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Electronic structure and magnetism in Ru-based perovskites
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The magnetic properties of ruthenates with perovskite-derived structures, partio@ari$yRuO; and
SKLYRUG;, are studied within the context of band-structure-based Stoner theory. First principles calculations
are used to demonstrate that in all cases the correct magnetic behavior and order can be obtained without
recourse to strong correlation effects and that the insulating charactey R0, is reproduced. The differ-
ent magnetic states of SrRy@nd CaRu@ are shown to be due to the different structural distortions in these
materials, most significantly the larger rotation of the octahedra in the Ca compound. C&Ro0nd to be
on the verge of a ferromagnetic instability, leading to the expectation of giant local moments around magnetic
impurities and other anomalous effects in analogy with fcc Pd metal. OxygetieBived states hybridize
strongly with Rud states in all three compounds, and O, through this hybridization, plays an unusually large
role in the magnetic properties. This involvement of O is responsible for the strong magnetostructural coupling
that is found in the calculations. Transport properties of CafRar@ SrRuQ@ are analyzed using the calculated
Fermiology. Unusually large magnon and paramagnon couplings are found, which are consistent with reported
measurements of the low-temperature specific heat and the resistivity coeffiieh63-182607)05829-3

I INTRODUCTION SrRuQ, does show an abnormally high magnetocrystalline
anisotropy for a pseudocubic matettb the extent that it is
Mixed ruthenates with perovskite-based crystal structuresgifficult to measure its saturation magnetization using stan-
have been receiving considerable attention of af&oth  gard measurements of hysteresis loops, and resulting in some
because of their interesting magnetic properties and becauggnfusion in the older experimental literature. More recently,
of the recent disccl)(\ilery of_ supercon_ductivity in the layeredk|ein and co-workershave measured strong magneto-optic
ruthenate SRuQ,.” Despite the rarity of d-based mag-  roperties in SrRuQepitaxial films. 41 ions generally have
netic materials, SrRupis a robustly (Curie temperature e extended orbitals than the corresponding ®ns, and
Te~165 K, mggnetl.zatlonmm1..6,uB/Ru) fgrromagn?tlc as a result 4 oxides tend to have greater overlap and hy-
metal occurring in a distorted cubic perovskite structdré® bridization between the transition metal and © @bitals

; ; il
andTc can be even fu_rther mcreaSEd by doping W't.h ?')b'. Besides a tendency towards greater itinerancy, this can lead
However, magnetism is easily suppressed by doping with

Ca, although Ca/Sr states are far removed from the Fernich) more intgrplay between.structural_ degrees of freedom and
level and accordingly may not be expected to influence th € magnehp and eIectrqnlc pr'opertles..

electronic properties of SrRuyOvery drastically. Further- AS mentloneq, additional mtgrgst in these ruthengtes
more, SsYRuUOs, which has essentially the same crystal COMeS fro_m their apparent proximity to superconductlylty,
structure as SrRu§) but with every second Ru substituted @nd Possible new insights into the problem of high-
by Y, is antiferromagnetic, with estimates of the saturationl€Mperature superconductivity that may emerge from their
magnetization even higher than the parent compoungtudy. Although the layered perovskite,8u0, has a mod-
(M~3ug), although the critical temperatur, is reduced est T, of 1 K (there have been very recent, unconfirmed
to 26 K. The variety of magnetic and electronic propertiesreports of signatures of superconductivity at up to 60 K in
observed in these superficially similar compounds alreadyhe double perovskite SYRuOg with Cu doping?), it was
poses an interesting theoretical challerigg, for instance, suggested that this material may be an unconventional super-
nonsuperconducting cuprates, which despite their large vargonductor. This is based largely on several similarities with
ety, always show strong antiferromagnetism in Cu-O planesthe cuprates: SRuQ, is isostructural with the first discov-
Besides, there are a number of interesting observations thated highT. superconductor, shows highly two dimensional
deserve attention. These include the fact that SfRis@he  electronic properties, and of course is close to magnetic
only known ferromagnetic metal among thd dxides. As  phases, particularly SrRuQand SyYRuOg;. However, the
such interesting differences are expected from the muchkvidence for strong electron correlations in ruthenates is by
more abundant@oxide magnets. For example, much stron-far not yet as compelling as the body that has been accumu-
ger spin-orbit effects compared to thel 3ystems may be lated for the cuprates and many othet 8xides, and the
anticipated, and these may manifest themselves in the maguestion of whether these ruthenates can be treated within
netocrystalline and magneto-optical properties. In factthe framework of conventional band theory, or require a
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strong-correlation based theory, remains open. play some role, it is more of a quantitative than of a quali-
Several photoelectron spectroscopy experiments havative nature.
been reported for SRuQ,, which because of its layered On the other hand, we note that even i§F10, and other
crystal structure is more amenable to such studies than nearythenates are not strongly correlated, the superconductivity
cubic SrRuQ. Yokoyaet al?* and Luet al,?® using angle- could still be unconventional, for instance, arising from a
resolved photoemissiocRPES, both report observation of Magnetic mechanism. In this regard, a number of measure-
Fermi surface sections and extended van Hove featurégents indicate anomalously large scattering of electrons by
somewhat like those in the local density electronic structuréPIn flucguat|on§,5 complicated by a strong magnetoelastic
calculations, although the positioning of the van Hove singu£oupling” Cyclotron masse%, the specific heat, and the
larity relative to the Fermi energy differs and the dispersionParamagnetic susceptibilify are all strongly renormalized.
is generally somewhat weaker than in the calculations, probWVhile there is always the possibility of ascribing this renor-
ably due to correlations, but possibly because of strongnallzanon to strong correlations, the simplest explanation
electron-phonon and -magnon interactions. Similarly,may be strong electron-phonon-magnon interactions. Fur-
Schmidtet al?! observed the valence bands ofBu0, us-  ther, an abnormally large transport coupling constepts
ing ARPES, and found uppermost occupied bands with égqg|red to rationalize the temperature dependence of the re-
width reduced by a factor of 2 compared with band structuréSistivity with the calculated Drude plasma enerdiésl-
calculations. Unfortunately, ARPES is highly sensitive to thethough this value is consistent with the specific heat en-
quality of samples and particularly sample surfaces. Interesfancement. Unusual temperature dependences of the Hall
ingly, polycrystalline but otherwise apparently high-quality effect® were found in CaRu@and in SrRu@. We shall
SKLRuO, samples can be nonmetalfit. Angle-integrated ~eturn to the transport properties later in the paper; it is plau-
photoemission is a more robust technique; using |'|:7 Y0k0y§|b|e that they can be reconciled with the conventional one-
et al?® found good agreement between the experiment anglectron mechanism, despite the unushialependences.
density functional calculations, but observe a correlation sat- The main purpose of the present paper is to study the
ellite to thed band(using resonant photoemissjoBased on magnetic phases and the relative importance of correlation
these measurements they estimated an effective Hulihard @nd band structure effects for obtaining the magnetic prop-
of 1.5 eV, which is at least 3 times smaller than similarerties. We focus on the double perovskitgXS2uQs and the
estimates for the cuprate superconductors, casting sonf@romagnetic-paramagnetic transition (&r,CaRuO; with
doubt on suggestion that RuO, and related ruthenates are Increasing Ca content, and we shall show that conventional
very strongly correlated. band theory is fully able to describe the variegated magnetic
One of the most decisive arguments in favor of the im-Properties in this family of materials.
portance of strong correlations in high- cuprates is the
failure of conventional local-density-approximatighDA) Il. FIRST PRINCIPLES CALCULATIONS
band structure calculations to describe even qualitatively the
antiferromagnetism in the undoped parent compounds. Simi-
larly, the key question for these ruthenates may be which As mentioned, SrRu® occurs in an orthorhombic,
approximation, strongly correlated or band structure based, Bbnm GdFeQ structure, which has four formula units per
best suited to explaining the variety of magnetic propertiescell. It is interesting to note that this is the same generic
One of the main purposes of this work is to determinestructure as LaMn@and related manganites that have re-
whether a(similar to the cupratesfailure of the conven- ceived considerable recent attention because of the discovery
tional, mean-field-type, band calculations is present in thesef colossal magnetoresistance effects in some of these. Fur-
ruthenates. ther SrRu@ has the same nominal electron count as
Within a strong-correlation scenario, the ferromagnetism_LaMnQ;, although unlike LaMn@ it is a ferromagnetic
in metallic SrRu@, results from the double-exchange metal even without doping. In LaMnChe distortion from
mechanism, while antiferromagnetism in insulatingthe ideal cubic perovskite crystal structure consists of both
SrYRUG; is due to superexchange via twonlike the 3 rotations of the O octahedra and Jahn-Teller distortions of
oxides and Cu perovskite®xygen ions. This is appealing them to yield Mn-O bond length variations of more than
because in the Mott-Hubbard picture the main factor control-10%. This is understood in ionic terms as a result of the fact
ling the magnetic properties is the carrier concentrationthat the high-spin Mn ion with this electron count has a
which is indeed different in those two materials: In half-full majority spineg orbital favoring a Jahn-Teller dis-
(Sr,CaRuG; ruthenium is four-valent, that is, itd band is  tortion. In contrast, SrRuoccurs with a reduced magnetic
populated by four electrons, while in SfRuQ; the nominal moment and its distortion consists of almost rigid rotations
valency of Ru is 5, and the number dfelectrons is 3. On of the O octahedra with practically no accompanying varia-
the other hand, integer occupancy does not favor the doublg¢ions in the Ru-O bond lengths.
exchange scenario, and, besides, it is unclear how the Mott- CaRuQ occurs in the same crystal structure and symme-
Hubbard model provides a mechanism for suppressing magry as SrRuQ@, also with no evident Jahn-Teller distortion of
netism in CaRu@. Finally, as we discuss in detail below, the O octahedra, but with approximately twice larger rota-
conventional band theory in all the cases we test does yieltions. Such rotations are common in perovskite-based mate-
the correct magnetic ground state, in contrast to the cupratefals and are usually understandable in terms of ionic size
and similar correlateddBoxides. Thus, contrary to some re- mismatches between thee and B site cations. Such an ex-
cently suggested superconductivity scenarios based on stropipnation is consistent with the trend observed in
correlations?®® it seems likely that if strong correlations (Sr,CaRuQ; since the C&" ionic radius is approximately

