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Abstract. We study the two pseudo-cubic perovskite ruthenates SrRuO3 and CaRuO3, by
means of LSDA electronic structure calculations using the LMTO method for both the
idealized cubic and the real orthorhombic structures. The LSDA calculations predict that
both orthorhombic structures are ferromagnetic, with magnetic moments of 2.0 and 1.9 µB
respectively, while in the cubic structure, only SrRuO3 is magnetic(1.7 µB). The general
features of the DoS are in reasonable agreement with the experimental photoemission and EELS
spectra. However, the fine details of the DoS of these structures are sharply peaked near the
position ofεF and this contributes to the high sensitivity of many of the calculated results as well
as to strong variations of the properties of the real material. Magnetic moments and transport
properties are examples of quantities exhibiting strong variations, but the calculations clearly
show that the orthorhombic distortion is favourable for large spin splitting and low conductivity.
A gap structure in the majority band just aboveεF can be important for semi-metallic properties
induced by distortions or charge transfers.

1. Introduction

Although ternary oxides have been known about for a long time [1], it is only recently,
since the discovery of the superconducting oxides, that they have been studied intensively.
Among them, SrRuO3 (SRO) and CaRuO3 (CRO) are particularly interesting, since SRO is
one of the rare ferromagnetic 4d materials, while CRO appears to be non-magnetic. They
are chemically close to a number of very interesting compounds such as the non-cuprate
superconducting oxide Sr2RuO4 [2, 3] or the second member of the(SrO)n+1(RuO2)n series,
Sr3Ru2O7, that was found to develop strong antiferromagnetic correlations below 15 K [4].
The difference between the magnetic properties of SRO and the other ruthenates is striking,
since none of the latter compounds are found to be ferromagnetic. For instance, another
ruthenate, BaRuO3, that has recently been investigated via photoemission [5], is also non-
magnetic (but has another arrangement of the RuO6 octahedra).

There is much technical interest in using perovskite oxides for ferroelectric and
superconducting applications [6], and SRO has been investigated as an electrode material
for these applications because of its metallic character and close lattice match with
several ferroelectric oxides (e.g. in ferroelectric transistors [7]) and the high-temperature
superconductors. Easy growth and good stability of epitaxial thin films are obtained [8, 9],
and their properties resemble those of good single crystals [10]. This, together with the small
lattice mismatch with YBa2Cu3O7−δ (YBCO), makes SRO and CRO very good candidates
for the fabrication of superconducting multilayers [11–14]. In this case, the magnetic
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properties of SRO have been used to show the decoupling of the vortices thst would occur
if the thickness of SRO were larger than 50Å [14]. SRO has also been used in the
fabrication of ferroelectric heterostructures with Pb(Zr0.52Ti0.48)O3 (PZT) [15]. Recently, a
ferroelectric field effect has been demonstrated using PZT in ultrathin SRO films, in which
a non-volatile, reversible resistivity change of 10% was measured [16, 17].

SRO, CRO and Sr1−xCaxRuO3 all have an orthorhombic structure which is a distorted
perovskite structure [18–20]. SRO, whose distortion is small, was found to become cubic
above about 800 K whereas CRO remained orthorhombic up to≈1700 K [21, 22]. It is a
weak ferromagnet withTC ≈ 160 K andµsat in the range 0.85–1.6µB [23–28]. Callaghan
et al proposed a model relying on the 2/3 occupancy of the lower-lying t2g Ru d band
[24] which impliesS = 1 spin magnetism in good agreement with the measured effective
magnetizationµeff = 2.4 µB [26]. This compound also shows a large magnetocrystalline
anisotropy with one easy axis (a or b) [23, 26] which is reflected in the anisotropy of the
remnant magnetization observed in thin films [29]. Three reasons for the reduced magnetic
momentµsat have been given, i.e. spin canting [24], collective-electron (band) magnetism
[25], and the multidomain structure observed by Kanbayashi combined with the large
magnetocrystalline anisotropy [30]. It has also been found that the Curie temperature,TC ,
decreases with increasing pressure [20, 31] and with increased Ca doping [20]. Furthermore,
Kiyama et al recently reported the observation of an Invar effect that suggests strong
similarities between SRO and 3d Invar alloys [32]. In addition, SRO exhibits an anomalous
Hall effect [23, 33, 34], and magnetoresistance measurements show that two competing
mechanisms are at work in the low-field (positive magnetoresistance) and the high-field
regions (negative magnetoresistance) [35].

CRO, on the other hand, which was first thought to be antiferromagnetic [25], does
not show any long-range order [36, 37]. This striking asymmetry between the magnetic
properties of these two very close systems was tentatively explained by the correlation
between the orthorhombic distortion and the onset of antiferromagnetic interaction [38, 39],
or by the special role played by the Sr2+ cation [38] (providing a kind of spin-transfer bypass
between O atoms). We shall propose here an alternative explanation based on the high and
peaked density of states (DoS) atεF and the change in the size of the cell. Fukunaga
and Tsuda proposed that there was some spin-scattering mechanism preventing CRO from
becoming antiferromagnetic [39]. This idea seems to be supported by the recent result
showing that CRO doped with Na is antiferromagnetic [40].

SRO and CRO have some other unusual properties that are presumably connected to
the difference in their magnetism. They are both metallic, and the resistivityρ(T ) shows
the expected kink atTC for SRO [10, 33, 27, 28, 41] but nothing similar for CRO [10].
Klein et al recently claimed that an unusual interplay between the transport and the magnetic
properties of SRO could explain the strong divergence of dρ/dT |T=T +C [27, 28]. An anomaly
in the optical phonon spectrum nearTC was attributed by Kirillovet al to a lattice distortion
induced by the magnetic ordering [42]. The large measured electronic specific heat in SRO
[33, 43] indicates that electron–phonon coupling or even spin fluctuations are important.
Moreover, the specific heat was compatible with an unusualT 2-law for the magnetization
[44], which is another indication of the peculiar properties of this material.

