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Electronic structure of magnetic S,RuO,

P. K. de Boer and R. A. de Groot
Electronic Structure of Materials, Research Institute for Materials, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands
(Received 16 October 1998

Ab initio electronic structure calculations on,Bu0Q,, based on density functional theory within the gen-
eralized gradient approximation are reported. Contrary to calculations within the local density approximation,
ferromagnetism is predicted. The results could have consequences for the interpretation of experiments which
probe the Fermi surface and for the understanding of the unconventional superconductivigRuOSr
[S0163-182699)00415-4

I. INTRODUCTION calculated within the scope of DFT as well, but with gradient
corrections to the exchange correlation energy included. In
The ruthenate SRuQ, has attracted considerable interestcontrast with LDA calculations, the ground state is magnetic.
since the discovery of superconductivity at temperatures belhe results could have consequences for the interpretation of
low 1 K. It is isostructural to the first higfiz supercon- Fermi surface experiments and for models which describe
ductor La_,Ba,Cu0,, which has a critical temperatufe, ~ SPin triplet superconductivity.
~30 K2 Sr,RuQ; is the only layered perovskite supercon-
ductor which does not contain copper. Il. METHOD
The resistivity of SsRuQ, has aT? dependence at low . . !
temperatures, Wﬁich?rfdicases that the no?mal state is a Fermi Self_-conslstent calculations are performed with the full
liquid.* The large coefficienty, in the specific heat and the potential _ linearized augmented plane wav@APW)

enhanced maanetic suscentibility. as compared with RuO method!® Exchange and correlation were treated within the
9 P Y, P R _generalized gradient approximatié®GA).2° For compari-

could be_si_gn_s of the presence of electronic correlations i on, calculations within the LDA approach were performed
the Fermi !'q%“d‘?' ) . ) as well. The valence band states were treated in a scalar
The variation ofT; with the coefficienty, among differ-  rg|agivistic approximation, while the core states were calcu-
ent sampled the influence of nonmagnetic impurities 3@ |ated relativistically. The experimental equilibrium crystal
(Ref. 5, and the behavior of the nuclear spin-lattice relax-structure was usetd. The electronic structures of nonmag-
ation rate 1IT; in nuclear quadrupole resonan¢BlQR)  netic(NM) and ferromagneti¢EFM) Sr,RuO, as well as two
measurementsshow that the pairing state in Ju0Q, is of  antiferromagneti¢AF) phases were calculated. The basis set
an unconventional nature. It has been suggested that the stontained more than 1100 plane waves in the NM and FM
perconducting state of FRuQ, is a realization of spin triplet calculations and was extended with local orbitals for a better
pairing” Triplet superconductivity could be induced by fer- description of semicore states. Since the unit cell of the an-
romagnetic fluctuation$. tiferromagnetic phases was twice as large as the primitive
The magnetic susceptibility of JRuQ, is quite tempera- unit cell, the number of plane waves was doubled in these
ture independent.The rather large dependence of the sus-cases. The sphere radii used in the calculations were 2.2, 1.6,
ceptibility on the temperature, reported in earlier pagePs, 2.02, and 2.15 atomic units for the Sr, Ru(1D(in-plane
was presumably due to the presence of ferromagnetioxygen, and Q2) (apical oxygehspheres, respectively. The
SrRuQ, impurities. The magnetic properties of the iridium- Brillouin zone (BZ) integration was performed using the
doped compounds gr,_,RuO, (Ref. 1) and of the modified tetrahedron method on a special mesh of R40
Ruddelsdon-Popper-type series, SIRWU,O3,41, Which are  points in the irreducible part of the BZ of the primitive unit
ferromagnetic metals for alh=2'% show, however, that cell. Such a high number & points was necessary in order
SrL,RUQ, is on the edge of ferromagnetism. to reliably calculate the energy difference between the NM
Electronic structure calculations, based on density funcand FM phases, due to slow convergence of the NM phase
tional theory(DFT) within the local density approximation With respect to the number & points. Thek-point density
(LDA), showed a nonmagnetic electronic structti®  was twice as small in the calculations with a doubled unit
while it was pointed out that no ferromagnetic instability cell. This was possible since the energy difference between
could be found? These calculations resulted in a Fermi sur-the different magnetic phases converged much faster with
face which was consistent with de Haas—van AlpfdiivA)  respect to the number &fpoints than the energy difference
measurementS. Angle-resolved photoemission spectros- between the FM and NM phases.
copy (ARPES experiments showed, however, a different

Fermi surfacé®’ The differences were ascribed to the fact Il RESULTS
that the photoemission experiments probed the surface while '
the dHVA results are more representative for the Bilk. The electronic structure of gRuQ,, calculated within the

We report electronic structure calculations onR8IO,, LDA approach, is in full agreement with previously reported
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FIG. 1. Band structure of the majority spin channel of ferromag-  FIG. 2. Band structure of the minority spin channel of ferromag-
netic SpRUQ,. netic SpRUQ;.

calculations. In summary, the band structure is strongly an-
isotropic due to the layered crystal structure. The wave func-

tions near the Fermi energy are formed by strongly hybrid-

ized Ru 4(t,5) and in-plane oxygen (2 states. The Fermi

surface consists of two electronlike, almost cylindrical sheets 12
centered at th& point and one holelike sheet centeredXat

A van Hove singularity(VHS) is present just above the
Fermi energy. We refer to the papers by Ogtithind
Singh* for a complete discussion on the LDA band struc-
ture.