A. Structure, magnetism, and ionic considerations
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0.15 A smaller than 8¢ . Although CaRu@ is paramag- B. SrRuG,

netic, it is believed to be rather close to magnetic instability. The electronic structure of SrRléChas been described
Sr,YRUQ; is an antiferromagnetic insulator that occurs in elsewheré?” Here we repeat, for completeness, the main
a distorted but well-ordered double-perovskite structure. Thigesults, and also discuss some quantitative differences be-
is derived from the perovskite SrRyMy replacing every tween the published calculations.
second Ru by Y, such that the remaining Ru ions form an fcc There have been two recent band structure calculations
lattice. The structural units are thus Ru-O and Y-O octahefor SrRuQ,.%?’ In both works the calculations were per-
dra, with the Sr ions in thé site positions providing charge formed for both an idealized cubic perovskite structure and
balance. Each Ru-O octahedra shares a single O atom withe experimental crystal structure. Allet al?” interpreted
each neighboring Y-O octahedra, and vice versa, but ther@Eir experimental measurements in terms of the band struc-
are no common O ions shared between different Ru-O octdre calculated within the local spin density approximation
hedra. The primary distortions from the ideal perovskite-(LSDA) using the linear muffin-tin orbitalLMTO) method.
derived structure consist 61) a substantial breathing of the Sing? used the general potential linearized augmented
octahedra to increase the Y-O distance to 2.2 A at the exelane-wave (LAPW) method to calculate electronic and

pense of the Ru-O distances which become 1.95 A @hd magnetic properties. The two studies yielded reasonably

rotations of the octahedra to reduce the closest Sr-O digiMIar results for the electronic structures near the Fermi
: . S . . energy although some noticeable differences are present. Im-
tances, consistent with the ionic sizes. These distortions re:

- ) portant for interpreting experimental results are the differ-
duce the symmetry to monoclini®@1/). A related view of . ences in the density of states and in the Fermi velocities. The

the crystal structure is based on the fact that Y, like Sr, i 4er were found in Ref. 6 to be almost isotropic, while in
fully ionized in such oxides, and accordingly is a spectatorpas 27 strong anisotropy of the Fermi velocigbout 30%
ion providing space filling and charge to the active Ru-Oj, each channglwas reported. The ratitl, /N, found in
system but playing no direct role in the electronic or mag-ref. 27 is 50% larger than that in Ref. 6. Most important, the
netic properties. From this point of view, $1RuQs consists  gyerall shape of the density of states withire®.2 Ry win-
of independent rigid, but tiltedRuQy)’~octahedral clusters, gow at the Fermi level is rather different. It is known that the
arranged on a slightly distorted fcc lattice. Hopping then pro-accuracy of the atomic sphere approximation calculations
ceeds between Ru ions in neighboring Rudlusters via two  can be difficult to control for materials with open crystal
intervening O ions _ ) structures and low site symmetries due to sensitivity to the
Since Y is trivalent, the Ru is formally five-valentd®  computational parametets.g., basis set, inclusion of empty
in this compound instead of formally tetravalent as in perov-spheres in lattice voids, linearization parameters).egince
skite STRUQ. In the octahedral CryStal fleld, the R&Jg or- we wanted to use LMTO atomiC_Sphere_approximation
bitals lie below theey orbitals, so that in the high-spin state (ASA) technique in analyzing the calculated band structure,
the majority spin Rut,q manifold would be fully occupied, e have repeated the LAPW calculations reported in Ref. 6
and all other Ru d orbitals unoccupied. This Jahn-Teller ysing a standard LMTO-ASA packageUTTGART-4.7 We
stable configuration is consistent with the experimental obfound it necessary to include ten empty spheres per formula
servation that the bond angles and bond lengths within thenit to achieve adequate space filling in the distorted struc-
Ru-O octahedra are almost perfectly equal, but the Ru mowre (in the cubic perovskite structure this was not needed
ment of 1.8%g/Ru measured using neutron diffraction is The result appeared to be much closer to the LAPW results
considerably smaller than theud/Ru that would be ex- of Ref. 6 than to the LMTO ones of Ref. 27; Ref. 27 does not
pected in the high-spin configuration. mention use of any empty spheres, in which case insufficient
First principles studies of SrRyChave shown that its space filling could have influenced the calculation. The re-
electronic structure involves rather strong Ru-O covalencysults given here are from LAPW calculations, except where
and that Op-derived states participate substantially in thespecifically noted otherwise.
magnetism and the electronic structure near the Fermi en- Calculations for SrRu@in the ideal perovskite structure
ergy, which is important for understanding the transportyielded a spin moment of 1.1i% per formula unit, while
properties. As will be discussed below, a similar covalency isalculations including the experimentally observed rotations
present in CaRu9 and the differences in the magnetic yielded a larger moment of 1.5§ in accordance with recent
ground states of CaRyGnd SrRuQ are due to band struc- experimental results. Only a portion of the total moment re-
ture effects related to the modulation of the Ru-O hybridiza-sides on the Ru site€64% in the LAPW MT sphere, and
tion by the structural distortion. In this regard, it should be67% in the LMTO atomic spheyeThe electronic density of
noted that Re"-O hybridization may be even stronger in states has a gap in the spin majority channel which is only 20
SrL,YRUG;, based on the expectation that the @ danifold  mRy above the Fermi level. The fact that SrRL©s0 close
would be even higher in energy with respect to the Ru to a half-metal is important for understanding its transport
states. The similar Ru-O distances in SrRu@nd properties, and the fact that they are so sensitive to magnetic
SKLYRUO; (less than 0.03 A longer than in SRuQy) and  ordering(and, correspondingly, to temperature
the fact that 5 is not a common oxidation state for Ru also
suggest strong covalency in the double perovskite. Here we
report density functional calculations of the electronic and
magnetic properties of SYRuQg;. These confirm the Experimentally, CaRu@is a paramagnetic metal. This
strongly hybridized view of these materials and provide arfact suggests that the rotation of the Ru@tahedra is an-
explanation for the electronic and magnetic properties. tagonistic to magnetisr(since larger rotations constitute the

C. CaRu0O;
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' CaRuQ with larger divalent cations should generally induce
ferromagnetism while alloying SrRyQvith smaller cations

. should suppress ferromagnetism. BaRu@hile a known
compound, occurs in a different crystal structure and is not
magnetic. However, Pb can be partially substituted on the Sr
site, and it is known that introduction of this slightly larger
divalent cation does increadg. in SrRuG,.

Later in the paper we shall analyze the transformation of
the band structure dfSr,CgRuO; upon increase of the tilt-
ing in more detail and will show that the nonmonotonic de-
pendence of the equilibrium magnetization on tilting is a
. straightforward consequence of a natural evolution of the

band structure ned g with the structural distortion.

N(E)

FIG. 1. LAPW density of states of CaRy@hn its actual crystal D. Sr,YRuOg
structure. The total density of states is shown by the solid line. Only . )
Ru (d) partial density of states is showdashed ling because the The electronic and magnetic structure opRUO; was
O (p) density is approximately the difference between the total andfalculated using the full experimental crystal structure of
the Ru @) densities. Here and in the other figures all densities ofBattle and Macklif® except that the very smal0.23% lat-
states are per spin and formula unit. tice strain was neglected. Additional calculations were per-

formed for idealized structures neglecting the tilting of the

main structural difference between CaRuénd SrRu@). octahedra to help understand the role of this distortion,
However, this conjecture is apparently at odds with the calwhich changes the angles and distances along the Ru-O-
culated result that the equilibrium magnetization in STRuO O-Ru hopping paths. These local-density-approximation cal-
is smaller in an ideal cubic perovskite structure than in theculations were performed using the general potential LAPW
actual distorted one. As a first step to understanding this, weethod® including local orbital extensiofi%to accurately
have extended our calculations to CaRL@its experimen- treat the O 2 states and upper core states of Sr and Y as well
tal structure. Details of the method are as in Ref. 6. Theas to relax any residual linearization errors associated with
resulting density of states is shown in Fig. 1. We find thatthe Rud states. A well-converged basis consisting of ap-
indeed the magnetism is suppressed in this case, though inpaoximately 2700 LAPW basis functions in addition to the
very borderline fashion. Fixed spin moment calculations ofiocal orbitals was used with O sphere radii of 1.58 a.u. and
the total energy as a function of spin magnetization forcation radii of 2.10 a.u. This self-consistent approach has a
CaRuQ show a very extended flat region, extending to neaflexible representation of the wave functions in both the in-
1.5up per formula unit. This is reminiscent of fcc Pd which terstitial and sphere regions and makes no shape approxima-
also shows such a flat region. This borderline state implies &ons to either the potential or charge density. As such it is
high-spin susceptibility and explains the fact that low dopingwell suited to materials with open structures and low site
can induce a ferromagnetic state. Further, paramagnon-likeymmetries like SfYRuQg. In addition, we used the LMTO
spin excitations should be very soft in this material and magmethod in the atomic sphere approximation and tight-binding
netic impurities may be expected to induce giant inducedepresentaticlt (STUTTGART-4.) to get better insight in the
local moments. There are already some reports that this is thealculated electronic structure. The LMTO-ASA method is
case in CaRug®’ less accurate than the full-potential LAPW but it provides