Despite such a large experimental interest in these systems, they have not attracted
manyab initio theoretical studies. Except for a review of the electronic structures of many
perovskite ABO3 ternary oxides [45] that does not include the SRO nor CRO compounds,
and our calculation [33] that we present in detail here, we know only of the calculation of
Singh for SRO [46]. As we shall see, we mainly reach the same conclusions as Singh for
SrRuO3.
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The organization of this paper is as follows. In section 2 we briefly describe the
structural parameters and the method of calculation. The results for the electronic structure,
the transport and the magnetic properties are presented in section 3. In section 4, we compare
our results with the observed photoemission and EELS spectra, discuss the sensitivity of
the calculations and the magnetic properties, and present a simple application of our results
to the case of a thin layer of SRO grown on a ferroelectric. Finally, section 5 contains a
summary and conclusions.

2. Details of the calculation

The symmetry of SRO and CRO is orthorhombic, of the GdFeO3 type, having a space
groupPnma, with 4 f.u. per cell. As we already mentioned, they can be considered as
distorted simple cubic perovskites. We used the lattice parameters from the experiment,
i.e. for SRO,a = 5.53 Å, b = 5.57 Å, c = 7.85 Å [20], and for CRO, whose distortion is
larger,a = 5.36 Å, b = 5.52 Å, c = 7.66 Å [19]. We also considered the idealized simple
cubic case witha = b = c = 3.92 Å and 3.84Å for SRO and CRO respectively.

The calculations were performed using the LMTO method [47, 48] within the LSDA
[49], with s, p and d basis functions for all atoms. Relativistic terms are included except
for the spin–orbit coupling of the valence bands. Core states are relaxed during the self-
consistency process. We used a mesh of 120k-points in the irreducible Brillouin zone
(IBZ) for the simple cubic calculation, 64 for SRO in the orthorhombic structure, and 216
for orthorhombic CRO. In addition, for each case we performed both magnetic (i.e. spin-
polarized) and non-magnetic calculations. The energy range of the valence bands is large
due to high ‘semi-core’ states such as O s, Sr p and Ca p. This represents a difficulty for
linearized methods, since the bands within such a wide energy window have to be described
well from one linearization energy. The Sr 4p electrons were included in the valence, since
the energy of the 4p core level is close to the O 2s valence level. In CRO, the Ca 3p core
level is lower, and therefore it does not need to be included in the valence. Nevertheless,
for the sake of comparability with SRO, we included this level in the valence. This is not
a serious problem since the Ca 4p and Sr 5p levels are expected to lie far aboveεF . In
our earlier calculation, the linearization energy was chosen further away fromεF and some
bands far aboveεF became too wide and affected the bands fromεF and above [33]. Now
we linearize closer toεF in order to have a good description of the Fermi surface (FS). For
SRO we obtain similar band features to those in the work of Singh [46].

SinceεF falls near a sharp peak of the DoS, it turns out that small changes in certain
calculational parameters (like the linearization energy) that usually do not affect the results
can have large effects in these systems. The choice of the Wigner–Seitz (WS) radiirWS is
such a detail which may be critical due to the sensitivity at the FS. Here they were set by
minimizing the interstitial volume between the muffin-tin spheres. For SRO, we used radii
of 1.85Å for Sr, 1.43Å for Ru and 1.20Å for O. For CRO, we scaled these radii with the
lattice constant. This leads to 1.81̊A for Ca, 1.40Å for Ru and 1.17Å for O. However,
test calculations with different choices did not reveal a strong sensitivity.

We also performed calculations on SRO with a tetragonal distortion to simulate the effect
of the (small) lattice mismatch with SrTiO3, the typical substrate for the thin films, on the
first few layers of SRO. In the case of the orthorhombic SRO, we also tried the structure
found by Kobayashiet al [19] which is slightly different from the one that we used here
to check the sensitivity of the calculated properties to some change in the parameters. We
compare the results of these calculations with our main ones in sections 3 and 4.
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Figure 1. The band structure for magnetic (a) SrRuO3 and (b) CaRuO3 in the idealized simple
cubic perovskite structure. The thin lines correspond to minority-spin bands. Note that there is
no spin splitting for CRO. (εF is set to 0.)

3. Results

3.1. Electronic structure

The band structures of idealized simple cubic magnetic SRO and CRO are shown in figure 1.
The cubic band structure can be split basically into three regions (see also the DoS in
figures 2 and 3): they are mainly of Sr or Ca d character aboveεF , Ru d character around
εF , and O p character below the gap. For SRO, the spin splitting at0 is 0.46 and 0.18 eV
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Table 1. The partial and total DoS atεF for SrRuO3 in states eV−1 cell−1 spin−1 (except for
the results of non-polarized calculations and the sums of the two spin channels which are in
states eV−1 cell−1 spin−1). We present here the DoS per atom, as well as the percentage of
the dominant p or d character for each atom. Note that there are four formula units (f.u.) in the
orthorhombic cell. (The DoS for an atom is the sum of the DoS of all atoms of this type.)

Sr Ru O3

(eV−1 cell−1 spin−1) Total (% of Sr d) Total (% of Ru d) Total (% of O p) N(εF )

Orthorhombic

Magnetic (↑) 0.06 (67) 1.49 (99) 0.44 (86) 1.99
(↓) 0.23 (91) 4.76 (99) 1.29 (72) 6.28

(↑↓) 0.29 (90) 6.24 (100) 1.73 (75) 8.27

Non-magnetic 0.58 (88) 13.17 (99) 3.70 (77) 17.44

Cubic

Magnetic (↑) 0.05 (89) 0.83 (100) 0.22 (69) 1.10
(↓) 0.07 (92) 1.04 (100) 0.27 (69) 1.37

(↑↓) 0.11 (91) 1.87 (100) 0.49 (69) 2.47

Non-magnetic 0.29 (87) 6.59 (100) 1.85 (82) 8.73

Table 2. The partial and total DoS atεF for CaRuO3 in states eV−1 cell−1 spin−1. The same
remarks apply as for table 1. No spin splitting was found in cubic CRO, and the solutions of
the magnetic and non-magnetic calculations are identical.