The electronic structure of nonmagneticRu0,, calcu-
lated within GGA, shows only minor differences with the
LDA results. The valence band width is approximately 0.1
eV smaller, the first VHS above the Fermi energy lies 0.01
eV closer to the Fermi energy, while the lengths of the Fermi
wave vectorkg are the same within 1%. The topology of the
electronic bands and the Fermi surface is identical. The small
differences in the electronic structure can be attributed to a
slightly stronger localization of electrons.

However, the nonmagnetic phase of,Bu0O, is not the
ground state within the GGA approximation. Whereas LDA
shows no sign of magnetism, with gradient corrections in-
cluded a ferromagnetic phase is found with a total energy
which is 4 meV/Ru ion lower than the NM total energy.

The band structure of FM gRuQ, is shown in Figs. 1
and 2. Figure 3 shows the total and sphere projected elec- ;
tronic density of statedDOS). The electronic structure 6 |- 0@ —
shows a small exchange shift between the majority and mi- :
nority electron energies. The exchange shift, being somewhat
dependent on the energy and on theector, is approxi- 4 ;
mately 0.2—0.4 eV in the region near the Fermi energy. As a 3 § -
result, the unit cell bears a net magnetic moment of.@.5 2 |
Due to the strong Ru-O hybridization at the Fermi energy,
the magnetic moment is distributed among the Ru
(0.25ug/ion) and Q1) (0.07ug/ion) spheres, as well as in o 8 5 4 2 o 2 4 &
the interstitial space. Energy (eV)

The DOS at the Fermi energy is 1.87 states/eV for the
majority spin direction and 1.44 states/eV for the minority  FIG. 3. Total and sphere projected density of states of ferromag-
channel, adding up to 3.31 states/eV per cell. This is 25%betic S;RuQ,. The solid(dashed lines denote the density of states
smaller than the nonmagnetic DOS at the Fermi energy. of the majority(minority) spin direction.

States/eV
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Z R T structure is basically a superposition of the majority and mi-
‘;.:" ""*._\ nority band structures of the FM phase. As a consequence,
-..-.:.:»""",' Vramg many features of the electronic structure are the same. As in
T G the FM phase, the AF electronic structure shows a VHS just

e ) 7 et below(now 0.11 eV the Fermi energy. The sphere projected
v densities of states are similar, except for a reversal of the
r R z spin up and spin down densities at every other plane. The
magnetic moments within the atomic spheres are the same

FIG. 4. Fermi surface of ferromagnetic,&u0;. The left(right)  ithin 0.015. The Fermi surface consists of three electron-

figu.re shows the Fermi surface of the majoritginority) spin di-  |ike and three holelike sheets per spin direction.

rection. We also searched for a magnetic solution with magnetic
moments of nearest neighbor Ru ions antiparallel aligned. By

An important feature of the electronic structure is the PO-keeping these moments antiparallel during the self-

sition of the VHS which lies just above the Fermi energy consistency cycle the calculation always converged to the
according to the nonmagnetic calculations. Due to the exyMm solution.

change shift the VHS is spin split and is now positioned at

0.27 eV above the Fermi energy for the minority spin direc-

tion. However, in the majority channel the VHS is pulled IV. DISCUSSION
down to 0.09 eVbelowthe Fermi energy.

Another consequence of the spin-split electronic structur%o
is the different Fermi surface of the two different spin direc-
tions (Fig. 4. The Fermi surface has a quasi-two-
dimensional character due to the small dispersion inche
direction. Therefore, only the Fermi surface in the basa
plane is shown. The Fermi surface of the majority spin di-
rection consists of one almost cylindrical electronlike sheet
centered at th&' point, and two holelike sheets centered at
the X point. The minority spin direction shows a Fermi sur-
face with two electronlike sheets and one holelike one. Th
topology of the minority Fermi surface is similar to the cal- . X C . !
culated NM Fermi surface. Table | shows the effective"teraction, which is overestimated in LDA and GGA.

masses, the number of electrons and the dHVA frequencies t'!'he rzsu_lts shc_;tvr\]/_thag[ thel glgoundl state el>_<|h|b|ts ferr(t)r:nag-
associated with the Fermi surface sheets. netic ordering within basal RuOplanes. However, the

Besides a FM phase, a magnetic phase with a zero n&round state, as probed experimentally, is a superconductor
magnetic moment was' found. In this antiferromagneticrather than afgrromagnetic metal. BOt_h ferromagnetism qnd
phase, the magnetic moments on the Ru ions within a bas ,Jperconductmty are symmetry-breaking phenomena which

plane were ferromagnetically ordered, while the magneti ower tthf det?stlty of sftates at th?. Fermi denergy. Th(;aret.ls.ta
moments of successive RyOplanes were antiparallel competiion between ferromagnetism and superconductivity

: t very low temperatures, leading to a superconductive
aligned. The total energy of the AF phase was even lowef* . T .
g ay P round state, whichb initio electronic structure methods are

than the FM phase, although the energy difference was Vergot able to predict. Nevertheless, it is noteworthy that non-

mall (=0.1 meV/Ru i in reflecting the small inter- . ; d
;cti%ng ir?thec giréctlijor?h’ again refiecting the sma € magnetic SYfRuQ, is not the ground state according to the
' calculations.