Having shown that the ferromagnetism in SrRuhd its  more flexibility in the way how the results are represented
suppression in CaRufcan be described using band struc- and how they can be analyzed in tight-binding language.
ture methods, we turn to the question of why these two per- Calculations were performed at the experimental structure
ovskites have different magnetic properties. To determindor ferromagnetic(F) and the observed antiferromagnetic
whether the key difference between the materials is structurdlAF) orderings. The AF ordering is 0.095 eV/Ru lower in
we have performed calculations for CaRu@sing the crys-  energy than the F ordering, and has an insulating gap in the
tal structure of SrRu@ These calculations yield a spin mag- band structure, consistent with the experimental ground state.
netization of 1.68.g per formula unit and a magnetic energy The insulating gap of 0.08 eV is between majority and mi-
of 0.06 eV/Ru, very similar to SrRuQ Calculations for the nority spin states and may yield only a weak optical signa-
intermediate structure formed by a linear average of the exture. The Ru moment as measured by the magnetization
perimental CaRu@ and SrRuQ@ structures yield a similar within the Ru LAPW sphere is 1.1} for the AF state and
spin moment of 1.58g per formula unit and a magnetic 1.80ug with the F ordering, in reasonable accordance with
energy of only 0.029 eV/R(note the similarity of the mag- the neutron scattering results. The similar moments with dif-
netizations and large variation of magnetic engrgfo  ferent spin configurations suggest that a local moment pic-
within the accuracy of our calculations this paramagneticture of the magnetism is appropriate for, BRuUOg. This is
ferromagnetic energy difference becomes zero just at the exn contrast to perovskite SrRyOSimilar to SrRuQ@ there
perimental CaRu@ structure. Since ferromagnetism in the are substantial moments within the O LAPW spheres as well
(Sr,CaRuQG; is apparently strongly coupled to the rotation of as the Ru spheres, amounting to approximately ©g1O
the octahedra, alloying th& site cation is expected to be an (AF ordered and 0.125/O (F orderegl These cannot be
effective means for tuning the magnetic properties. Alloyingunderstood as tails of Ruddorbitals extending beyond the
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FIG. 3. LAPW density of states of ferromagnetic, BRuG;.
Partial density of states of Rud) orbitals and the total density of
states are shown by the dashed and solid lines, respectively.

FIG. 2. LAPW density of states of antiferromagnetic
Sr,YRuGO;. Partial densities of states of Rd)(and O () orbitals
are shown by the dashed and dotted lines, respectively.

minority spin bands aEg which reduces the spin moment
LAPW sphere radii, since such an explanation is inconsisterfrom 3.0ug/f.u. to 2.97ug/f.u.
with the radial dependence of these orbitals, but rather they Parallel calculations were performed using a structure in
arise from polarization of the O ions due to hybridization, which the tilting of the Ru@ clusters is suppressed. As with
which is evidently strong both from this point of view and the actual experimental structure, the AF ordering is lower in
from the calculated electronic structure, discussed belowenergy than the F ordering. However, in this case the band
The total local moment per formula unit is of mixed Ru andstructures are metallic for both orderings, showing that the
O character and amounts tag/f.u., which is approximately tilting is crucial for the insulating state. As will be discussed
60% Ru derived and 40% O deriv§ihe interstitial polariza- below there is a substantial coupling between the magnetic
tion of (0.5—0.7)ug/cluster derives from both Ru and O, order and this structural degree of freedom.
but is assigned as mostly O in character based on the ex-
tended D orbitals of negative O ions and the small O sphere lll. TIGHT-BINDING INTERPRETATION
radius, and results of LMTO-ASA calculations, which do not AND PHYSICAL PROPERTIES
have any interstitial volumle The calculated exchange split-
tings of the O & core levels are 80 to 95 meV depending on
the particular O site. The O polarizations may be observable 1. Single RuQ cluster

in neutron experiments if O form factors are included with  gomewnhat unexpectedly, the easiest compound to under-
Ru in the refinement. Such an experiment is strongly sugsiand is the SIYRUO, double perovskite. Sr and Y, as is
gested by the present results. common in perovskites, are fully ionic, so that the states
Projections of the electronic density of stat@0S) of  around the Fermi level barely have any Sr or Y character.
antiferromagnetic SYRuQOs onto the LAPW spheres are Thus, as mentioned, this compound can be viewed as con-
shown in Fig. 2, where majority and minority spin projec- sisting of rigid RuQ octahedra, arranged on a fcc lattice, and
tions onto a Ru ion and the six O ions in its cluster areloosely connected to each other. We will show below that
shown. The DOS in two spin channels are similar in shapehis intuitive picture provides very good qualitative and
apart from an exchange splitting throughout the valence enquantitative interpretation of the full-scale band structure cal-
ergy region and show evidence of a strongly hybridized eleceulation. In contrast with SRuQ, or Sr,Ca _,Ru0;, no oc-
tronic structure. The details of this structure are deferred téahedra share oxygens. The octahedra are slightly tilted,
the tight-binding(TB) analysis below, except to mention the which we shall neglect for the momefthe effect of tilting is
exchange splitting of the essentially pure @ 2tates be- in a certain sense important and will be discussed )ater
tween—4 and—6 eV relative to the Fermi energ¥f) and  Accordingly, we begin by discussing a single cluster.
the fact that there are substantial Rd dontributions to the The electronic structure of a single Ry@luster is gov-
minority spin channel betweenr4 and—6 eV as well as O erned by the relative position of Rbiand Op levels, and the
contributions aboveEg, implying that the average Rud4  corresponding hopping amplitudes. The &states are split
occupancy is considerably higher thdh Although assign- by the crystal field into two manifolds consisting of three
ing charge in a crystal to various atoms is an ambiguou$,4 and twoey levels, respectively, and these are separated
procedure, integration of tha-like DOS implies an average by ~1 eV. The Op levels are subject to a crystal field
near d® similar to perovskite SrRuQ The magnetic mo- splitting at least three times smaller, and yielgp9 states,
ments derive from polarization of three bands neéaby an  which form pds bonds with Ru, plus threp,, states, which
exchange splitting of 1 eV. ThE-ordered DOSFig. 3 is  participate in thepdo bonding. After includingod hopping,
very similar to that in the AF state, but the exchange splittingthe system of levels becomes, for each spin channel: 13 non-
is somewhat smaller and the bandwidth somewhat largeQonding, 4<XEqy(p,)+9XEy(p,); 5 bonding, XE_(E)
resulting in a slight semimetallic overlap of majority and +3XE_(Tyg); and 5 antibonding, XE,(Eg)+3

A. Sr,YRuUOg
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the valence band formed out of the majority spin molecular
T, Orbitals and the corresponding minority spin band do not
overlap, and that the crystal, in either the ferro- or antiferro-
magnetic states, remains insulating. A more detailed analy-
sis, as discussed later in the paper, reveals a difference be-
tween the ferro- and antiferromagnetic ordering, namely, that
the bandwidth is slightly larger, and the exchange splitting
slightly smaller in the former case. In fact, our LDA calcu-
lations, described above, yield an insulating antiferromag-
netic ground state, with a small gap of about 0.07 eV; they
also give a metastable semimetallic ferromagnetic state, with
a band overlap of a few meV.

Let us now analyze this band structure in the tight-binding
> 7y terms. A nearest-neighbor model should be a good starting

approximation. Let us begin with the ferromagnetic case, and

FIG. 4. Calculated LAPW density of states for cubic consider the undistorted crystal structyr® tilting of oxy-
SK,YRUO; (antiferromagneticand the level scheme for an indi- 9en octahedpa The main parameter is now they-xy hop-
vidual RuQ; cluster. Notation for the density of states is the samePing amplituder,=0.7%44,. In the nearest-neighbor ap-
as in Fig. 2.T,, levels and their parent states are shown by solidproximation, the thred,, bands do not hybridize with each
lines, theE, levels and states by dashed lines. Compared with thé@ther. Each of them, however, disperses accordingsto

N(E)

Pr tzgl Po &
5 ) 2

E-Ef (e1)°

formulas in Sec. Il A1, additional small O-O hoppings and 7,, =E,(Tyy) +4r7,coska/2)coska/2), and the correspond-
are taken into account; these split off the nonbonding levels mixedng permutations ofx,y,z. Including dd# hopping, the
oxygen states witlEo(p,)-47, andEo(p,)-27. bands hybridize among themselves, resulting in a further in-
crease in the bandwidth. The calculated LDA bands have
XE,(T,), whereE, are pure ionic levels, and widths of approximately 1.1 eV, corresponding 4g~0.14
eV. ddw hopping effects are responsible for the deviations
E..(Eg)=0.5Eo(P,) +Eo(€g) from the dispersion above by about 0.1 eV. Importantly,
-+ _ 2 2 there is no repulsion between the valence bands and the con-
= \[Eolp,) Eo(eq) 1"+ 161}, duction bands, because they are fully spin polarized with the
E.(T2q)=0.5Eq(p,) +Eo(tzg) opposite spins. This situation changes, however, in the anti-
ferromagnetic case.
+ \[Eo(p,) — Eo(tyg) 12+ 16t%. The observed magnetic ordering corresponds to ferromag-