Ca Ru O3

(eV−1 cell−1 spin−1) Total (% of Ca d) Total (% of Ru d) Total (% of O p) N(εF )

Orthorhombic

Magnetic (↑) 0.08 (75) 1.07 (100) 0.26 (88) 1.41
(↓) 0.65 (92) 7.02 (99) 1.77 (66) 9.43

(↑↓) 0.73 (89) 8.09 (99) 2.03 (69) 10.84

Non-magnetic 0.67 (64) 16.24 (99) 3.95 (73) 20.86

Cubic

Non-magnetic 1.12 (92) 4.12 (100) 1.26 (71) 6.50

in the Ru d and O p regions, respectively. The corresponding calculation for cubic CRO
gives a non-magnetic solution. In contrast, the real-structure calculations give ferromagnetic
solutions for both SRO and CRO with spin splittings nearεF of about 1 and 0.2 eV in the
Ru d and O p regions, respectively.

We present the DoS and the most important partial DoS (PDoS) in figure 2 for the cubic
case and in figure 3 for the orthorhombic one. These figures show clearly the different
regions that we have just described as well as the importance of the hybridization. We
also present the DoS and PDoS atεF in tables 1 and 2 for majority spins (↑) and minority
spins (↓).

The figures displaying the DoS show thatεF falls on the side or near the top of a large
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Figure 2. The total and partial DoS in states eV−1/(f.u. spin) for (a) SRO and (b) CRO in
the idealized cubic structure for the spin-polarized calculation (the energies are in eV). The
majority-spin electrons’ DoS is positive and the minority one is negative. We show the d DoS
for Sr, Ca, Ru, and the p DoS for O. In the partial DoS panels, the thin line (which is often
difficult to distinguish from the thick one) denotes the total DoS for this atom.

DoS peak in these systems. Small modifications in the calculations, or in the real system
(shear, charge transfer or doping), can makeεF climb or descend on that peak. Since the
condition for magnetism is sensitive to the DoS value atεF , such a small modification may
or may not trigger ferromagnetic ordering. This fact provides a possible explanation of why
a normally unimportant exchange of Sr with Ca will make magnetism disappear in the Ru
4d band. This delicate situation also illustrates why some calculated results are difficult
to obtain very precisely. A high DoS peak in the cubic structures will be split by some
distortion and lead to greater stability as in the real orthorhombic structures. A comparison
of the total energies between the magnetic and non-magnetic configurations can be made,
but comparisons between the cubic and distorted structures are more difficult since our
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Figure 2. (Continued)

calculations use spherical potentials.
Between the Ru d and the O p regions, we find a gap of 1.2 eV for cubic SRO and

1.4 eV for CRO (1.1 eV and 1.3 eV in the orthorhombic case). This is consistent with the
results of Takegahara for similar oxides [45], but disagrees with the results of Singh [46]
who does not find any gap in his cubic electronic structure.

In a cubic crystal field, the Ru d bands split into a t2g triplet and an eg doublet. In the
case of SRO, at0 these bands are at−2.6 eV for t2g and−0.2 eV for eg. The eg bands
hybridize rather strongly with Sr d and O d. The large peak in the DoS seems to be due
mainly to three flat bands: a deg band between0 and X and two dt2g bands between X and
M. In the case of SRO, the flat parts of these bands lie at almost the same energy, whereas
in the CRO case, they are moved away from each other and give two peaks (see the total
DoS panel for CRO in figure 2(b)) therefore reducing the DoS atεF and the propensity
for magnetism. For the orthorhombic case, the peak splits into many subpeaks due to the
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Figure 3. Total and partial DoS in states eV−1/(f.u. spin) for (a) SRO and (b) CRO in the real
orthorhombic structure (energies in (eV)). We show the same partial DoS as in figure 2.

symmetry breaking, but the substitution of Ca tends to broaden these peaks (see figure 3),
consistently with the cubic result (for instance, in figure 3(b), there is a strong depression
in the DoS for orthorhombic CRO nearεF , at approximately−0.8 eV in the majority-spin
DoS, that could be the signature of the splitting of the peak seen in figure 2(b) for cubic
CRO).

In the orthorhombic case, figure 3 clearly shows the opening of a ‘semi-gap’ aboveεF
that is completely absent of the cubic case. This semi-gap of about 0.30 eV for SRO and
0.50 eV for CRO is quite close toεF . This feature becomes interesting in the case of charge
transfer or increased exchange splitting, when the majority band becomes completely filled to
form a half-metallic ferromagnet. The gap is also present in the non-magnetic calculations.

In order to illustrate the bands further, we show the different sheets of the Fermi surface
for the cubic SRO in figure 4. For majority-spin electrons, the three t2g bands form three
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Figure 3. (Continued)

hole pockets centred on R, and the two eg bands form one electron pocket and one electron-
like ‘jungle-gym’ centred on0. For the minority electrons, only the t2g bands crossεF
giving rise to two electron spheres and one electron-like ‘fat jungle-gym’ around0.

Finally, figure 5 shows the spin-polarized FS for the real structure of SRO, as well as
the bands in the vicinity of the Fermi level. The different sheets are plotted from a single-
iteration calculation with 1331k-points in the irreducible wedge. The band structure shows
that bands crossings are likely to occur near the Fermi energy, explaining the odd shape
of the sheet originating from the lower majority-spin band crossingεF (see figures 5(a)
and 5(g)). This sheet will be very sensitive to small shifts ofεF due to its very small
dispersion in some parts of the BZ. A paramagnetic band structure has a much more stable
FS than a spin-polarized one as in the present case, since the band splitting (and therefore the
position ofεF relative to bands’ features) easily changes with the magnetic moment, while
the parmagnetic FS is determined by the number of electrons. To verify the stability of the
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Figure 4. The different sheets of the Fermi surface of cubic SRO in the BZ. There are five bands
crossingεF for the majority-spin electrons, (a)–(e). The first two, (a) and (b), that are centred
on 0 are due to the eg bands, and the three others, (c)–(e), centred on R are due t2g bands.
The three sheets for the minority-spin electrons, (f )–(h), are all due to t2g bands. Note that the
(c) and (d) sheets (majority electrons), as well as the (g) and (h) ones (minority electrons) are
almost degenerate.