The band structure of the AF phase is very similar to the . .
FM band structure, which can be understood by the two- Although the ground state is superconducting rather than

dimensional character of the electronic structure. Due to théerromagnehc, magnetism could be Important for the hature
small interactions in the stacking direction the AF bandOf the superconducuw_ty. The calculatlons show that the f|r.st
VHS above the Fermi energy is pulled down to below this

TABLE |. Calculated Fermi surface properties: effective mass,energy in magnetic 3RUQ,. The importance of the pres-

number of electrons, and dHVA frequency associated with eacfr1°® of.a VHS at or near_ the Fermi e”ergY _'S widely dis-
sheet(see Fig. 4 cussed in the context of high: superconductivity. Further,

ferromagnetic fluctuations are responsible for the spin triplet

The application of GGA should be considered with cau-
n. GGA is often, but not necessarily always, a better ap-
proximation than LDA. This should be kept in mind when
discussing the results. GGA consistently yields larger Stoner
Factors for magnetic materials than LDA, due to the slightly
more localized wave functions it produces. Since
SrLRUuQ, is already close to a Stoner instability within LDA,

it is not completely unexpected that GGA results in a mag-
netic ground state. Further, it is remarkable that antiferro-
énagnetism wins over ferromagnetism, with a very small en-
ergy difference. This could be due to a weak superexchange

Sheet hle m* (my) Electrons F (kT) pairing state, while there are possible consequences of anti-
ferromagnetic spin fluctuations for the unconventional super-
Majority conductivity. It is desirable that these consequences are con-
1 e 2.3 0.57 16.0 sidered in further research on the theory of unconventional
2 h -27 0.75 6.9 superconductivity.
3 h -0.9 0.90 2.8 The calculated band structure of FM,Ru0, shows re-
Minority semblance to the band structure as probed by ARPES experi-
1 e 1.6 0.44 12.2 ments, especially as far as the VHS just below the Fermi
2 e 1.7 0.49 13.6 energy is concerned. This leads to the question of to what
3 h -11 0.84 46 extent magnetism plays a role in,8uO, aboveT..

First of all, it is, in principle, possible that bulk
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SrLRuQ, shows ferromagnetism in the temperature regionSLRuG, is of the same order of magnitude as the
just above the superconducting critical temperature of 1 Kexperimental resolution in most spectroscopy
Several experiments seem to exclude this possibility. Thexperiments®”2*-2which hampers the detection of sur-
magnetic susceptibility is almost constant, although it showsace magnetism. It cannot be excluded that, since some of
a weak temperature-dependent behavior even in the begie sheets are rather closely positioned, the ARPES experi-
samples, which could be due to some ferromagnetism. Fur-ments accidentally detected one peak where there should be
ther, dHvA experiments showed merely three Fermi surfac@yo or three. It is suggested that the majority sheet 1, to-
sheets, while in magnetic SruQ, six sheets would be gether with the minority sheets 1(8ee Fig. 4 were seen as
present due to the exchange splitting. It cannot completely bgne sheet, and sheets 3 of both spin directions as one sheet as
excluded that some of the sheets are missed by the dHvfQyg)| 1t is remarked, however, that the position of the VHS
measurem_ents due to high effect'|ve MasSes. Neverthelessm%y be a result of structural phenomena, e.g., surface recon-
Eg?;;jrgn“kely that bulk $RuQ, is magnetic at any tem- struction. Therefore it remains an open question whether the

Although the bulk is nonmagnetic, it is possible that thezﬁgggg crgasjr?;%m e)(;gll?lI(;sbfeerr?vn;r?gbnetllczm.n,:tg:]ecaer Sthgenrﬂfea-
surface of SYRuQ, is magnetic at low temperatures, just 9 ) 9 Y. X )

surement of the nonlinear magneto-optical Kerr efféct.

aboveT,. This could in principle be detected by spectros- Finally. f i i ) b b
copy experiments which probe the surface rather than the ~'Ma" erromagnetic fluctuations may be present above

bulk. As mentioned before, ARPES experiments revealed ac N SeRUO,. Since the characteristic time scale of dHVA
VHS just below the Fermi energy, just like the calculation of &XPeriments, which is determined by the cyclotron fre-
FM Sr,RuQ,. These experiments showed merely three Fermfluency, is much larger than the time scale in photoemission,
surface sheets as well. However, the Fermi surface was rébe difference between these experiments can be understood
constructed from peaks in the measured spectra which wei the ferromagnetic fluctuations appear on a time scale in
actually rather broad. In fact, the exchange shift inbetween.
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