. . ) . hetic 001 planes stacked antiferromagnetically. Each {RuO
The actual ordering of levels in RyQas shown on Fig. 4,is  ¢|yster has thus four neighbors with the same and eight
E_(T2g) ~E_(Eg) <Eo(Ps) <Eo(P») <E+(T2g)<E.(Eg).  neighbors with the opposite spin. Correspondingly, of three
The last inequality leads to a substantial gap2(eV) be- Tq-derived bands onexf) remains essentially the same as
tween the antibondind, and the antibonding, bands in i the ferromagnet, and two other lose their dispersion to the
the solid. This large gap is only partially due to the crystalfis; order inr, , since the relevant neighboring clusters have
field, and arises largely from the strongeelative topdm) oy states of the opposite spin at this energy. Instead, for
pdo bonding. The exchange splitting is, naturally, weakeringse hands there is a hybridization between the valence and
than this enhanced cry_stal fl_eld spll_ttlng,_and the Hund_’s rulene conduction bands, because now the orbitals with the
does not apply to the high-lying antibondifg states, which  sagme spin on the neighboring clusters belong to these differ-
remain empty in both spin channels. Neglecting those stateg,t  pands. The hybridization matrix element s
there are 21 levels to be occupied by 39 valence eleCtrO”i-,(k)=4TUcosQ<Xya/2)cos(<za/2), and produces an addi-
nge anq’s rule does apply and tells us to po_pulate all 2%ional bonding ehergy%(ti(k))/A per cluster A~1 eV
spin-majority states, and all but the three antibondilg s the exchange splittingThis yields about 0.08 eV which is
levels in the spin-minority channe_l. Thys for the ele_ctromcvery close to the calculated LDA energy differerel2 eV}
properties of the crystal these six spin-up and spin-dowr,enyeen the AF and F configurations in the ideal undistorted
Ty molecular orbitals are of primary relevance; the symmecyre. In the actual crystal structure the oxygen octahedra

try of these orbitals is the same as fd(ty) States in a g6 filted by about 12°, so thatis reduced by about 15%
transition metal ion. We now use this information to analyze(neglectingr etc), yielding 2J~0.06 eV. Our first prin-

the electronic structure of crystalline;3RuCs. ciples LAPW calculations give for the bandwidth approxi-

mately 0.9 eV, that is7,~0.11 eV, and 2~0.05 eV. The
calculated LAPW energy difference is 0.095 eV, the same
When a solid is built out of the clusters, the molecularreduction from the undistorted case as given by the simple
levels broaden into bands, which however remain quite nartight-binding estimate above. It is worth noting that while
row in this material. Although the main intercluster hoppingthis mechanism gives an effective antiferromagnetic ex-
occurs viadde matrix elementghere and below we mean change interactiod=72/A, the underlying physics is very
for d the Ru-O molecular orbitals with the effectidesym-  similar to, but not identical with, the usual superexchange
metry), the intercluster distance is large and the effectiveinteraction in @ oxides,J<t?/U. The differences are that
hopping amplitude is small. Thus one may conjecture thainstead of metal-oxygen-metal hopping here the relevant

2. Intercluster hopping and exchange
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hopping is direct cluster-cluster hopping and the energy defrom the cubic structure into the tilted oné\ dimensionless
nominator is the band gap due mainly to intracluster ex<oupling constant may be defined as=dInJ/dQ, where
change, rather than Coulomb correlations described by @=ugy2Mqw/# is the phonon coordinate. Hetg, is the
HubbardU. displacement of oxygens from their equilibrium positions,
One can also estimate the ®letemperature, using the and o is the frequency of the phonon. Very roughly,
above value fod. To do that, let us begin with noting that Mow?=8AE/d?, where AE is the energy difference be-
this system represents a very good approximation to the anween the cubic and the distorted structure, taken per one
tiferromagnetic nearest-neighbor fcc model. The strong magexygen, andl is the equilibrium oxygen displacement. From
netoelastic coupling discussed below does not favor noncobur calculationsAE=90 meV. Experimentallyd~0.4 A.
linear spin configurations, and so the direction of the clusterhus, w~270 cm™ . Now, using 2]0:7-51005220, where 6
magnetic moments is fixed. The magnetic coupliggwith  js the tilting angle, we can estimatinJ/duy~863/d~0.8
the next-nearest neighbors can be safely neglected. Indeed gt-1 |, fact, linear interpolation od between the cubic and
is governed by theldo hopping. Althoughr, is larger than  equilibrium structure gives the same number @nJ/dug.
7., usually by a factor of the order of 2, the larger distance,;Thus \ is about 0.17 for this phonon mode, which means
in the canonical scaIingi'*"+l gives a factor of 22°  that the characteristie.g., zero-point motignamplitude of
=0.18, and the energy denominator in the equationJf@® the librations of the octahedra around their equilibrium posi-
about 10 times larger. Taken together, one expscte be at  tion will produce sizable changes in the effective exchange
least two order of magnitudes smaller thanThe antiferro-  constant. The thermodynamics of such a system is interesting
magnetic fcc Ising model is well studié@Despite magnetic and unusual, but its discussion goes beyond the scope of this
frustration, it has a Na temperature of approximately paper. It is important to note, however, that the long-range
1.76J, for the spin 1/2 and approximately 1.B3or the spin  order in the nearest-neighbor antiferromagnetic fcc Ising
1, which in our case corresponds to 700—900 K. The meamodel appears exclusively because of the finite-temperature
suredTy is 26 K, in apparent severe disagreement with ourentropy contribution to the free enerf{yWhile at T=0
estimate. there is an infinite number of degenerate states, ordered in
It is tempting to ascribe this to intracluster Hubbard-like two dimensions and disordered in the third oneT a0 this
correlation effects, which can increase the gap and reducgegeneracy is lifted because of different spectra of low-
J. Moreover, since the,; bandwidth is only 1 eV, even a energy spin-flip excitations in the different ground states. As
moderate Hubbard repulsion could affectOne can get a long as such spin-flip excitations are coupled with the
very rough upper estimate for this effect as follows: Thephonons, the standard consideration of the AF fcc Ising
energy of the Coulomb repulsion of two electrons placed irmodel does not apply, and the transition is not necessarily at
two t,4 orbital on the same cluster {assuming about equal T=J. However, the long-range two-dimensional AF correla-
population on Ru and D U=~0.28J5+0.28Jg,r, tions should be present up Te=J, and could in principle be
+0.9Ugy.0, WhereUg g is the Coulomb repulsion of two seen in some experiments.
electrons localized on two neighboring oxygens, etc.
Uo.o~=1ldg.0=4.4 eV; Ugyry is believed to be about 1.5 4. Extended Stoner model for S¥RuG;

24 . . .
eV,” and forUg,.o we use 3 eV, keeping in mind that the ¢ ahove discussion of SRUOs magnetic properties
charge-transfer metal-oxygen energy for thé 8xides is was based on the moleculéluste) picture, and we ob-

about 4.5 eV and the metal-oxygen distance is 50% smallelgreq that oxygen plays a crucial role in formation of the

there. Then, we arrive dy<3 eV. It is unclear to what yagnetic state. The same conclusion can be obtained, start-
extent thisU will be reduced by screening by surrounding g from the extended band picture. The standard approach
cluster and by intracluster charge redistribution, but this ef;, magnetism in the band theory goes back to Sthtnd

fect would definitely be substantial. Anyway, using 3 eV as agionef*# They considered noninteracting electrons in the
very safe upper bound, we get for the lower bound dn 2 aramagnetic state, and added their exchange interaction in
approximately 0.03 eV, which cprresponds‘ltp of at least _an average formH p,g=In;n, =const- Im2/4, wherem is

300 K. Thus, strong correlations alone cannot explainga| magnetization antlis independent ofn. The magnetic

anomalously low Nel temperature pf this compound.. An- susceptibility of such a system can be written as
other possibility to reduce the transition temperature is mag-

netoelastic coupling, which is subject of the next section. X’lzﬁzE/anTﬁnL:X(}l— [ (D)

wherey, is the Pauli susceptibility. If magnetization is mea-
sured in Bohr magnetons, they,=N(0), the density of
The fact that magnetic excitations and phonons arestates per spin at the Fermi level. The instability occurs when
coupled in ruthenates is knovinbut not well understood y diverges, that is, whenN(0) becomes larger than 1.
from a microscopic point of view. In the case of Equation(1) can of course be viewed as an approximation in
Sr,YRuG; it is, however, reasonably clear: With increasing the framework of the general linear response theory. How-
tilting angle ther, hopping must decrease and with it the ever, such an approximation is highly uncontrollable, and
antiferromagnetic stabilization energy and effective ex-even the splitting of the right-hand part of Eq. 1 into two
change constant. This is confirmed by our first principles terms cannot be derived in a systematic way. More instruc-
results. In other words, magnetic excitations flipping the spirtive is application of the Stoner method to the density func-
of a RuQ, cluster are coupled with this phonon mode, chang+ional theory(DFT). In DFT, total energy change is exactly
ing the tilting angle(which is the soft mode for the transition written as sum of the change in the one-electron energy,