FS, we have examined different rigid-band shifts. The topology of the minority-spin sheets
(figures 5(c)–5(f )) is essentially unchanged by rigid-band shifts (mainly, the sheets seem
to move away from0 when the minority-spin bands are shifted downwards and to shrink
when they are shifted upwards). The sheet shown in figure 5(a) vanishes for a downwards
shift of the majority-spin bands of about 40 meV. Furthermore, a shift of about 70 meV
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Figure 5. The different sheets of the Fermi surface of orthorhombic SRO (real structure) in
the BZ. (a), (b) The two sheets from the majority-spin electron (↑) bands. (c)–(f ) The four
minority-spin electron (↓) sheets. The sheets of the FS were reconstructed from a calculation
with 1331k-points in the irreducible wedge. The sheets within each spin are sorted according
to the energy of the bands that they originate from (from low- to high-energy bands). (g) The
band structure in the vicinity ofεF for orthorhombic spin-polarized SRO. We represent the two
↑ bands crossingεF (plain thick lines), the four↓ ones (plain medium lines), as well as the
other bands, with thin lines (dashed for↑ and pointed for↓). Note that it sometimes occurs that
a small part of a sheet is attributed to another one due to band crossings (as in (f ), for instance,
with the small piece between0 and Y).
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Table 3. Transport properties for SrRuO3 at T = 0. The DoS atεF can be obtained from
table 1. The tensor(n/m)αβ is calculated from equation (2). The mean free path` and the
relaxation timeτ have been calculated from the experimental resistivityρexpt ≈ 20 µ� cm
[10, 27]. Note that the area of the FS is always understood as being per spin except for the sum
of the two spin channels (↑↓).

Orthorhombic Tr(n/m∗)αβ 〈v2
Fx〉 〈v2

Fy〉 〈v2
Fz〉 τ ` 〈ρ〉 SFS

64 k-points in IBZ (1051 kg−1 cm−3) (1014 cm2 s−2) (10−14 s) (Å) (µ� cm) (1017 cm−2)

Magnetic (↑) 0.38 0.36 0.28 0.09 6.6 56 476 0.10
(↓) 9.17 1.80 1.85 1.58 6.6 151 21 0.84

(↑↓) 9.55 1.45 1.48 1.23 6.6 135 20 0.95

Non-magnetic 10.25 0.64 0.69 0.78 6.1 89 20 0.78

Cubic Tr(n/m∗)αβ 〈v2
Fx〉 = 〈v2

Fy〉 = 〈v2
Fz〉 τ ` 〈ρ〉 SFS

120 k-points in IBZ (1051 kg−1 cm−3) (1014 cm2 s−2) (10−14 s) (Å) (µ� cm) (1017 cm−2)

Magnetic (↑) 11.66 3.42 1.5 46 69 0.86
(↓) 28.54 6.72 1.5 65 28 1.65

(↑↓) 40.20 5.25 1.5 58 20 2.51

Non-magnetic 48.72 1.80 1.3 29 20 2.31

Table 4. Transport properties for CaRuO3 at T = 0. The DoS atεF can be obtained from
table 2. The tensor(n/m)αβ is calculated from equation (2). The mean free path` and the
relaxation timeτ have been calculated from the experimental resistivityρexpt≈ 50µ� cm [10].
Note that the area of the FS is always understood as being per spin except for the sum of the
two spin channels (↑↓).

Orthorhombic Tr(n/m∗)αβ 〈v2
Fx〉 〈v2

Fy〉 〈v2
Fz〉 τ ` 〈ρ〉 SFS

216 k-points in IBZ (1051 kg−1 cm−3) (1014 cm2 s−2) (10−14 s) (Å) (µ� cm) (1017 cm−2)

Magnetic (↑) 1.02 0.59 0.66 1.35 3.6 58 299 0.15
(↓) 5.43 0.63 0.92 0.54 3.6 52 60 0.69

(↑↓) 6.45 0.62 0.88 0.67 3.6 53 50 0.84

Non-magnetic 11.02 0.65 0.67 0.60 2.1 29 50 0.86

Cubic Tr(n/m∗)αβ 〈v2
Fx〉 = 〈v2

Fy〉 = 〈v2
Fz〉 τ ` 〈ρ〉 SFS

120 k-points in IBZ (1051 kg−1 cm−3) (1014 cm2 s−2) (10−14 s) (Å) (µ� cm) (1017 cm−2)

Non-magnetic 60.00 2.78 0.4 11 50 2.41

(which corresponds to an upwards shift of the minority-spin band of only 10 meV, and a
change in the magnetic moment1µ ≈ +0.03 µB/f.u.) shows that the ‘lemon-like’ sheet
in figure 5(b) shrinks to a ‘peanut-like’ sheet around0. Shifting the majority-spin bands
upwards by about 70 meV (corresponding to1µ ≈ −0.13 µB/f.u.) shows that the sheet
in figure 5(a) becomes almost degenerate with the ‘lemon’ of figure 5(b) and that a new
sheet appears. Thus, since our calculated magnetic moment is not too far from the observed
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values (see section 3.3) we expect that the FS of the most dispersive bands should be
detectable. A comparison with de Haas–van Alphen data for these systems would provide
a very precise check of the validity of the calculated band results.

