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The electronic structure and magnetism of Ir 5d5 states in nonmetallic, weakly ferromagnetic BaIrO3 are probed with x-ray absorption techniques. Contrary to expectation, the Ir 5d orbital moment is found to be 1:5 times larger than the spin moment. This unusual, atomiclike nature of the 5d moment is driven by a strong spin-orbit interaction in heavy Ir ions, as confirmed by the nonstatistical large branching ratio at Ir L2;3 absorption edges. As a consequence, orbital interactions cannot be neglected when addressing the nature of magnetic ordering in BaIrO3 . The local moment behavior persists even as the metallicparamagnetic phase boundary is approached with Sr doping or applied pressure. DOI: 10.1103/PhysRevLett.105.216407



PACS numbers: 71.20.b, 75.47.Lx, 75.50.Dd, 78.70.Dm



Recently, second (4d)- and third (5d)-row transitionmetal oxides have generated significant excitement due to the observation of unexpected orbital ordering [1] and localized transport and magnetism [2,3] in ruthenate and iridate compounds, respectively. Since the spatial extent of the d electronic wave function increases for 3d ! 5d, the electronic and magnetic properties of higher-row transition-metal ions would be expected to display itinerantlike behavior due to strong band effects. The concomitant decrease in Coulomb interactions would also disfavor the creation of local moments. However, it has been recently pointed out [2–4] that strong spin-orbit interactions can lead to an insulating and antiferromagnetic (I-AFM) state in iridates with half-filled (5d5 ) Ir4þ ions even in the presence of weak electron correlations. In perovskitelike Sr2 IrO4 , large spin-orbit interactions within the t2g manifold of the crystal-field-split 5d states result in effective total angular momentum jeff ¼ 12 , 32 states (leff ¼ 1; s ¼ 12 ) [2–4]. The jeff ¼ 12 states close to the Fermi level form an effective single-band Hubbard model showing a gap due to weak electron-electron interactions leading to an I-AFM state [2,4]. By contrast, the perovskite SrIrO3 is a paramagnetic metal [5]. The layered iridate BaIrO3 also markedly departs from the canonical, band-driven itinerant picture. Its electrical resistivity was determined to be nonmetallic but on the verge of a metallic state [6,7]. In addition, it displays weak ferromagnetism with   0:03B =Ir, much smaller than expected for a 2 T2g low-spin (S ¼ 1=2) Irþ4 state and about one-third the size of the ferromagnetic moment in Sr2 IrO4 [3]. This small moment was first explained in terms of canting of antiferromagnetically coupled, localized spin moments [8]. However, muon-spin resonance (-sR) studies [9], together with small values of the saturated moment (even at 30 T) and the effective moment in 0031-9007=10=105(21)=216407(4)