3. Magnon-phonon coupling



56 ELECTRONIC STRUCTURE AND MAGNETISM IN Ru- ... 2563

which for smallm is N(0) *m?/4, and the change in the 5 - -
interaction energy, which is dp/om)m?/4 . Here 45
h=(V,—V,) is the effective Kohn-Sham magnetic field av-

eraged over the sampldecause Stoner theory assumes a

uniform internal ferromagnetic fielJdandl=— (gh/am). 851
The utility of the Stoner approach in DFT is due to the 3F 1
fact that usually there are very few orbitals whose occupancy@ g ey :
substantially influences, and thereforé is easy to calculate = 5 average DOS
in a quasiatomic manner, using, for instance, the quasiatomic
loop in standard LMTO codes. In practice, in quasiatomic 15 F T
calculations one changes the occupation of a given orbital, 1} .

transferring some charge from the spin-up to spin-down qua- 05
siatomic level, recalculates the LSDA potential and deter-
mines how large the induced splitting of quasiatomic levels 0.5 0
is. ENERGY (eV)
If different kinds of atoms in a solid contribute to the

density of states at the Fermi level, one has to take int('r)] ot
account the magnetization energy for each of them. This

means that the total Stonkefor such a solid is the average of o . .
the individual(quasiatomig | 's with the squared partial den- see, this is t.he casein SRUGs, but not in SrRuQ, and
sity of states. Indeed, suppose the states at the Fermi Ie\ﬁle reason is that in the latter the Stoner fadtds very

are a superposition of orbitals from several atoms, so that!ferent for ferro- and antiferromagnetic arrangements.
N(0)=3,N;=N(0)Z,»; (wherei labels the atoms Apply- Now let us consider how one can describe the magnetism
[ 171

ing a uniform magnetic field creates a magnetizationi” Sr,YRuGQ; from the Stoner point of view. Calculation of

m=3;m; , wherem;= »,m is magnetization of théth atom. Stoner parametersd’s is straightforward in the LMTO

By definition, the intraatomic energy change is method* which divides space into atomic spheres. In the
=S 1.m2/4= —,E-I»v2m2/4 Thus. the total = 3.1 p2 popular Stuttgart LMTO-TB package it is possible to change
S VY ' ’ P occupancy of any atomic orbitals and to calculate the result-

So formulated, the Stoner theory applies to infinitesimally. h in atomi i . tioular the shift of th
small changes in magnetization and essentially determind§¥ €Nange in atomic parameters, in particuiar the snitt ot the
orresponding band cent€);; . With the spin-up and spin-

whether or not the paramagnetic state is stable against ferr§ . lit be-m/2. the St ter i
magnetism. It is, however, a reasonable assumption that th own occupancies Split by-m/2, the Stoner parameter is
C;—C,)/m. We obtainlg, of about 0.7 eV and, impor-

theory holds, approximately, for finite magnetizations as ! :
well. One has, however, to modify the one-electron energn}antly, find that the Q states in ruthenates also have substan-

term N(0)~*m?/4, to account for the energy dependence ofial Stoner parametelg=~1.6 eV. The density of the Rd
the density of states, within the rigid-band approximation.States is approximately twice larger than that of the three O

Then, the spin splitting producing a given magnetization F—ﬁtategjgrs'ztieotg;al \?tcz:ner pararr:jgte: th':BIUOe is
can be defined a8 =m/N(m), whereN(m) is the density of . _.RuZRu" 210V 1.06 V. LOMTESPONAINgly, the paramag-

: . netic state is unstable unledd(0)<2.6 stategspin-eV-
states averaged between the Fermi level of the spin-up a ormula). The paramagnetic LMTO density of states of cubic

spln-down subbands. For the one-electron energy one o SLYRUO, (that is, with breathing, but with no tilting distor-
tains dE4 /dm=m/2N, because one has to mowg2 elec- tion) near the Fermi level is shown in Fig. 5.

trons up byA. Integrating this expre_ssion, one arrives gt the |t has the Narrowr ,, band half filled, andN(0) is close to
so-called extended Stoner th36_FyNh'Ch uses the following 4 5 states/spin eV formula. This is much larger than and
expression for the total magnetization energy: so the paramagnetic states is very unstable. On the other
1 rmm'dm’ 1m?2 hand,ihe average density of states i.n'ﬂgg band ?s not that.
E(m)= Ej = (20 large,N~3MW=3/1.5 e\=2 states/spin eV, thus in the cubic
o N(m’) structure this band will not be fully polarized.
; Integrating the density of states shown in Fig. 5, we ob-
tain the extended Stoner plot for ,8IRuQ; (Fig. 6), and
_ i observe that the equilibrium magnetization is slightly smaller
the magnetic moment are those for whiblfm)I=1 and  than 2, and the ground state is semimetallic, in agreement
dN(m)/dm<0. The paramagnetic state(imetgstable when with the self-consistent spin-polarized LMTO calculations,
N—(O)EN(0)< 1. as well as with the more accurate LAPW calculations. An-
Stoner theory is, in principle, formulated for a ferromag- other fact that one can observe from Fig. 6 is that if oxygen
netic instability. However, unless the Fermi surface topologywould not contribute in the total Stoner factor, that is, if the
specifically favorgor disfavors the antiferromagnetic insta- total | were only|g,v3,~0.31 eV, equilibrium magnetiza-
bility with a given vector Q, one can assume that tion would be very small, approximately .4, and of
Xo(Q)=~ x0(0). Indeed, in many cases if a material comescourse with a much smaller gain in energy. As we shall see
out magnetic from the calculations, the energy differencebelow, this is the case in SrRyQwhere in the antiferromag-
between ferro- and antiferromagnetic ordering is small comnetic structure oxygen ions cannot polarize by symmetry.
pared with the magnetic stabilization energy. As we shall In SrLYRuUOg, however, oxygen fully contributes into the

FIG. 5. LMTO density of states of thE,, band of the nonmag-
ic SpYRUQg and inverse Stoner parametet.1/

Minimization of this energy leads to the extended Stone
criterion, which states that stabler metastablevalues of
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magnetic stabilization energy both in ferro- and in antiferro-two rutheniums, and so one cannot make use of a single
magnetic structure, and so the next-order mechanisms d&uQ; cluster concept. As with SYRuQ;, we shall start by
cides which magnetic order realizes. Such an additionahnalyzing the band structure with nontilted octahedra, that is,
mechanism is discussed in the previous section hybridizatiofith the cubic perovskite structure. Per cubic cell we have,
repulsion between the filled and the emigy bands, which  j, each spin channel, two Rey, states, strongly hybridized
stabilizes the antiferromagnetic structure. with 3 O p,, orbitals, and three Rt states, hybridized with
6 O p,, orbitals. In the nearest-neighbor approximation, these
pdo bands do not mix with theggd# bands, and thedw
1. Tight-binding bands and relation to SiYRuG; bands, in turn, consist of three sets of mutually noninteract-

The main structural difference from the double perovskiteing Xy, yz-, and zxlike bands. The nearest-neighbor TB

Sr,YRuGQ; is that now all oxygen ions are shared betweenHamiltonians have the form

B. SrRuO; and CaRuO;

Eo(eg) 0 2t,5/V3 2t,5,/\3 4t,5,/43
0 Eo(eg) 2t .S, —2t,sy 0
H(eg)=| 2t,S/V3  2t,S  Eo(p,) 0 0
2t,8,/\3 2,5, 0 Eo(P,) 0
4t,s,/\3 0 0 0 Eo(Ps)
and
Eo(tyg) 2t .S, 2t Sy

H(Xy): 2t1TSX Eo(pw) _4t1,1-sxsy
2t,s, —4t's,s,  Eo(p,)

wheres, = sin(ka/2), etc. For eacly,y manifold three bands appear: one nonbonding#p ,) and one bonding-antibonding
pair at E. (xy)=0.5Eq(p,) +Eo(tag) = V[Eo(P~) — Eoltag) 12+ 16t5(sc+s7). Analysis of the calculated band structure
shows that Eq(t,g)~Eq(p,), and so, neglecting oxygen-oxygen hoppirtg, the dispersion is approximately

Eo(tzg)iZtﬁ\/sx2+sy2, where t,~1.4 eV. Rue, orbitals are split off from thet,; orbitals by about 3 eV. As in
SrL,YRuUGO;g, the crystal field effect on oxygen states is weaker: Thp,Gstates are less than 2 eV below Q ptates. The
energy distance between Re, and O p, levels is nearly 5 eV, and so a good approximation is
AE=Eq(ey) —Eo(p,)>t,. Applying Lowdin perturbation theory to fold down the oxygen states, we getdntibonding

E4 bands the effective Hamiltonian

Eoleg) +4t2(s+s2+4s2)/3AE  4t2(s2—s2)/\/3AE

H(eg) = '
(&) 4t%(si—s2)1\3AE Eo(eg) +4t2(si+52)/3AE

which yields two bands with dispersiore,=Ey(egy) energetically unfavorable, and leads to an instability, which
+Bt2(SE+ S5+ 2% sy + Sy + Sy — S, — S25, — SS,) | AE. can be either magnetic, or a sufficiently strong lattice distor-
The formal valency of Ru in $€a; ,RuOj; is 4. The tion, or both.
total number of electrons, populating the Ru-O valence
bands, is 22. This means that the bondingpstly oxygen
E4 bands are filled, as well as the bonding and nonbonding _ -
T,, bands. The conduction band is the antibondingband, The calculated partial dgnsmes_ of Rd)(and of the three
with its six states filled by four electrons. This band has &0 (p) states at the Fermi level in &a; RuG; are ap-
strong (logarithmig van Hove singularity at half filing. proximately 70% and 30%, respectively. Correspondingly,
However, direct oxygen-oxygen hoppitt~0.3 eV, which | =lgy&,+31ov5~0.41 eV. Without the oxygen Stoner pa-
we have initially neglected, moves this singularity upwardsrameter,l ~0.35. As mentioned above, our LAPW calcula-
to the position which corresponds to approximately 63% fill-tions yield for SrRuQ in the cubic structure a relatively
ing (3.8 electronsand makes the singularity sharper. This issmall magnetization of 1.17;. The reason for that is that
the pronounced peak &g in our first principles paramag- the density of states is piled near the Fermi level, and drops
netic DOS® Such a situation, where the Fermi level nearly quickly when one goes away from it. Figure 8, below, shows
exactly hits a logarithmic peak in the density of states, ishow this is reflected in the effective density of states

