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Magnetism of Ba 4 Ru 3 O 10 revealed by density functional calculations : structural trimers behaving as coupled magnetic dimers

Keywords: numbers: 75.47.Lx, 75.25.-j, 71.27.+a

Density functional calculations have been carried out to investigate the origin of the peculiar magnetic properties of Ba4Ru3O10. These calculations suggest that, under the influence of Ru-Ru covalent bonding, structural trimers behave in this compound as strong S = 1 antiferromagnetic dimers ordering below TN under the influence of weaker inter-trimer couplings.

I. INTRODUCTION

In the last 20 years, ruthenium oxides have been the topic of numerous studies because they often exhibit a strong relationship between structural, orbital and spin degrees of freedom leading to unusual physical properties 1 . For example, this interplay is responsible for the spin-singlet dimerization observed in La 4 Ru 2 O 10 2-6 and for the spontaneous formation of spin (S = 1) Haldane chains in Tl 2 Ru 2 O 7 7 . Another illustration of the complexity of Ru-oxides is the Ca 2-x Sr x RuO 4 prototype, in which one may considerably tune the transport and magnetic properties by an isovalent substitution, the size effect being the only driving force 8 . While on the Sr-rich side, unconventional superconductivity is found with the possibility of spin-triplet pairing 9 , Ca 2 RuO 4 shows an orbital selective Mott transition near room temperature 10 and was proposed to be used as a temperature sensor for bolometers 11 .

Recently, we have shown that the antiferromagnetic (AFM) phase transition at T N ∼ 105 K in Ba 4 Ru 3 O 10 is accompanied by drastic variations of the transport properties 12 . This compound is built from Ru 3 O 12 trimers of face-shared Ru(2)O 6 -Ru(1)O 6 -Ru(2)O 6 octahedra (Fig. 1(a) and (b)). Each trimer is connected to four neighbouring trimers through corner sharing of Ru(2)O 6 octahedra to form corrugated layers that are then stacked together along the b axis. This arrangement leads to the formation of zig-zag chains of Ru(2)O 6 octahedra running along the a axis in each layer (Fig. 1(c)). While the high-temperature susceptibility was interpreted in term of paramagnetic (PM) Ru 4+ in the lowspin (S = 1) configuration, low-and intermediatetemperature magnetic properties asked for more clarifications. In particular, neutron powder diffraction patterns below T N indicate that the Néel order is of a new kind since outer Ru (2) order in an AFM lattice while inner Ru (1) do not exhibit any ordered magnetic moment.

In this paper, based on Density Functional Theory (DFT) calculations, we investigate the electronic struc-ture of Ba 4 Ru 3 O 10 and identify the metal-metal covalent bonding within the trimers as a fundamental parameter influencing the magnetic behaviour of this compound. In particular, we show how structural trimers might be considered as strong AFM dimers ordering below T N under the influence of weaker inter-trimer couplings.

II. COMPUTATIONAL DETAILS

Electronic structure and total energy calculations were performed using the Wien2k code [START_REF] Blaha | Wien2k, An Augmented Plane Wave Plus Local Orbitals Program for Calculating Crystal Properties[END_REF] . This code is an implementation of the full-potential linearized augmented plane-wave method based on density-functional theory. The calculations presented hereafter were performed using the generalized gradient approximation of Perdew, Burke, and Ernzerhof (GGA) [START_REF] Perdew | [END_REF] for exchange and correlation. Muffin-tin spheres radii were set to 2.43 a.u. for Ba, 1.91 a.u. for Ru, and 1.69 a.u. for O in all of these calculations. When included, on-site Hubbard U term was taken into account using the method proposed by Anisimov et al. 15 with U eff = 2.5 eV (J = 0 eV) typically employed for Ru-4d states 4 and Spin-orbit coupling (SO) was treated using scalar-relativistic wavefunctions in a second-variational procedure 16 . All these calculations have been performed using the low-temperature (determined at 10 K) experimental crystal structure 12 .