3.2. Transport properties

In order to calculate the conductivity tensorσαβ from the band structure, we have to estimate
the relaxation time,τ . Among various possibilities [50], we chose the easiest one, i.e.τ

independent of bothε and the DoS. AtT = 0, one thus hasσαβ = e2τ(n/m∗)αβ , with
α, β = x, y or z, where the(n/m∗)αβ tensor is [51](

n

m∗

)
αβ

= 1

�cell

∑
n,k∈BZ

vnkαvnkβδ(εF − εnk). (1)

Here the tensorσαβ is diagonal and the average conductivity is〈σ 〉 = 1
3

∑
α σαα. The

velocities,vk = (1/h̄)∂εk/∂k, were calculated using six auxiliaryk-points for eachk-point
of the main mesh, and the sum in (1) was evaluated by the tetrahedron method [52–54].
Furthermore, one can define the average Fermi velocities

〈v2
Fα〉 ≡

�cell

N(εF )

(
n

m∗

)
αα

(2)

that simplify the expression for the conductivity, which becomesσαα = e2N(εF )〈v2
Fα〉τ ,

whereN(εF ) is the DoS atεF .
To estimate the transport properties, we assumed thatτ was the same for both channels.

This is justified if there is a strong interaction between the electrons of different spins, or,
in other words, if the scattering is dominated by the contribution of spins. An alternative
approach is to consider the same mean free path for both spins, which amounts to considering
almost entirely decoupled current channels in a scheme where the scattering is mainly due
to impurities. In fact this second approach leads to very similar results, its main effect being
to slightly decrease the anisotropy in the resistivity.

The transport properties of SRO and CRO are given in tables 3 and 4 respectively.
The relaxation times were calculated from the experimental resistivities (at very low
temperatures), and assuming that they are equal for the two spin channels, i.e.τ↑ = τ↓ = τ .
The measured resistivities at zero temperature are of about 20µ� cm for SRO [10, 27, 28]
(a recent measurement showed half this value [23]) and 50µ� cm for CRO [10]. The

mean free path is calculated simply as` = τ
√∑

α〈v2
Fα〉. In these tables, we also show the

average resistivity〈ρ〉 that we took from experiment, which is interesting for demonstrating
the anisotropy between the two spin channels, and the area of the Fermi surfaceSFS .

These results clearly show the large anisotropy in the resistivity of the two spin channels
which appears to be more pronounced in the orthorhombic symmetry and particularly for
the SRO where bothN(εF ) and the Fermi velocities〈v2

F 〉 play a role. This shows that
these materials are very close to being in a semi-metallic state. The relaxation times for
the orthorhombic cases seem comparable to the Drude results [55]. That the relaxation
times τ for the cubic systems are much smaller (5–10 times) can be understood because
these systems are expected to be better conductors (so fittingτ to the experimental value
underestimates it). For cubic compounds,N(εF )〈v2

F 〉 is indeed 5–10 times larger (tables 3
and 4). Furthermore, one expectsτortho to be smaller thanτcubic, since the distortion adds
variations to the cubic potential that tend to increase the scattering rate. Thus if cubic
systems could be stabilized, they would have a much larger conductivity (at least 5–10
times).
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The anisotropy of the mean free paths`↑ and`↓ reflects the anisotropy of the average
Fermi velocity. For SRO, it is very large, whereas for CRO, it is almost negligible and there
the anisotropy in the resistivity is entirely due to the difference in the DoS. These results
scale with the resistivity in the first approximation. Therefore at room temperature,τ and
` should decrease by a factor of about 10 for SRO and of about 5 for CRO [10, 27, 28],
and thereby be at the limit of the Boltzmann theory [51].

A knowledge of the area of the FS permits an independent estimation of the mean free
path` through the equation [33, 51]

σ = e2

24π3h̄
(SFS↑`↑ + SFS↓`↓) (3)

which gives a robust result as long as`k does not vary too much over the FS. The mean
free paths estimated in this way tend to be slightly larger than those calculated fromτ .
For spin-polarized SRO, we obtained` = 60 and 155Å in the cubic and orthorhombic
structures respectively, and for CRO, 13 and 71Å.

3.3. Magnetic properties

Non-spin-polarized calculations are used to determine the Stoner enhancement factor,

S = 1

(1− S̄) (4)

to find the criterion for a magnetic instability of these systems, i.e. whenS̄ = 1. This Stoner
enhancement factor,S, also gives the susceptibility enhancement as the ratio between the
internal and an applied magnetic field [56–58]. The spin-polarized calculation directly gives
the magnetic moment,µ, i.e. the difference between the total numbers of spin-up and spin-
down electrons which corresponds to the ‘saturated magnetic moment’,µsat, at T = 0. The
differences in total energy between the two calculations are used to determine the stability
of the magnetic state.

The results are presented in table 5. They all show magnetic moments, except the cubic
CRO. We want to emphasize here that calculations with other parameters (linearization
energies, etc) can give magnetic solutions for cubic CRO as well. This shows the sensitivity
of these systems. But the results that we show in the figures and tables are for parameters
as close as possible in all of the structures, magnetic or non-magnetic cases, for SRO and
CRO. For the orthorhombic structure, SRO and CRO have almost the sameµ. That the
Stoner factor,S̄, for SRO is less than one is rather puzzling, but can be explained by the
position of the Fermi level on a very steep slope of a subpeak in the DoS, and a very small
shift in εF can changēS to more than one (for example, a shift of−6 mRyd implies anS̄
of 1.06). In the case of cubic CRO, the Stoner factor also disagrees with the result of the
magnetic calculation. This can also be explained by the position ofεF on the slope of one
of the secondary peaks, but, as we have just mentioned above, the magnetic properties of
CRO are extremely sensitive to the calculation parameters.

The magnetic solutions are always lower in energy than the corresponding non-magnetic
ones. For SRO, the gain is 1.67 eV/f.u. for both cubic and orthorhombic symmetries, and
for orthorhombic CRO, it is 1.40 eV/f.u.. This is approximately three times larger than the
result of Singh [46].