2. Cubic perovskite: Magnetic instability
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FIG. 6. Extended Stoner plot for the density of states shown on FIG. 8. Extended Stoner plot for SrRy@nd CaQ in various
Fig. 5. structures, produced with the densities of states shown in Fig. 7.
Inverse Stoner factors are calculated in the LMTO atomic spheres

—~ . ) L as described in the text.
N(m): It decreases rapidly with magnetization, and becomes

equal to W at m~1.2ug. For a moderate tilting, corre- oxides, where the antiferromagnetic ground state is de-
sponding to actual SrRuGstructure N(0) is smaller than in  stroyed by the double-exchange interaction, competing with
the cubic structure, but it decreases rather slowly witand  superexchange. These ruthenates have integer occupancy of
remains larger than lLimuch longer. the valence band, and thus double exchange is not operative.
Two questions arise in this connection: Why is the groundHowever, covalency effects, which are strong because of the
state is ferromagnetic, and not antiferromagnetic, and why ifarge pd hopping and the near degeneracy of the Ry)(
the actual crystal structure is CaRy@ot magnetic at all? and O (,) states, are operative. This strong covalency is
The first question is particularly easy to answer. In an antiwhat requires part of the magnetic moment to reside on the
ferromagnetic structure, oxygen ions occur between oppositexygen, since exchange splitting the BRistates without the
spin Ru ions, and thus by symmetry have zero net polariza®© would require disrupting the covalent bonding.
tion. Correspondingly, the total Stoner paramétey smaller In the crystal structures where it is possible to maintain O
and so is magnetic stabilization energy and the equilibriummoments without ferromagnetic ordering, an antiferromag-
magnetization on Ru. As we shall see below, tilting has anetic state is likely to fornfas in SpYRuGOg), but where it is
substantial effect on the effective density of states, and fonot possible, like SrRu§) a ferromagnetic ground state oc-
large tiltings the ground state becomes paramagnetic. It foleurs instead. It is also worth noting that besides the double
lows from the above discussion, however, that the groungberovskite SfYRuQg, where oxygen ions can polarize both
state is always either ferro- or paramagnetic. in the ferro- and antiferromagnetic structure, and single per-
This situation is in sharp contrast with classical localizedovskites SyCa,;_,RuQs, there exist intermediate layered
magnetic materials, like NiO or FeO, where even when ferstructures, which consist of perovskitgr,Ca0, layers. Us-
romagnetism is imposed, oxygen is polarized only verying the same arguments, we conjecture that if such com-
weakly, and the magnetization of the metal ion is evempounds are magnetic, the effect of oxygen will cause ferro-
smaller than for the antiferromagnetic state. It is also in conmagnetic ordering inside layers, while interlayer coupling is
trast with the ferromagnetic colossal magnetoresistance Mstrong ferromagnetic if the layers are sharing apical oxygens,
but may be antiferromagnetic if they are connected by inter-
mediate rocksalt layer@ike in SL,RUQy).

s . : . T '
F —— SrRuO; cubic 1
Al SrRuO; .
CaRuO; ;

3. Role of the orthorhombic distortion

The observed crystal structure of both SrRu@nd
CaRuQ is characterized by a substantial tilting of the
RuG; octahedra. In SrRuQthe octahedra are rotated by
8°, and in CaRu@ the distortion is about twice larger. In
Fig. 7 we show the density of states in fhig, band for these
three different structures. There are two interesting effects on
the electronic structure, associated with tilting. One is that
hybridization between th&,y and E; bands becomes pos-
sible. This broadens the logarithmic singularity in the density
of states. At the same time the bands become more narrow
and the gap between the antibondifigy and E4 bands
grows. On the other hand, the unit cell is quadrupled so new
Bragg reflections appear. These yield pseudogaps at the new
Brillouin zone boundaries, occurring at energies close to half

———————— )
-2 -1.5 -1 -0.5 0 0.5
E (eV)

FIG. 7. LAPW densities of states in tfigy band in SrRu@in
the cubic and its actual structure, and of CaRurdits actual struc-
ture, and with experimental lattice parameté#®o smaller for
CaRuQ).
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soft in this compound. This should effect the transport, mag-
netic and electronic properties.

4. Transport properties

Unusual transport properties of SrRy@re due to the
following three peculiarities(l) While the DOS in both spin
subsystems are nearly the same, the partial plasma frequency
in the majority spin channel is 3 times larger than in the
minority spin channel, a manifestation of the proximity to
the half-metallic regime, which would occur if the magneti-
zation were g instead of 1.585. (2) There is strong cou-
pling between electrons, phonons, and magnons, which prob-
ably produces substantial spin-flip scattering of electrons.
And (3) in both spin channels the Fermi surfaces consist of

FIG. 9. Ferromagnetic stabilization energy for CaRu® its ~ Several sheets of complicated topology: holelike, electron-
actual crystal structure and in the SrRu€rystal structure. First like, and open, so that holelike and electronlike parts com-
principles LAPW fixed-moment calculatiorsquares; the dashed pensate each other.
lines are guides to eyeare shown together with the approximate  Let us start with the electric resistivity, and assume for
Stoner formuld Eq. (2)], based on the data shown in Fig. 8. simplicity that two bands are present, spin up and spin down.
Let us further assume that the sources of the resistivity are

filing (e.g., alongl'’X andI'M directions as well at two-  scattering of electrons by phonons, with the coupling con-
third filing (e.g., along I'R direction. This second Stant\py=Npn | =Apn, and by magnons, with the coupling
pseudogap thus appears to be near the Fermi level. One fagonstant\,,. Since the DOS are approximately equal,
tor, band narrowing, tends to increase the equilibrium magN;=N;=N~23 st/Ry, also\; =\ ;=\y. The specific
netization, but another one, the second pseudogap at thgat renormalization in  each band is now
Fermi level, works against it. The actual trend looks like this:(1+Xpht A p)which would need to be~4.0 to agree with
At small distortions the equilibrium magnetization grows. At €xperiment.” In the lowest-order variational solution of the
some critical distortion magnitude, which is not far from the Boltzmann equation, given by Pinskt al*’ (see also Ref.
observed equilibrium distortion for SrRyOthe magnetiza- 48), the resistivity of such a system at sufficiently high tem-
tion reaches a maximum and starts to decline. The first prinperature isp==8a°kT(Apy+Am)/ w5, where the so-called
ciples calculations show little difference between SrRuO “scattering-in” term which is usually small in cubic crystals
and CaRu@, provided the same crystal structure is used,s neglected, an?’=wj, + w3 is the partial plasma fre-
and so the main difference in the observed behavior is indeeguency squaredOne can find in the literatuf®a so-called
due to the different distortion magnitudes. “two-current formula” which gives the same result when the
To understand the changes caused by the tilting distortiofiscattering-in” term is neglected. There are some differ-
it is instructive to look at the extended Stoner plots for dif- ences between the formulas of Refs. 47 and 49, which we
ferent distortions. Figure 8 shows such plots for SrRu®  discuss in the Appendix.
the experimental structure, in the cukblicieal perovskitg From our first principles calculationgy,;=3.3 eV and
structure, and for CaRuQ as well as for CaRuQin the  w, =15 eV. In the nonmagnetic phasg,=6.2 eV, the
SrRuQ, structure. One may immediately note the extremesame as the total plasma frequency in the ferromagnetic
instability of the cubic structure, due to discussed peak at thphase. AtT=30 K and up to the Curie temperature the re-
Fermi level. However, because the density of states is piledistivity is reported to be line&’. The linear coefficient
up near the Fermi level, the resulting exchange splitting i~1 wQ cm/K) corresponds toNp,+\y,)~2.9, very close
small compared with the bandwidth. For the moderate tiltingto the number extracted from the electronic specific heat.
like that in the experimentally observed SrRu€tructure, Above T the resistivity changes slope, remaining linear up
the peak broadens and it takes larger exchange fields to fullyp at least several hundred kelvin. The slope is, however,
split this peak into occupied and unoccupied peaks. Finallysmaller than below T., and corresponds to
at even larger tiltings, corresponding to CaRu@e peak is A =\p,+Ap~1.5, where\, is the electrorparamagnon
suppressed. In the effective density of states, as shown icoupling constant. This value differs from that quoted in Ref.
Fig. 8, this results in a nearly flat plateau, extending from27, because of considerable differences in the calculated
m=0 tom~1ug. Accidentally, this plateau matches nearly band structure. Thus, we conclude that the high-temperature
exactly 1I, calculated as described in the previous sectionresistivity of SrRuQ indicates rather strong electron-
In other words, the total energy of CaRy@ nearly inde- paramagnon, and even stronger electron-magnon coupling,
pendent of magnetization up o~ 1ug. The total energy as with the reservation that probably in this system one cannot
a function of magnetization is shown in Fig. 9, where thereally separate electron-phonon and electron-magnon scatter-
results of the fixed-spin-moment LAPW calculations areing completely because the corresponding degrees of free-
compared with the same energy differences in the Stonedom are coupled. The problem noted in Ref. 27, namely, that
theory?® at high temperatures the mean free path is comparable to the
We conclude that although CaRy@®@ nonmagnetic in its  lattice parameter, yet no saturation is seen in the resistivity,
ground state, long-wave paramagnons should be extremehgmains.