III. RESULTS

A. Electronic structure Ba 4 Ru 3 O 10 is described in the orthorhombic Cmca space-group, with lattice parameters a = 5.767 Å, b = 13.245 Å and c = 13.064 Å and containing four formula units per cell. Ru atons are distributed among two Wyckoff sites, 4a at (0,0,0) corresponding to the Ru(1) in the middle of the trimer and 8f at (0,y,z) with y ≈ 0.87 and z ≈ 0.14 corresponding to the Ru(2) at (1) and Ru(2)-4d paramagnetic LDOS decomposed on the real t 0 2g , t + 2g , t - 2g , e + g , e - g orbitals and with the z axis along the metal-metal bond direction within the trimer.

the edges. The basic features of the electronic structure of Ba 4 Ru 3 O 10 are shown in the total and local densities of states (LDOS) obtained from a non-magnetic calculation and presented in Fig. 2(a). The valence band is essentially built from O-2p states located between -7 and -2 eV whereas Ru-4d states are found at higher energies, mainly between -2 and +4 eV. A metallic solution is found, consistent with a filling of two third of the Ru-4d t 2g bands for both Ru sites as expected for Ru 4+ . A closer inspection of the Ru(1) and Ru(2) LDOS (Fig. 2(b)) however, reveals a first interesting feature of this compound : the LDOS of Ru(2) at the Fermi level (N (E f ) ≈ 3.7 eV -1 atom -1 ) is almost twice as large as that of Ru(1) (N (E f ) ≈ 1.8 eV -1 atom -1 ). Although not strictly applicable to these LDOS, Stoner criterion might still appear here as a useful guide predicting a qualitatively different behaviour of these two ions towards ferromagnetic instability, as already noted by Streltsov and Khomskii 17 . One might indeed expect a weaker energy lowering through spin-polarization for Ru(1) than for Ru(2). This is precisely what a (GGA) ferromagnetic calculation reveals : a more stable solution is found through spin polarization (by about 115 meV/f.u.) but a larger magnetic moment is found on Ru(2) ions (∼ 0.94 µ B ) than on Ru(1) ions (∼ 0.34 µ B ). To understand the mechanism leading to this peculiar imbalance in the behaviour of the two inequivalent Ru ions, it is instructive to analyse the symmetry of the Ru-4d states close to the Fermi level. To account for the particular face-shared geometry of the coordination octahedra within the trimer, Ru-4d LDOS have been decomposed on a set of alternative real orbitals obtained for a quantization z axis taken along the threefold axis of the perfect octahedron. The expression of these orbitals in the basis of the conven- tional cubic orbitals is given by 18 2) sites is therefore not O h but we keep the t 2g and e g notations here for convenience), this choice proves particularly useful as it brings the local z axis along the metalmetal direction. t 0 2g orbitals have therefore their main lobes pointing through the face shared by Ru(1)O 6 and Ru(2)O 6 coordination octahedra, t + 2g and t - 2g lobes point toward the middle of the edges shared by these octahedra whereas e + g and e - g orbitals point directly toward the O ions. LDOS for Ru (1) and Ru(2), shown respectively in Fig. 2(c) and (d), display large crystal-field splittings between low-lying t 2g and high-lying e g states. A striking feature however occurs in the t 2g states : whereas t + 2g and t - 2g states are found around the Fermi level and exhibit a moderate energy dispersion, the t 0 2g states appear for Ru(2) in three regions respectively located below, at and above the Fermi level separated from each other by about 1 eV. The t 0 2g LDOS for Ru(1) echoes that of Ru(2) with however the absence of states at the Fermi level. This pattern is directly related to the large σ bonding covalent interaction experienced by these orbitals. Molecular orbitals arising within the trimer can be pictured using a simple three-site model accounting for hopping t < 0 and overlap S > 0 integrals (the Ru-Ru distance of ∼ 2.55 Å here is much shorter than in metallic Ru) between nearest-neighbours. Three bonding, nonbonding and anti-bonding molecular orbitals are formed, of respective energies