The magnetic momentsµ are dominated by the contribution of the Ru due to its high
DoS, and there is a weak polarization on O sites mainly through hybridization with the Ru
d band. The total magnetic moments are larger than the experimental results forµsat which
are between 0.8 and 1.6µB [25, 27, 28]. This discrepancy may be due to finite-temperature
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effects lowering the magnetization, or, as pointed out by Kanbayashi, to the multidomain
structure [30] and the magnetocrystalline anisotropy [26]. An alternative explanation is that
our calculation overestimated the hybridization somehow, thus amplifying the contribution
of the O. Using a simple spin-only magnetism approach, the ‘effective magnetic moment’,
µeff, can be estimated asµeff =

√
µ(µ+ g0) (whereg0 can be taken as 2). We obtain

thatµeff = 2.8 µB for both orthorhombic SRO and CRO calculations, andµeff = 2.5 µB
for cubic SRO. The experimental results forµeff vary from 2–2.6µB (with the variation
ascribed to differences in sample quality) [25, 27, 28], and our values lie close to this range.

Our present results for the magnetic momentµ are larger than both those of our previous
calculation [33] and those of Singh [46]. This is an indication that although the trend is
certainly correct, the detailed calculated results may not always be very accurate. However,
we think that this is connected with some real properties of these materials and is consistent
with the relatively wide spread of many of the experimental results.

Table 5. Magnetic properties of SRO and CRO for the cubic and the real orthorhombic structures.
We show the contribution of each atom to the magnetic moment inµB/f.u., and the Stoner factor
S̄ (from the non-spin-polarized cases).

SrRuO3 CaRuO3

Magnetic momentµ Magnetic momentµ
(µB/f.u.) Stoner (µB/f.u.) Stoner

Sr Ru O3 Total S̄ Ca Ru O3 Total S̄

Orthorhombic 0.08 1.58 0.30 1.96 0.93 0.06 1.61 0.26 1.93 1.18
Cubic 0.06 1.41 0.26 1.73 1.89 0 0 0 0 1.06

4. Discussion

4.1. Comparison with spectroscopic data and other calculations

We have compared the calculated DoS with the photoemission and EELS spectra obtained
by Coxet al [59]. Although this comparison is only qualitative, the agreement is quite good
for both SRO and CRO (whose spectra are very similar). Indeed, apart from a small shift
which can probably be ascribed to some spectral weight redistribution as in Sr2RuO4 [60],
the positions of the peaks in the DoS agree quite well with the UV photoelectron spectro-
scopy (UPS) data. However, the Ru d peak atεF is much suppressed in the experimental
spectra. This can be due either to some peculiar ‘joint DoS’ property, i.e. that the DoS near
εF + h̄ω is very small, or that the matrix elements for the d→ f and d→ p transitions
are small (a preliminary calculation seems to support the latter). A similar situation occurs
in BaRuO3 where the contribution of the Ru d DoS atεF is also much suppressed in the
UPS results (for bothhν = 21.2 and 40.8 eV) whereas it appears clearly in XPS [5]. The
bump in the EELS spectra (at about 3 eV aboveεF ) seems to be linked with the Sr d or
Ca d features in the DoS aboveεF . However, this is in contradiction with the assignment
of the EELS feature to the t2g→ eg transition by Coxet al [59]. We have also compared
the calculated core levels with the core-level photoelectron spectrum for SRO [59]. Again,
there is a good qualitative agreement. As expected, since we have not used the ‘final-state
rule’ [61], the absolute positions are higher than the measured ones (by about 20 eV).

Comparing our bands (figure 1) with those of Singh [46], it appears that the main
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difference is that the Ru d block is shifted downwards in Singh’s calculation relative to
ours. This has the effect of closing the gap belowεF and moving the Sr d and Sr s
states away fromεF . Otherwise, the agreement is rather close. The DoS atεF for the
orthorhombic SRO is smaller than in both our previous and Singh’s calculation, resulting
in a much larger enhancement factor of 1+ λ = γexp/γth ≈ 6.2 [33] than for the case of
Sr2RuO4 [63, 64]. This strongly depends on the exact position ofεF , as was the case for
the transport properties, which depend onN(εF ) and 〈v2

F 〉. Again, we conclude that the
special sensitivity ofεF , relative to the DoS peak in these systems, leads us to rely on the
main trends rather than details. But the difference between the unenhanced theoretical DoS
and the experimental specific heat is very large. A large electron–phonon coupling seems
possible because of the large DoS, but also large enhancements due to spin fluctuations are
likely in systems which are close to a magnetic transition.

4.2. Sensitivity of the calculated solutions

As we have already mentioned, these materials are very sensitive to changes in calculation
parameters. This is due to the very large and almost isolated peak atεF , since a very small
change inεF can have quite a large effect on the transport properties that depend on the
DoS atεF or on the spin splitting, and this is more important since it has some influence
on the convergence.

In order to estimate the amplitude of these effects, we have performed the calculations
for many different situations. First, we checked that the slight difference between the
experimental structural data from Shikanoet al [20] and Kobayashiet al [19] (orthorhombic
symmetry) has only minor effects on the band results. We also tested the effect of the
‘muffin-tin’ radius rMT on the results. An increase inrMT for Ru by 2% (and a corresponding
scaling down of the others) for the cubic case will slightly reduce the gap belowεF and
thus slightly decrease the magnetic moment. Changing the linearization energy,εν , can
be more crucial. Indeed, due to the large bandwidth to be linearized, the results are very
sensitive to the setting ofεν . As was mentioned earlier for cubic CRO, a modification of
the parameters can change the calculated magnetic properties drastically. We have made
two other spin-polarized calculations which differ from the first one by the fact that Ca 3p
electrons are not included in the valence and from each other by different choices forrMT.
The magnetic moments,µ, were about 1.6µB in both cases, and the Stoner factors,S̄, for
the corresponding non-spin-polarized calculations were about 1.1 (slightly larger than the
result shown in table 5). The reason for this sensitivity is probably linked to the value ofεν .
Nevertheless, the choice ofεν in the first calculation seems justified since this calculation is
the closest to the SRO cubic calculation and therefore the best for isolating the effect of the
substitution of Ca for Sr. Furthermore, even the magnetic solutions for CRO show roughly
the same tendency as the experiment, i.e. a decreasing magnetic moment with increasing
pressure [20, 31]. This trend is confirmed by a cubic calculation for SRO with a compressed
cell (9%) showing a reduction ofµ of about 0.09µB Å−3. This sensitivity can partly be
understood in view of the surprisingly large observed influence of the Na doping on SRO
and CRO which was interpreted in terms of volume reduction [40]. But an alternative
explanation is that the charge is decreasing because Na has one fewer valence electron than
Sr, so from rigid-band argumentsεF should also drop to lower energies where the DoS is
smaller, and the Stoner factor is expected to decrease. A further experimental illustration
of the variation of the properties in these materials is the 60◦ twin observed in SRO that
is undetectable by normal test procedures [62] and it could explain the smaller magnetic
moments found in the experiments.
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4.3. Magnetic properties