AE (eV/Ru)

1
Magnetization (ug)
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The resistivity of CaRu@ has also been studied. In the ergy of the magnons. Using the experimental number
studies reported in the literatdre>° the high-temperature (p—po)/T?~0.02 wQcm/K? and assuming that the
resistivity shows the same slope as in SrRu@® full agree-  magnon-limited part of the high-temperature resistivity is
ment with our observation that the electronic structure of~0.5 u{) cm/K, we arrive aff,,,~70 K, which is a low, but
both compounds is very similar. At low temperatures, how-not impossible number.
ever, the resistivity behaves very differently; namely, it in-  The Hall coefficient in SrRu@and CaRu@ (Ref. 12 has
creases nearly linearly at smdll with a large slope. The attracted considerable attention. In both compounds the Hall
slope decreases eventually and at the room temperature thenstant R shows an unusual temperature dependence,
behavior becomes similar to that of SrRuOThis low-  changing sign af ~50 K. At this point, however, the simi-
temperature linearity indicates that the excitations responfarity ends. For each given temperature the Hall resistivity
sible for resistivity (apparently, paramagnonsoften at p,, in CaRuQ is nearly perfectly proportional to the field, as
T—0, indicating a magnetic instability &= 0 or at slightly it should be for ordinary Hall processes. In SrRy@o the
negativeT (in Curie-Weiss sengeThis is in agreement with  contrary,dp,,/dH decreases substantially with temperature,
our result that CaRufis on the borderline of a ferromag- and only well abovel'; doesp,, become a linear function of
netic state. Again, paramagnons are strongly coupled withi. This closely resembles the so-called extraordinary Hall
phonons, and this leads to the large coupling strength. effect in ferromagnets.

The low-temperature resistivity has also attracted atten- The physics of the extraordinary Hall effect is as follows:
tion. Experimentally, the resistivity initially increases rather Below T, the internal magnetic field is much larger than
quickly. Allen et al?’ observed a low-temperature power law that applied in a typical Hall experiment. However, the Hall
p(T)—p(0)xT1 2 Klein et al*®found that below 10 K the currents induced in different magnetic domains mutually
resistivity can be reasonably well fit with a quadratic law, butcancel. The applied field acts by aligning domains and lifting
an even better fitlinear, was found for up to 30 K for the this cancellation. This process defines the large slope of
dependence of resistivity on magnetization. We interpret thiglp,,/dH in low fields. At a field close to the saturation
observation as follows: A stronger than increase indicates magnetization 4Mg all domains are aligned and further
that the excitations, responsible for the low-temperature scathange of the Hall current is due to the applied field itself
tering, have a sublinear dispersion. Conventional magnonsgthe ordinary Hall effedt It is tempting to associate the non-
with wxk? dispersion, produc@=T?, in good agreement linear field dependence of the Hall resistivity in SrRuth
with the experiment. In fact, the experimental exponent ighis effect. However, this hypothesis has been discounted by
even below 2, which is easily accountable for by the Fermithe authors of Ref. 12 for the following reason: In standard
surface effects: Part of the temperature dependence comestraordinary Hall effect theory the intersection of the linear
from the term {,—V,)?, if it is proportional to k—k')?; low-field and high-field asymptotes occurs atrMlg. In
this not the case in SrRuyQ where one of the two Fermi SrRuQ the position of the intersection is roughly the same
surfacegmajority spin is a small sheet with heavy electrons for all temperatures below,, and falls between 3 and 4 T.
(similarly, magnetic alloys where momentum conservationMagnetometer data show thatm#, is about 0.12 T at
does not hold show=T*? see Ref. 51 A possible prob- T=5 K, and, naturally, drops to zero &t=T,. Furthermore,
lem with this interpretation of the low-temperature resistivity a closer look at the data reveals that the slope of the Hall
is that as was already notétin elemental ferromagnets, the coefficient changes in a smooth manner, unlike conventional
magnon-limited resistivity is almost three orders of magni-ferromagnets, where it changes rather sharply réar
tude smaller than what would be needed to explain the low4 7M.
temperature resistivity of SrRuyO(where p—pg+ aT?, Studies of the bulk magnetization in polycrystalﬁm&nd
a~0.02 1 cm/K?). This can be resolved if we invoke the single crystal® samples of SrRu@show that the magnetiza-
anomalously large magnon-phonon coupling, which, as distion is not saturated even at applied fields of several T. This
cussed above, originates from the crucial role played by oxyhas been ascribed to the strong magnetocrystalline anisot-
gen in magnetic properties of ruthenates. The strongopy, as measured by Kanbayaghiand expected for adt
electron-magnon coupling at low temperature in SrRi®  magnet. Although hysteresis measurements for the thin film
closely related to the large electron-paramagnon coupling alamples on which Hall measurements were taken apparently
high temperatures and in CaRgOOne can make a rough showed saturation near 1.5 T, we speculate that the domains
estimate of the characteristic frequency of magnons respommay not yet be fully aligned at this field, yielding a continu-
sible for the resistivity: The Schindler-Rice formdfade-  ing nonlinear field dependence in the Hall resistivity.
rived for thes-d paramagnon scattering, should be qualita- The sign reversal of the Hall conductivity has received
tively applicable here, because we also have light electronsven more attention. In the literature two explanations can be
which carry current and are scattered by magnons into #und: Oné’ assumes different temperature dependences for

heavy, transport-inert band. This formula reads the electron and hole scattering rates, because of the different
scattering mechanisifphonon vs magngnwhich may then

p(T) =~ a(TIT) [T/ T) = (T/ T ) 3Is(Tr/ )1, yield a strong temperature dependence of the Hall resistivity,
and a sign change. It has been arddehat this hypothesis
x 47"dz should not work, since CaRyOs nonmagnetic, but still

Jn(x):JOSinﬁ—(X/z)’ shows a sign-changing Hall effect. Instead the authors of

Ref. 12 suggested that the sign may change because the num-
and has asymptotic behavior Bt-0 asa(T/T)?7%/3 and  ber of electrons and holes in the energy windewT around
atT>T,, as~0.8«(T/T,), wherekT,, is characteristic en- the Fermi energy may change with However, the sign
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spin channels. The net Hall conductivity is defined by strong
cancellation of holelike and electronlike contributions from
different bands sc which in turn is very sensitive to relative
position of different bands. Evidently, this balance can be
easily violated by such temperature-dependent factors as lat-
tice distortion, magnetization, and relaxation times. The
mechanism suggested by Gausepetl!? is also possible,
o~ o s since the net Hall conductivity does change sign within a few

" hundred K aroundEg . Finally, very recent measuremetits
,} of the Hall coefficient in mixed §€a;_,RuO; samples
M l showed that for intermediate concentrations it does not
al i change sign with temperature, suggesting that the sign rever-
sals in pure compounds are accidental and unrelated.

SrRu03 - spin up

SrRuO3 - spin down -------

SrRuO3 - paramagnetic --------
CaRuO: -

Inverse Hall number (elemrons/cell)'1

4 L '
-0.02 -0.01 0.01 0.02

E'Er?(RY)
FIG. 10. Calculated inverse Hall number for SrRu@rromag- IV. CONCLUSIONS
netic and nonmagnediand for CaRu@. Note different signs for At this time there is already a fairly substantial body of