|t 0 2g = |d z 2 |t + 2g = 2 3 |d x 2 -y 2 - 1 3 |d xz |t - 2g = 2 3 |d xy + 1 3 |d yz and |e + g = 1 3 |d x 2 -y 2 + 2 3 |d xz |e - g = 1 3 |d xy - 2 
b = √ 2t/(1 + √ 2S), nb = 0 and ab = - √ 2t/(1 - √ 2S
). The expression of these molecular orbitals in term of Ru-t 0 2g states for a trimer |φ (2) , |φ (1) and |φ (2) are respectively :

|ψ b = 1 4 1 + √ 2S |φ (2) + √ 2|φ (1) + |φ (2) |ψ nb = 1 √ 2 |φ (2) -|φ (2) |ψ ab = 1 4 1 - √ 2S |φ (2) - √ 2|φ 1 + |φ (2)
The non-bonding molecular orbital is therefore built from Ru(2)-t 0 2g states only and explains, at least partially, the reduced density of states at the Fermi level observed for Ru(1) as seen in Fig. 2(b). These results are consistent with the work published recently by Streltsov and Khomskii 17 .

B. Magnetic order and couplings

To determine the ground-state magnetic order of this compound, the total energies of 30 distinct spin configurations compatible with a single orthorhombic conventional cell of Ba 4 Ru 3 O 10 have been computed in GGA and GGA+U. In both cases, the ground-state configuration is the same and corresponds to an AFM arrangement Optimized Ising model (K) DFT relative energy (K) of the Ru(2) moments within the trimers and between adjacent trimers of the same layer, i.e. on the zig-zag chains running along a. The staking of these AFM layers along b is ferromagnetic (FM). It should be added that in this ground-state AFM structure, Ru(1) ions are nonmagnetic in both GGA and GGA+U. A summary of the magnetic moments calculated in the muffin-tin spheres for both a FM and the ground state AFM spin arrangements is presented in Tab. I. These results are in perfect agreement with the magnetic structure deduced from neutron diffraction, which indicates that Ru(1) moments are not ordered whereas Ru(2) moments order with a propagation vector k = (0, 0, 0). The eight Ru(2) ions on the 8f site exhibit magnetic moments whose signs follow the (+, +, -, -, +, +, -, -) sequence 12 . Total DOS and 4d-LDOS of Ru(1) and one of the two Ru(2) of the trimer calculated in GGA+U for this ground-state configuration are shown in Fig. 3(a),(b) and (c) respectively. By symmetry, the magnetic moment of Ru(1) cancels through a double occupation of both t + 2g and t - 2g orbitals. Ru(2) ions, on the contrary, are strongly spin-polarized and adopt an electronic configuration close to the ionic low-spin S = 1 configuration with a single occupation of both t + 2g and t - 2g orbitals and a weaker polarization of the t 0 2g states. The resulting magnetic moment on Ru(2) is 1.22 µ B , largely reduced by covalent interactions from the expected value for a low-spin configuration (2 µ B ). It should be added here that the polarization of Ru(1) ions depends on the spin configuration under study but never exceeds 0.11 µ B in GGA+U. The next important step of this work consists in the evaluation of the couplings occurring in Ba 4 Ru 3 O 10 between magnetic Ru(2) ions. In the broken symmetry formalism, the evaluation of these couplings is based on the mapping of total energies corresponding to various spin arrangements within a supercell onto an Heisenberg Hamiltonian

J chain = 86 K J trimer = 344 K J plane = 25 K +139 K +289 K +469 K +599 K +670 K +745 K +932 K Ground-state (b) (a) GGA GGA GGA+U +429 K +889 K +1411 K +1802 K +1173 K +1354 K +1802 K Ground-state ( 
Ĥ = Ĥ0 + i>j J ij Ŝi Ŝj ( 1 
)
where Ĥ0 is the spin-independent part of the Hamiltonian, J ij are the magnetic couplings to determine and Ŝi and Ŝj are, in our case, the S = 1 spin operators localized on Ru(2) sites i and j respectively. It is straightforward to show that the expectation value of Hamiltonian (1) on a DFT state |α (obtained by preparing the initial electron density according to a particular collinear spin arrangement in the supercell and performing a selfconsistent calculation until convergence) can be simply written under the form of an Ising Hamiltonian 19

DF T α = α| Ĥ|α = 0 + S 2 i>j J ij σ i σ j (2) 
with σ i = ±1 and here, S = 1. In strongly localized systems, such as 3d transition metal oxides, Eq. ( 2) can be employed to model large sets of spin configurations and a least-square minimization of the difference between DFT and Ising relative energies, can be applied to obtain a numerical evaluation of the couplings 20,21 .