The difference between the calculated magnetic properties of cubic SRO and CRO can
be understood in view of the subtle but important difference between the two electronic
structures (see figures 1 and 2). In SRO, the high peak nearεF originates from extended
flat portions of the bands, such as, for instance, the flat bands just belowεF on the path0–X–
M. In CRO, the corresponding bands show a larger dispersion due to accidental degeneracies
at M and band crossings with other bands between0 and X. This results in a two-peak
structure withεF lying in between. Thus, the DoS atεF , N(εF ), and consequently the
Stoner factorS̄ are lower for CRO (see tables 1, 2 and 5) and are apparently not sufficient
for a Stoner splitting.

When the orthorhombic distortion occurs, many degeneracies are lifted due to the lower
symmetry. Therefore, the few-peak DoS structure for the cubic systems is replaced by a
multi-peak structure, as can be seen in figure 3. If, as in cubic SRO,εF is at exactly the
position of the peak, the splitting of this peak by the distortion is likely to reduceN(εF )

and S̄, whereas they are likely to increase ifεF is between two peaks, as is the case for
cubic CRO. This can explain the different behaviours ofS̄ when the distortion is introduced,
i.e. that it diminishes in the case of SRO and increases for CRO (see table 5). Furthermore,
the apparent inconsistency between the spin-polarized calculation and the Stoner factor
for orthorhombic SRO can partly be explained sinceS̄ is lowered if there is a strong
hybridization between spin-split bands and bands resisting spin splitting [56], which may
be the case here. This shows that a case with a large Stoner factor does not necessarily
imply a large moment. A magnetic transition is predicted becauseS̄ > 1, but the size of
the moment depends also on the width of the DoS peak.

For orthorhombic SRO, the calculated results agree rather well with experiment, while
this is not the case for CRO. It is clear that for the many-peak DoS function shown in
figure 3, the condition for having a magnetic ordering is extremely sensitive to the very
precise position of the Fermi level. A single-iteration calculation with 1331k-points in
the IBZ for orthorhombic SRO shows that this multi-peak structure is essentially stable
with respect to the number ofk-points used, so only other details of the computational
scheme (type of density functional potential, non-spherical corrections, spin–orbit coupling,
etc) could have a sufficient influence on the DoS to make CRO non-magnetic. From our
calculations, it seems that, within the LSDA, the orthorhombic distortion favours spin-
split states. Thus the fact that we obtain a ferromagnetic ground state instead of a non-
magnetic one in orthorhombic CRO could be interpreted as the signature of an underlying
antiferromagnetic ground state [65]. Indeed, since the magnetic moments are essentially
localized at (presumably weakly coupled) Ru sites, with only small moments in between
(mainly at O sites), both ferromagnetic and antiferromagnetic ordering should be favoured.
Whether this is the case has to be checked by a calculation with an antiferromagnetic
configuration.

Although it is clear that the magnetism in these systems is due to the Ru d electrons,
there have been various arguments about the importance of eg and t2g symmetry within the d
band. Our calculations for the cubic case show that both eg and t2g electrons are important
for the magnetism in contradiction with the hypothesis of Callaghanet al [24]. This is
particularly striking with the disappearance (or at least diminution) of the magnetism with
the splitting of the eg and t2g peaks in the DoS nearεF upon doping with Ca (figure 2). In the
real structure, the Ru d bands show strong mixing of eg or t2g symmetries, and it is difficult to
discuss the effect of the splitting of the t2g bands on ferromagnetism or antiferromagnetism
as Fukunaga and Tsuda [39] did. But it is clear that the distortion lifts the degeneracy (in
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conflict with the observation of Gibbet al, that the distortion has a negligible effect on the
t2g bands [36]). Moreover, our calculations are in contradiction with the idea of Kanbayashi
about the role of the orthorhombic distortion as regards the magnetism [38] (i.e. that this
distortion destroys the magnetism) since the calculated moments are larger for the real
structure. A similar kind of sensitivity of the magnetic properties to the structure has recently
been found in another perovskite-like compound: LaMnO3 [66]. There, the cubic structure
exhibits ferromagnetism whereas the real orthorhombic one shows antiferromagnetism. This
confirms that the properties of these systems can exhibit large variations for small external
changes.

Nevertheless, we believe that our calculated electronic and magnetic properties are
close to reality and that the unusual sensitivity of the magnetic ordering (that shows up as
a ‘wrong’ result for CRO) reveals a real sensitivity of the magnetism in these systems. A
small perturbation, such as a departure from stoichiometry, structural distortions, and charge
transfers near interfaces or surfaces, can be sufficient to cause both SRO and CRO to show
magnetism or not.
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Figure 6. The conductivity of SRO (orthorhombic symmetry) inµ�−1 m−1 as a function
of the energy (εF = 0 here). The majority-spin contribution (light, plain line), the minority-
spin (dashed line), and the total (heavy line) contributions are represented. The experimental
conductivity is 5µ�−1 m−1 (see table 3). The energy dependence of the conductivity is obtained
through a simple rigid-band approximation. The relationship between the shift in energy and
the surface polarization charge is almost linear in this region and, for the case of a layer 10Å
thick, a polarization charge of 50µC cm−2 corresponds to a shift in energy of 87 meV.

