145 A, close tgbut a little higher thapwhere “saturation”

2

aXXS

op d()
ﬁ/ Txxs— 47TkBT fo ﬁ

If the quasiparticle propertieNl4(0) and(v2,) are known, Is expect_ed.. .

then tﬂ: pfrarrgeterz r?ee(;edS(to) fit thievxiata are avl\;d An objection to the procedure used here is that Boltzmann

—honlk theory needs the velocities of the band quasiparticles, while
D™ DIRB-

The simplest case to model is Nb, a cubic paramagnet, sge single-particle energies, calculated usin_g LSDA pand
that all Cartesian directions and both spin directions have th eory are not guarantged t(.) h"’?"e any phyS|c_aI meaning. The
same value ok ,,., denoted\,, . It is convenient to define a °!’"y rehabk_a test .Of this opjectmn IS comparison of LSD.A
“Drude plasma frequency” tensa® p by eigenenergies V\{lth .experlmental qu§13|part|cle properties.
Tests for the resistivity of paramagnetic metals have gener-
ally worked very well** similar to the result seen here in Nb.
03, =4me?>, Ny(0)(vy). (©)) Nickel is a cubic ferromagnetT(, =627 K), so there
s are two electron-phonon paramet&rsand\ | . The resistiv-
Using #Q0p,=9.12 eV for Nb as calculated by ity cannot be fit with Bloch-Gmeisen curves; above 200 K
Papaconstantopould$0 =275 K from the lowT specific  extra scattering occurs because of fluctuating spins. If we
heat*® and setting\,, equal to the superconducting=1.05 assume that below 200 K electron-phonon scattering domi-
found in tunneling*! the Bloch-Grmeisen curve shown in nates, we still cannot determine separately all the constants
Fig. 7 follows with no adjustable parameters. A slightly bet-of a Bloch-Grineisen curve, because at temperatures much
ter fit could be produced by reducing the valuefgf, which  less than®p, only a single combinatioh/Q%@é enters the
would accord with knowledge from tunneling about the ac-expression. To obtain a rough idea, we make the model
tual effective phonon frequencies. The fit is good up to 500\, =\ | and take® =450 K from low-T specific heat. Using
K, beyond which the data slowly turn downward below thethe joint up- and down-spin Drude plasma frequency
theory, probably signaling the onset of “saturatioff’In  Qp=6.96 eV*® the Bloch-Grumeisen curve drawn in Fig. 7
many elementati-band metals and intermetallic compounds, corresponds to the choick=0.27. This is a reasonable
when the electron mean free pafrbecomes less than 10 A, value, intermediate between the values 0.13 and 0.47 found
the thermal increase of resistivity is slowed. When the mearfor the related metals Cu and Ptiand agrees with the result



10 258 STEVEN P. LEWIS, PHILIP B. ALLEN, AND TAIZO SASAKI 55
A=0.24 found in the pioneering calculation of Yamashita, TABLE |. Measured, calculated, and derived properties of
Wakoh, and Asan8' It would also be reasonable to choose aCrO..

lower value of ®,, obtaining a correspondingly reduced

value of\, and a fit which follows the experimenta(T) up ~ Quantity Ferromagnetic  Paramagnetic
to a somewhat smaller temperature. From the measured spe- Experimental values
cific heat and the band values of Papaconstantopoulos, ONeA) 4416
finds A ,~0.70, significantly larger than can be reconciled
105 A, ~0. 15, SI9 y 'arg \ IC &) 2.917
with resistivity, and suggesting that there is an additional 0,30
source of renormalization beyond electron-phonon effects. Saturation moment: (2g/CrO,) 'Zob
In principle, Boltzmann theory should still work for Ni at it .
temperatures up to at leaBt=900 K. If the electron-phonon 7 (mJ/mole K ! d
mechanism alone were causing scattering, then the valuid? K) () cm) ~5
A=0.27 implies that the mean free path for up-spin electron€ (300 K 25¢° g
would be 35 A, and for down-spin electrons would be 12 A,°(500 K) 570
using the Fermi velocities found by Papaconstantopatflos. Theoretical values
However, the actual resistivities, because of spin scattering, 0.3043
are higher by 1.72 than the electron-phonon fit, so the corre-
. i (ug/Croy) 2
sponding mean-free paths are reduced to 20 and 7 A, respe(g( Asg) (cmY) 587
tively. But at 900 K Ni is no longer a ferromagnet, and N(0) (states/eV/spin/Crg) 0.69 235

separate up- and down-spin Fermi surfaces no longer exisé/—z—

t 5
) [ 1. .62
Nevertheless, the mean free paths suggested by this analygr%f%'l> (10% m/9 1 :g 8%
are long enough that it seems likely that the basic premise VF2) ' '

of Boltzmann theory are not badly violated. The fact that{Lex (8V) 191 2.22
p(T) continues to increase with temperature at 900 K sug{ezz_ . 2.15 2.84
gests a metal where transport is still governed by propagatinfermi-surface areéd ~?) 8.86 21.43
quasiparticles which scatter more rapidly at higfier Derived values