In our present case however, this procedure fails to fit accurately the energies of the 30 spin configurations, i.e. no single set of magnetic couplings can be used in Eq. ( 2) to describe correctly their relative energies. This procedure is however well adapted to describe a subset of low-energy configurations found right above the ground-state AFM order. In both cases, the same subset of 8 configurations (shown in blue in Fig. 4) including the AFM ground-state has been used. Three magnetic couplings, shown in Fig. 1, have been employed to obtain these results : the intra-trimer coupling J trimer
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Ru( 1) Ru(2) t2g +/- FIG. 5: (color online) Schematic of the kinetic superexchange mechanism proposed to explain the AFM coupling within the trimers.

(5.10 Å), the inter-trimer coupling J chain (3.92 Å) occurring between trimers of the same corrugated planes, i.e. between Ru(2) ions forming the zig-zag chains running along a and finally J plane (5.87 Å) between nearestneighbour Ru(2) ions of adjacent planes. It should be noted here that the use of these 30 spin configurations allows for the calculation of additional couplings between the planes but that their inclusion in the fitting procedure leads to negligible values and does not modify the values of the dominant couplings nor improves the quality of the fit.

The resulting magnetic couplings are summarized in Tab. II. Several conclusions can be drawn from these results. Firstly, both approximations lead to a consistent overall picture of the magnetic interactions in this compound where a dominant AFM interaction occurs within the structural trimers (J trimer ) coupled by weaker AFM interactions either in the corrugated planes (J chain ) or between these planes (J plane ). As shown in Fig. 5, the dominant AFM coupling J trimer can be understood by the particular occupation scheme of the t + 2g and t - 2g orbitals in the Ru(2)-Ru(1)-Ru(2) trimer supporting the hypothesis of an AFM interaction between moments localized on the Ru(2) ions through a kinetic superexchange 23 mechanism mediated by the Ru(1) orbitals or, more precisely, by Ru(1)-O hybrids.

Secondly, inclusion of the Hubbard U term in the calculations, employed here to improve the description of electron correlation occurring within the Ru-4d states, leads to a reduction of the amplitude of these AFM couplings. This effect, also observed in other Ru-based systems 22 , is consistent with the expected U-dependence of the AFM contribution to the magnetic couplings derived from the one-band Hubbard model J AF M ≈ 4t 2 /U where t and U are respectively the hopping and on-site Coulomb repulsion parameters.

Thirdly, as mentioned above and as it can be clearly seen in Fig. 4(a) and (c), large discrepancies are found between DFT and Ising relative energies for most of the high-lying spin configurations. To explain this behaviour, one has to consider that the spin Hamiltonian described by Eq. (1) relies on the assumption that the spatial part of the electronic wavefunctions does not depend on the particular spin arrangement employed in the supercell. If this assumption is relatively well verified in strongly localized 3d systems, it is certainly much more questionable in the case of more extended Ru-4d orbitals and in particular in Ba 4 Ru 3 O 10 where strong covalent metal-metal bonding occurs. One might therefore expect that only a (low-energy) part of the wide range of magnetic excitations covered by our set of spin configurations verifies approximately this assumption.