the paramagnetic state (0:13B =Ir), appear to best fit a description based on delocalized electrons, where the small Ir moment is due to 5d-2p hybridization and a small exchange splitting in the 5d bands [10,11]. Early tightbinding and local-spin-density approximation calculations support itinerant ferromagnetism within a Stoner picture [12,13]. Experimental evidence, however, including the observation of high coercivity and anisotropy in magnetization measurements, nonmetallicity, and the simultaneous onset of charge density wave formation at the magnetic ordering temperature [6,10], cannot be reconciled with a spin-only, itinerant picture of magnetism and suggest the existence of a more complex electronic ground state. In particular, the role of spin-orbit interactions, neglected in the theoretical calculations [12,13], has to be addressed experimentally. In this Letter, x-ray absorption spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD) measurements demonstrate that a spin-only, itinerant description of the Ir 5d magnetism is incorrect. Sum rule analysis of XAS and XMCD signals reveals the presence of a strong spinorbit coupling in the ground state and a larger orbital than spin contribution to the local magnetic moment. Detailed analysis of the XAS and XMCD line shapes using theoretical calculations show that band effects are not strong enough to destroy the local moments. The importance of orbital and spin interactions upon the magnetic ground state is also addressed. Polycrystalline BaIrO3 was synthesized using a solidstate reaction, whereas Sr doped samples (Ba1x Srx IrO3 , x ¼ 0:06, 0.12) were grown as single crystals using the self-flux technique [6,10]. The XAS/XMCD measurements were carried out at the beam line 4-ID-D of the Advanced Photon Source, Argonne National Laboratory at the Ir L2;3 absorption edges (2p1=2;3=2 ! 5d transition). Circularly
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polarized x rays were generated using a 500 m-thick diamond (111) phase retarder [14,15]. XMCD was measured by switching x-ray helicity (12.7 Hz) and detecting the related modulation in the absorption coefficient with a lock-in amplifier [16]. Powder samples were measured in transmission on warming after field cooling in a magnetic field of 0.4 T applied along the x-ray propagation direction. Figure 1 shows the Ir L2;3 -edge isotropic and circular dichroic x-ray absorption spectra of Ba1x Srx IrO3 at T ¼ 5 K for x ¼ 0, 0.06, 0.12 samples. Surprisingly, strong ‘‘white lines’’ (shadowed area in Fig. 1) are observed at both absorption edges. This enhanced absorption is indicative of a large local density of 5d states. Additionally, the branching ratio BR ¼ IL3 =IL2 , where IL2;3 is the integrated white line intensity at a particular spin-orbit split edge, is close to 4 for the three compounds. This differs significantly from the statistical branching ratio of 2, characteristic of Ir metal [17], Ir alloys [17–19], or Ir-Fe multilayers [20]. The branching ratio is an important quantity, since it is directly related to the ground-state expectation value of the angular part of the spin-orbit coupling hL  Si of 5d states via BR ¼ ð2 þ rÞ=ð1  rÞ, where r ¼ hL  Si=hnh i and nh is the number of holes [21]. A strong deviation from 2 indicates the presence of a strong coupling between the local orbital and spin moments. Note that the branching ratio is sensitive to the ground-state expectation value hL  Si, and not to the spin-orbit interaction in the Hamiltonian, Hso ¼ 5d L  S, itself (5d is the spin-orbit coupling constant). Even in the presence of a spin-orbit interaction the expectation value can be small if the moments are quenched. Obviously, this is not the case for
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FIG. 1 (color online). XAS (left axis) and XMCD (right axis) spectra at the Ir L2;3 edges for Ba1x Srx IrO3 . The inset shows a schematic energy diagram of how the d levels split under the influence of crystal-field and spin-orbit interactions.