We now apply this kind o_f a_naly5|s_t0 CeOAt low tem- 1+X,=N,(0)/N(0) 43
perature, there are only majorityp) spins at the Fermi sur- 1. free pathr (5 K) (A) 700
face, and thus only two electron-phonon parametgrsand y

. . /(300 K) 14

\,z, which can be separately fit o, andp,,. The Bloch- /(500 K) 13

Gruneisen curves of Fig. 6 use, =750 K, taken from low-
T specific heat of the neighboring compound 'Ei@ Using  2Reference 21.
the calculated plasma frequencies tabulated in Table |, wereferences 23 and 24.
find A~ 0.8 and\,,~ 0.9. These values are a little higher °Reference 24.
than found in typical oxide metalfcompareA=~0.45 in  9Reference 32.
RuO, (Ref. 46]. The values oh are reduced by a factor of
2 if we fit using® =500 K, which characterizes the specific the Fermi surface. Density-functional theory has an excellent
heat of TiO, in the range 15-65 K5 and is an equally ability to give the correct shape of Fermi surfaces, even un-
reasonable choice. The corresponding Blochreisen der conditions where the velocity of the quasiparticles at the
curves deviate from the measure€l) at T>125 K instead Fermi surface, or the density of states, may be off. Our cal-
of the T>190 K seen in Fig. 6. In either case, because of theculated areas are given in Table I. At |6k wherep is only
small Fermi velocities, the correspondirgvalues become a fewuQ cm,/ in CrO, is hundreds of A. AfT=200 K,
small at highefT. we estimate”=36 A. This is still the regime of a good band
The mean free path has no unique definition. Previouslyrermi liquid. At higherT, the resistivity increases rapidly,
we used /=(|v|>)"?r, but an equally good choice is and/ diminishes to=7 A at the Qurie temperature 390 K.
/=(o®7/([0]). In ferromagnetic CrQ we find This number is estimated assuming the ferromagnetic elec-
“1212- o & m/ 0] =2.2x 1P ms, s0 the two tronic structure. If instead we use the parfi\magnetm Fermi
<|U|. > . 2 5* 10> m/s and v ' surface, the area is much larger and valueg @fre reduced
definitions differ by an unimportant amount. Boltzmann y, 5 tactor of 4.8 to sizes less than 2 A. This is the regime
theory gives the following approximate relation: which has been called a “bad metal” by Kivelson and
Emery?’ In traditional bad metals, lik&15 structure inter-
2 |5k|275(6k) metallics (Nbg_Sn, e_tc), the _resistivit_y is temperature_ inde-
J= pendent at this point, but in “exotic bad metals” like the

B - high-T. superconductors, resistivity continues to rise even
E |vil 8(ex) though propagating quasiparticle states of the Landau type

cannot be present. Earlféwe found that the higf- metal-

lic (rutile structure phase of VQ is also a “bad metal” in

the “exotic” sense, as is the ferromagnet SrRy8 so it

should not be surprising if Cr@is as well.

This provides a robust way to estimate mean free paths, be- It is interesting to think about the nature of scattering in

cause the only theoretical input required is the ad@aof  CrO, at temperatures nedfc,. Figure 6 suggests that

m)3h 1
e AlstArs

1 1 1
~ 4 - 4=
Pxx  Pyy Pzz

: (4)
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roughly half the scattering involves spin flips caused by spirstructure, with majority-spin electrons having a Fermi sur-
fluctuations. The mean distance between spin-flip scatteringace, but badly lifetime broadened. With a 10-A spin-flip
is ~\2/, or 10 A. A spin flip takes an electron off the mean free path, and a 7-A total mean free path, the local
majority (up) spin Fermi surface into an insulating gap. It Fermi-liquid picture is close to total destruction. Looking at
cannot remain there long unless joined by a sufficient numthe resistivity shown in Fig. 6, it is hard to tell whether the
ber of other flipped electrons such that the local majority hasesistivity is saturating or not. Additional measurements at
changed spin direction, and the down-spins are now metalligigher T would be interesting.

with a Fermi surface, leaving up-spins insulating. Thus it is
easy to imagine that the scattering is not completely incoher-
ent, but_ has a collective feature. As temperature rises to near ACKNOWLEDGMENTS
the Curie temperature, the bulk magnetization decreases pri-

marily through fluctuating formation of opposite spin do- We thank R. J. Gambino and W. E. Pickett for useful
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