C. Magnetic susceptibility

These results led us to reinterpret the magnetic susceptibility of this compound above T N as that of an ensemble of coupled S = 1 spin AFM dimers, i.e. to consider a structural trimer as a magnetic dimer where S = 1 spins are hold by the Ru(2) ions and where the Ru(1) is non-magnetic. Modelling the magnetic excitations of independent S = 1 spin dimers with an Heisenberg Hamiltonian characterized by the intra-dimer coupling J trimer , one can easily derive the expression of the molar magnetic susceptibility for this system as

χ dim = 2βg 2 µ 2 B N A [1 + 5 exp(-2βJ trimer )] [3 + exp(βJ trimer ) + 5 exp(-2βJ trimer )] (3) 
where β = 1/k B T , N A is the Avogadro number, µ B is the Bohr magneton and g = 2. Treating the inter-dimer interactions through a mean-field approximation, one further obtains 24,25 

χ = χ dim (1 + λχ dim ) + χ 0 (4) 
where λ = J inter /N A (gµ B ) 2 , J inter ≈ 2J chain + 2J plane , χ 0 is a temperature-independent contribution and χ dim is the susceptibility of S = 1 dimers as defined in Eq. (3). Magnetic susceptibility has been measured within a Physical Property Measurement System (PPMS) from Quantum Design equipped with a vibrating sample magnetometer. Data have been collected under a magnetic field of 0.1 T in the field-cooled mode. The fit of this experimental magnetic susceptibility for the 110-350 K range is shown in Fig. 6. This fit was obtained for J trimer = 171 K, J inter = 114 K and χ 0 = 2.10 -4 emu/mol. Both intra-and inter-trimer couplings are AFM with a dominant intra-trimer coupling. The picture drawn from this analysis is therefore compatible with the one deduced from DFT of S = 1 spins hold by the Ru(2) ions only coupled by a strong AFM interaction within the structural trimers and interacting with each other through weaker AFM inter-trimer couplings. It should be mentioned here that this fit is also compatible with the intermediate-and high-temperature measurements from T N up to ∼ 612 K performed by Dussarrat et al. 26 .

D. Magnetocrystalline anisotropy

To complete our analysis and lift the ambiguity on the orientation of the magnetic moments left by neutron diffraction measurements 12 , GGA+U+SO calculations have been carried out for the ground-state AFM order within the framework of collinear magnetism. This approximation is mainly justified by the fact that only the (002) Bragg reflection presents an extra magnetic contribution below T N in neutron diffraction 12 , limiting considerably the data available to refine potential noncollinear structures. The DFT total energy dependence upon the Ru(2) magnetization orientation has been systematically calculated in the ab and bc planes, as shown in Fig. 7(a). These results clearly point out a as the magnetization direction minimizing the total energy. These results can be understood qualitatively by considering the crystal-field levels of Ru (2) shown in Fig. 3(c) and treating the SO as a local perturbation. The SO Hamiltonian Ĥso = ξ L • Ŝ can be written, for an orientation of the magnetization along n(θ, φ) (θ and φ are respectively the polar and azimuthal angles in the local coordinate system shown in Fig. 1 matrix elements, both proportional to -(iξ sin θ)/2, the SO stabilization is maximized for θ = π/2 and thus fixes the magnetization in the plane perpendicular to the local z axis, i.e. perpendicular to the Ru-Ru bond. The sole magnetization direction able to satisfy this condition in Ba 4 Ru 3 O 10 within the approximation of collinear magnetism is therefore a. This result is consistent with the neutron powder diffraction as shown in Fig. 7(b) through the Rietveld refinement of the magnetic structure using the AFM ground-state order with a magnetization laying along a and a magnetic moment of 1.11 (11) µ B on the Ru(2) ions only (to be compared to 1.22 µ B from GGA+U calculations, see Tab. I).

IV. SUMMARY

In conclusion, this work emphasizes the dominant role played by Ru-Ru covalent interactions on the magnetism of Ba 4 Ru 3 O 10 along with crystal-field effects, electron correlation and spin-orbit coupling. In particular, it provides a new picture of this compound where structural trimers behave as magnetic dimers of S = 1 spins hold by the Ru(2) ions in the low-spin electronic configuration, the Ru(1) ions being essentially non-magnetic. The phase transition observed at T N might therefore be considered as a transition from a state dominated by short-range intra-trimer AFM interactions to a Néel order mediated by weaker inter-trimer AFM interactions.