the two spin subbands in SrRy@nd strong dependence on the o, o rimental literature on these ruthenates, including mag-
position of the Fermi level. netic measurements, spectroscopic studies, specific heat data,
and determinations of electronic transport and superconduct-
reversal in CaRu@and SrRu@ could be due to different ing properties. These measurements demonstrate unusual and
physical reasons. This possibility is also suggested by thgerhaps unexpected properties, and many of these have been
very different field dependence of the Hall resistivity in the ascribed to correlation effects. For example, the specific
two cases. On the other hand, it follows from our calcula-heats in the metallic compounds show substantial enhance-
tions, and is also indicated by various experiments, thaiments over the bare band structure values, superconductivity
CaRuQ is on the verge of a magnetic instability, and the occurs in a layered material in apparent proximity to mag-
interplay between the phonons and paramagnons may playtic phases, quasiparticle bands measured by ARPES show
much the same role as the interplay between the phonons amgaker dispersion than band structure calculations, satellites
magnons in SrRu@ Furthermore, besides the temperatureare observed in angle-integrated photoemission spectra, and
dependence of the relaxation rates and the temperatuthe transport properties of the metallic phases are unusual,
broadening of the Fermi level, there is yet another effecshowing, e.g., sign reversals in the Hall coefficient. Since
which may cause the sign change in SrButhe exchange this evidence clearly suggests something unusual about the
splitting must be very temperature dependent in SrRuO perovskite-derived ruthenates, it is tempting to ascribe it to
Unlike common ferromagnets like Fe, where the Curie tem-strong correlation effects, particularly since these effects are
perature corresponds to disordering of local moments, herall either qualitatively in the direction expected for a corre-
the magnetizationdisappears at T, including thelocal lated system or can conceivably arise from the additional
magnetization. Thus, the spin splitting changes with the temeomplexity introduced by correlation effects.
perature, essentially disappearing arodnRdThis is in con- On the other hand, chemical trends lead to the expectation
trast with most ferromagnets where an effective local spirthat, all things being equal, 4 Ru oxides should be less
splitting exists well aboveTl., without any macroscopic prone to strongly correlated behavior than the corresponding
magnetization. Thus, the band structure itself is strongly3d oxides, and much less prone to such effects than cuprates.
temperature dependent. This effect can be operative ifhis is because of the much more extenddddbitals in Ru
SrRu@G;, in addition to the two other possible mechanisms. ions which should lead to stronger hybridization, better
The prerequisite for any of these mechanisms to be relscreening, and lower effective Hubbadd Furthermore, al-
evant is that there is strong compensation between the holéhough much of the data are at first sight qualitatively in
like and the electronlike contributions from the different accordance with general expectations for a correlated system,
bands. To check this, we have calculated the Hall conductivthey have not been quantitatively explained in these terms,
ity oy and the Hall coeﬁicienRHzaH/ag for all the indi-  and there are some data that are rather difficult to understand
vidual bands in SrRuQand CaRu@, following the proce- purely in terms of a correlated scenario, most notably the
dure described in Ref. 53. The results are shown in Fig. 10disappearance of magnetism upon doping Ca in the
It was observed by Schuliet al®® that quantitative calcula- SrRuQ; system and the ferromagnetic ground state in the
tions of the Hall coefficient are extremely sensitive to sam-integer occupancyand thus not a double-exchange system
pling of the Brillouin zone; it is impractical for these 20 atom compound SrRu@
per unit cell structures to calculate the first principles band We have performed first principles, band-structure-based
structure at & mesh comparable with the ultradense meshesalculations within the LSDA for SrRu) CaRuQ, and
used in Ref. 53 for elemental metals and instead we hav8r,YRuQg. Although this approach fails miserably in sys-
relied on interpolation between first principles band energietems that are truly strongly correlated, it does yield the cor-
calculated at 100 points in the irreducible wedge of the zonerect magnetic and electronic states in these materials, includ-
Thus, our calculations shown in Fig. 10 cannot be takering quantitative agreement with known magnetic properties
guantitatively, but rather illustrate the qualitative fact that thein all cases in these ruthenates. Moreover, the different mag-
Hall conductivity has different signs in different bands andnetic behaviors can be fully understood in terms of simple
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and straightforward one-electron tight-binding models andising the DOD HPCMO computing centers at NAVO and
Stoner theory. Although interpretation of the transport prop-ASC.

erties in terms of a conventional one-electron picture and

Bloch-Boltzmann theory is not as straightforward, we show APPENDIX

that such an approach is not inconsistent with the existing

body of experimental evidence. A key notion for understand- ntroduced by Fert and Campb€iland often used since

ing the transport in these systems is strong electron-phonoﬁhen’ the two-current conduction model of transport in ferro-
(pargamagnon coupling, which in turn can be understood inmagnetic meta_lls assumes that th_e spin-up and spl_n—down dis-
the framework of the b'and theory tribution function changes are independent. This formula

was derived for a very specific casesstl scattering in tran-

S Zition metals and under a number of simplifying assump-
rather strong hybridization is found between the Ruahd 45 | the original papet8no clear distinction was made

O 2p states in these materials. While antagonistic t0 a strongayeen the spin-flip scatteriighich always influences the
correlation scenario this is in large part responsible for thgg;, conductivity and the spin-flip conductivitjwhich van-

unusual properties in our band picture, including the veryighes when scattering-in is neglectei a later publicatio??
fact that magnetism occurs at all in d etallic oxide. This g distinction has been made, but this publication is less

strong hybridization leads to a ferromagnetic direct exchanggq|| known. We find it instructive to present here a system-

interaction between Ru and O, and the cooperation betweeg;c gerivation for the two-current model of electric transport
Ru and_O contributions to the Stoner parameter I_eads to theg, ferromagnets and to show how it is related to the general
magnetic ground states. As a result, the O ions in these r'ypeory of multiband conductivity. This derivation is based on
thenates make substantial contributions to the magnetizatiogien’s  variational approach to muiltiband Boltzmann

density, which may be observable in neutron scattering exaquatiof®4” and clearly shows some limits to the applicabil-
periments with O form factors included in the reﬂnements.iw of the two-current model.

The importance op-d hybridization also leads to a strong ~ The Boltzmann equation for electric transport in metals is
coupling of magnetic and structural degrees of freedom, re-
sulting in, for example, the destabilization of the ferromag- of
netic state due to octahedral tilting in CaRuO eE-Vikg—= 2 Pikjir(8fik= 8fjwr)

One consequence of our scenario is that when Ru ions are LS
bonded to the same O, as neighboring Ru ions are in the
perovskite structure, the interaction between them will be =5t Pikjkr— 2 Pikjkr O jir,
strongly ferromagnetic. This means that magnetic fluctua- K’ ik
tions in layered ruthenates like RuQ, and the associated where the subscripisj include both the band index and the
Ruddlesden-PoppéRP) series of compounds are predicted spin andP is the transition probability matrix element, which
to have predominantly ferromagnetic character in plane, alcan also be written conveniently in terms of the scattering
though alternating layers or perovskite blocks in the RP sematrix elementdvl as
ries may be coupled antiferromagnetically to each other via
superexchange through ropksalt bI(_)cks. Such ferromagnetic Pikjk = Mizk'jk,g( €ik— €jk’)
fluctuations would be pair breaking for singles-(or
d-wave superconductivity, but not for triplet superconduc- for static (impurity) scattering, or the corresponding expres-
tivity, as suggested for instance by Rice and Sidftigor  sion for the scattering by phonons, magnons etc. The change
SKLRUO,. In fact, for triplet pairing both magnetic fluctua- of the distribution  function for given k is
tions and phonons provide Cooper attraction. Finally, whendfik=— ¢ik(df/d€ii), so that
Ru ions are not connected at all via common O ions, like in
SKYRuUO, the Ru-Ru coupling is via two intervening O ions, eE.v. ‘7_f:2 P a_f(ﬁ _i(b_
both of which are strongly hybridized with and ferromagneti- K o€ Ik Ge K e X
cally coupled to the nearest Ru, but couple to each other via
an antiferromagnetic superexchange interaction. This resul@nd forT—0
in an antiferromagnetic state.

The strength and importance of covalent transition-metal-SEVikd( €ik— Eg)
oxygen interactions, combined with magnetism and metallic-
ity, are perhaps unique to these ruthenates. Already a number :21(, Mizk’jk,(q,)ik_ bir) S €~ €ir) O € — )

J

jk’

of interesting physical properties have been found among
these compounds, and no doubt more interesting physics re-

mains to be found in this family. => Mizkjkr(¢ik_¢jk’)5(6jk’_EF)5(€ik_EF)-
To

Allen introduced(and called “disjoint representation’the
following approximation: For each sheet of the Fermi sur-
We acknowledge enlightening discussions with J.Sface ¢, is proportional tov;,, ¢;«=a;vix-€E, where the
Dodge, R.P. Guertin, Lior Klein, Mark Lee, and W.E. Pick- coefficientsa depend on the ban@nd, in a magnet, on the
ett. Work at the Naval Research Laboratory is supported bgpin. In this approximation, the last equation may be solved

the Office of Naval Research. Computations were performeéwe assuméE||x and omit subscripk atv):
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2 vizké(eik_EF): E Mikjk,(aivizk—ajvik-vjk,)
ik ik,jk’ ’
X &(€j—Efg) o( €k~ Ef)
or

<NU2>i:; Qija;,

D. J. SINGH
and the conductivity is

o=e2% (Nv2);Q; {(Nv?);.

In notation of Fert and Campb&l*®this is

_ -1
0-_2 pss”
ss’

where the shorthand notation on the left-hand side is obviouanalogous to Eq57) of Ref. 47. The Campbell-Fert formula

and

Qij:"‘n; 2 My o vh8(€—Ep) (€0 — Er)
Kk’
-> Mizk,jkrVik'ijﬁ(fik_EF)5(€jk'_EF)
Kk’

:5”; (NM2Nv2);; —(NuM?No);; .

The first term here accounts for the scattering-out and the

second for the scattering-in processes. Solving nowafsy
we find

ai:; Qi (Nv?);,

since the total current density is

j= _29% VikdikS(€ix—Eg)

=—2e2_2k vAd(ei—Ep)aE=—2e2>, (Nv?)aE
i J

is different when the nondiagonal elements are not neglected.
It gives instead

o=(p1tpa2t4p12)/(p1p2+ p1p12t p2p12)-

For the purpose of this paper we shall neglect
scattering-in completely, because it is defined by an average
over the sign-changing quantity, - v;,,, so that the matrix
Q is diagonal. We shall also define the partial resistivities
differently from Refs. 49 and 55, namely, so that

n eff
Atk
I
So defined, the, | is proportional to the spin-flip scattering
rate. Then, for a simple ferromagnet with the two Fermi sur-

face sheets, one for spin-up and another for spin-down elec-
trons, we have

pij=(szl\/|2)ij/2e2<Nv2>i2=627_._
i

o=(py+pr) tHp tp) 7t
or

p=(pip tpipr tpipit e ) (prtp o tppp).

This coincides with the Fert-Campbell formula if the
scattering-in term is neglected; otherwise, it is different.
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