4.4. Effects in SRO thin films

Since in most of the applications these compounds are used as thin films grown on a
SrTiO3 substrate, we have investigated the effect of the lattice mismatch for the case of
cubic SRO in order observe the general trend (neglecting the effect of the interface). We
have examined two cases: the reduction of thea andb lattice parameters by 2% and 3%,
while the c lattice parameter is increased in order to conserve the volume. The effect of
these distortions on the DoS is mainly that of splitting the peak atεF in a somewhat similar
manner to that for the Ca substitution (although, here, it is due to the non-equivalence of
X and Z and the flat bands near X lie lower near Z). The magnetic moment,µ, is thereby
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reduced to 1.59µB for 2% and to 1.44µB for 3% distortion. This trend forµ provides
an alternative explanation of the smaller magnetic moment observed in thin films. Finally,
another interesting technical application of SRO thin films is the growth of ferroelectric
heterostructures with PZT [15–17, 23, 67]. The fact that SRO is so close to being in a
semi-metallic state could be exploited, especially in ultrathin films, by polarizing the PZT.
Indeed, the effect of the surface charge induced by the polarization is, in the rigid-band
approximation, to shiftεF . Within a very simple model where these charges are considered
as homogeneous in a layer of thicknessd, the relation between the shift in energy1ε and
the surface chargeσ is simplyσ = (n(εF+1ε)−n(εF ))qed/�cell wheren(ε) is the number
of (valence) electrons up to energyε andqe the electronic charge. The dependence of the
conductivity on the shift in energy for the orthorhombic case is shown in figure 6. From
the aforementioned arguments, a surface charge of 50µC cm−2 corresponds to a shift ofεF
of 87 meV for a layer 10̊A thick. In such a situation, an≈8% change of the conductivity
can be achieved by flipping the polarization. However, this is only approximate since the
conductivity has local extrema in the region of interest, being therefore very sensitive to the
shift in energy [68]. For instance, the same charge with a layer 30Å thick gives an≈20%
change. A surface charge of about 50µC cm−2 is needed to transform an SRO layer 10Å
thick into a semi-metal. For such a charge, the magnetic moment is decreased by about
7%, this decrease scaling almost linearly with the charge (in the cubic case, the decrease
is only about 2%). Although such polarization charges can be achieved with PZT (a 10%
change has been demonstrated in ultrathin (30Å) SRO films using polarization fields of
about 10–15µC cm−2 [16, 17, 23]), the semi-metallic effects would be washed out by the
averaging over the actual film’s thickness. Nevertheless, one could still hope to achieve an
observable effect on the magnetic moment (at low temperature). Since the majority DoS is
decreasing and the minority is increasing atεF , an applied magnetic field could also have a
similar effect on SRO. Therefore a calculation with a field of about 40 T (which becomes
Stoner enhanced by a factor of about 3) has been carried out. The induced changes in the
properties are very small: the DoS atεF is decreased by about 3%, the resistivity by about
1%, and the spin splitting is increased by 6 meV (≈1%). The majority-spin semi-gap which
lies 96 meV away fromεF comes closer toεF by 2 meV. Thus important changes in the
properties atT = 0 would require unfeasibly large magnetic fields, at least in this case.

5. Conclusion

We have studied the properties of SRO and CRO in cubic and real orthorhombic structures
by means of self-consistent LMTO band calculations. The question of structural phase
stability is not investigated here because of the spherical potential approximation, but many
other properties are not affected by this approximation. The LMTO results for SRO and
CRO show an unusual sensitivity to calculational details. This sensitivity is mainly due to
the fact thatεF falls near a sharp increase of the DoS. The position ofεF thus has a great
impact on the physical properties, since most of them depend precisely on the Fermi surface
shape as well as on the DoS atεF . For instance, the criterion for a ferromagnetic transition
depends critically on the DoS value atεF , and therefore only a small change is needed to
make the difference between a non-magnetic and a spin-polarized solution. Our calculations
show that the SRO is ferromagnetic with a magnetic moment of 1.96µB/f.u. (1.73 in the
simple cubic symmetry). Although this moment is larger than the experimental value (this
can partly be explained by temperature effects), it is a manifestation of the unusual sensitivity
to the position ofεF . Nevertheless our results show that this compound is a good example
of band ferromagnetism. The tendency towards magnetism in CRO is weaker. In the
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simple cubic structure, the corresponding calculation even gives a paramagnetic solution,
whereas the real orthorhombic structure is ferromagnetic, with a moment of 1.93µB/f.u..
The possibility of an antiferromagnetic character of CRO needs to be confirmed by a proper
calculation for an antiferromagnetic configuration.

The calculation in the cubic case shows the importance of both the Ru d eg and t2g

bands for the high peak in the DoS that is responsible for the magnetism. However, in the
calculations for the real structure, the d bands have no clearly defined eg or t2g symmetries,
but have a mixture of these, even in the case of the relatively small distortion of SRO. It is
therefore impossible to isolate a Ru d sub-band that would be the only one responsible for
the magnetism in this compound.

If the magnetic moment is sensitive, it also follows that the transport properties, which
are determined by the majority and minority FS properties, are sensitive. For instance,
Fermi velocities and FS topologies are completely different for magnetic and non-magnetic
solutions.

The calculated transport properties clearly show the importance of the orthorhombic
distortion as regards explaining the observed poor metallic behaviour of these oxides
[27, 28]. Indeed, the cubic structure would lead to good conductivity. Moreover this
distortion is crucial for the opening of the semi-gap just aboveεF . This gap structure
for the majority-spin electrons is so close toεF that the semi-metallic state can possibly
be entered by ultrathin films on a polarized ferroelectric (by charge transfers). Another
interesting feature of the physical properties of these materials is thatεF lies on a very
steep slope of the DoS. This condition is important to a tiny change ofεF (due either to
charge transfers, or to shear, or to a magnetic field) being able to induce an observable
change in the resistivity [16, 17].

Finally, our calculations show that the large variety of interesting physical properties
that have been observed for these compounds can be understood as an effect of the position
of εF on the steep edge of a large peak in the DoS.
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