FIG. 1 :

 1 FIG. 1: (color online) (a) Atomic structure of Ba4Ru3O10. (b) Local system of coordinates employed to decompose Ru-4d LDOS. (c) Structure of a corrugated layer observed along the b axis. Dominant magnetic couplings occurring between Ru(2) ions are indicated in (a) and (c) and circles highlight the structural trimers.

FIG. 2 :

 2 FIG. 2: (color online) (a) Non-magnetic DOS of Ba4Ru3O10 calculated in GGA (b) Detail of Ru(1) and Ru(2) paramagnetic LDOS. (c) and (d) Ru(1) and Ru(2)-4d paramagnetic LDOS decomposed on the real t 0 2g , t + 2g , t - 2g , e + g , e - g orbitals and with the z axis along the metal-metal bond direction within the trimer.
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 3 |d yz and the local systems of coordinates for both Ru(1) and Ru(2) sites are shown in Fig. 1(b). Although the particular structure of Ba 4 Ru 3 O 10 allows for local distortions of the octahedra by breaking the third order axis of the trimer (the point group symmetry of the Ru(1) and Ru(

FIG. 3 :

 3 FIG. 3: (color online) (a) DOS in Ba4Ru3O10 calculated in GGA+U for the ground-state AFM order. (b) Corresponding 4d-LDOS of Ru(1) and (c) of one the Ru(2) of a trimer.

FIG. 4 :

 4 FIG. 4: (color online) (a) Results of the least-square fitting procedure employed to calculate magnetic couplings in GGA: only the low-energy configurations shown in blue have been used, the configurations shown in green have been discarded. The energy of the ground-state AFM configuration is used as the reference energy. (b) Detailed presentation of the 8 low-energy configurations considered for the evaluation of magnetic couplings. (c) and (d) show the results of the same procedure applied to GGA+U. Red (blue) Ru(2)O6 coordination octahedra correspond to up (down) arrangements of the Ru(2) magnetic moments. According to the convention used in Eq. (1), AFM couplings are positive.

FIG. 6 :

 6 FIG. 6: (color online) Magnetic susceptibility of Ba4Ru3O10 recorded up to 350 K fitted using Eq.(3).

FIG. 7 :

 7 FIG. 7: (color online) (a) Dependence of energy on the direction of the Ru(2) magnetic moments in the ab and bc planes calculated for the ground-state AFM order in GGA+U+SO. (b) Rietveld refinement of the neutron powder diffraction pattern recorded at 1.8 K 12 . Red circles, black and green lines represent the observed, calculated and difference patterns, respectively. The expected positions of the Bragg reflections are shown as vertical bars: the upper series correspond to the nuclear phase, while the lower series marks the magnetic contribution. The inset shows an enlargement of the (020)/(002) doublet (marked by an arrow), with the blue line corresponding to magnetic contribution to the total intensity.

2 L-e iφ sin θ + 1 2 Ŝ+- 2 + L-e iφ cos 2 θ 2

 2222 (b)), as follows27 :Ĥso = ξ Ŝn Lz cos θ + 1 2 L+ e -iφ sin θ + 1 Lz sin θ -L+ e -iφ sin 2 θ Lz sin θ + L+ e -iφ cos 2 θ 2 -Le iφ sin 2 θ2Assuming, as it could be expected from Fig.3(c), that leading terms in the second-order non-degenerate perturbation expansion imply t +↑ 2g | Ĥso |t -↓ 2g and t -↑ 2g | Ĥso |t +↓ 2g

TABLE I :

 I Magnetic moments (in µB) in the Ru muffin-tin spheres calculated for a FM and ground-state AFM orders.

		GGA		GGA+U
		Ru(1)	Ru(2)	Ru(1)	Ru(2)
	FM	0.34	0.94	0.09	1.12
	AFM	0.0	0.88	0.0	1.22

TABLE II :

 II Magnetic couplings between Ru(2) ions treated as S = 1 spins and extracted from the optimization of Eq. (2) for the 8 low-energy configurations shown in Fig.4(b) and (d).According to the convention used in Eq. (2), AFM couplings are positive.

		Jtrimer (K)	J chain (K)	J plane (K)
	GGA	344	86	25
	GGA+U	265	30	10
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