week ending 19 NOVEMBER 2010



BaIrO3 . Using nh ﬃ 5 we obtain hL  Si ﬃ 2 in units of @2 . The spin-orbit interaction splits the t2g states into jeff ¼ 32 , 12 states. For a hole with jeff ¼ 1=2, one expects a spin-orbit value of hL  Si ¼  12 ½jeff ðjeff þ 1Þ  leff ðleff þ 1Þ  sðs þ 1Þi ¼ 1, noting that the angular momentum is opposite to the effective angular momentum (L ¼ leff ) [4]. The value of the spin-orbit coupling can also be understood from the fact that the jeff ¼ 1=2 states originate from the splitting of the j ¼ 5=2 states into e00 and u0 under the influence of a crystal field; see the inset in Fig. 1. In order to clarify the discrepancy with the experimental value, we have determined the branching ratio numerically using configuration interaction (CI) calculations for an Ir4þ ion [22]. Calculations have been done, including the spinorbit interaction for the core and valence shells, Coulomb interaction, and an octahedral crystal field. Parameters are calculated using the Hartree-Fock approximation. In our calculation, we consider the total local moment given by the five 5d electrons. The 2 T2g state in octahedral symmetry (no spin-orbit coupling) is split into twofold and fourfold degenerate states under the influence of the spin-orbit interaction (E00 and U0 symmetries, respectively). For an E00 ground state (u04 e00 ), the L3 =L2 branching ratio can be reproduced with a spin-orbit coupling parameter of 5d ¼ 0:3 eV (nh ¼ 5), where 5d has been reduced from its atomic value by 25% to account for band effects. The corresponding hL  Si is 2.1. We can distinguish two contributions to hL  Si. The direct term from the e00 (jeff ¼ 1=2) states explains about half of the value. The remainder of hL  Si comes from the mixing by the spin-orbit interactions of the u0 terms from the t2g (or j ¼ 3=2) states with the states of the same symmetry arising from the eg (or j ¼ 5=2) states. This indirect term is of the order of 5d =10Dq. This coupling more than doubles the value of hL  Si, giving 2.1, in agreement with experiment. It also indicates that the spin-orbit coupling mixes eg and t2g orbitals in the ground state. The spectral line shape is shown in detail in Fig. 2. Since the ground state of Ir4þ is, to lowest order, low spin, t52g , excitations can be made into the empty t2g and eg states. The isotropic spectrum shows both components. However, the dichroism mainly occurs in the t2g -derived states, leading to a shift towards lower energy of the XMCD proportional to the crystal-field splitting 10Dq; see Fig. 2(a). We can derive an effective crystal field of 10Dq ¼ 2:9 eV. Calculations for 10Dq ¼ 2:5 and 3.3 eV clearly do not reproduce the shift of the XMCD with respect to the XAS. Another important factor that can affect the branching ratio is whether band effects are sufficiently strong to mix the E00 (u04 e00 ) and U0 (u03 e002 ) symmetries that locally arise from the splitting of the 2 T2g state due to the 5d spin-orbit interaction. Figure 2(b) shows the effect on the spectral line shape when 10% and 28% U0 is mixed into the ground state. Although the isotropic spectrum looks satisfactory,
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FIG. 2 (color online). Comparison between XAS and XMCD experimental data (dotted lines) and numerical calculations for BaIrO3 (XMCD is scaled to the XAS). (a) Dependence of the spectral line shape on the crystal field with 10Dq ¼ 2:5 (brown dashed line), 2.9 (blue line), and 3.3 (red line). (b) Effect of mixing of E00 and U0 ground-state symmetries (approximately jeff ¼ 1=2 and 3=2 states) with 0% (blue line), 10% (red line), and 22% (brown dashed line) U0 component in the ground state. (c) Effect of the effective exchange field: pure Sz (red line), pure Lz (brown dashed line), and proportional to Lz þ 5Sz (blue line).



discrepancies occur in the XMCD. The XMCD at the L2 edge decreases significantly for 10% and changes sign for 28% U0 character in the ground state. Hence, we can conclude that the local E00 ground state is pure and that no significant mixing between the different symmetries takes place. XMCD sum rules, ðILc 3  2ILc 2 Þ=ðILc 3 þ ILc 2 Þ ¼ ð4hSz i þ 14hTz iÞ=ð3hLz iÞ, are used to obtain information on the ground-state expectation values of Lz and Sz [23,24]. Here ILc 2;3 are experimental XMCD intensities, and Tz is the magnetic dipole moment. Using 14hTz i=4hSz i ¼ 0:64 obtained from the CI calculations, we find a ratio hLz i=hSz i ¼ 2:8ð2Þ. The neglect of Tz , as is often done, would underestimate this ratio, giving hLz i=hSz i ¼ 1:8. The ordered magnetic moment obtained from sum rules (0:027B =Ir at T ¼ 5 K and H ¼ 0:4 T) and the magnetic ordering temperatures are in very good agreement with values from magnetization measurements [6] (see Fig. 3). Clearly, the orbital moment dominates the magnetic moment. The equal signs of hLz i and hSz i are not in contradiction with a jeff ¼ 1=2 state, since the real moment is opposite to the effective moment, L ¼ leff . The values for a single hole in the jeff ¼ 1=2 state are hLz i ¼ 2=3, hSz i ¼ 1=6, giving a ratio of 4 [4]. Considering the total t52g moment does not significantly affect this value. An incoherent mixture of the two components of the E00 local symmetry due to band effects would
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FIG. 3 (color online). (a) Thermal dependence of XMCD intensity at the Ir L3 edge (left axis) and magnetization data [6]. (b) Ground-state expectation values of Lz , Sz , and the magnetic moment  ¼ ðhLz i þ 2hSz iÞ of BaIrO3 as a function of temperature. Inset: hLz i=hSz i ratio for several Sr dopings.



not directly affect the branching ratio. However, the ratio can be reduced by considering an effective exchange field Hexch ¼ Lz þ Sz . While in most transition-metal compounds the spectral line shape is rather insensitive to the specific nature of Hexch , the iridium system shows a remarkable sensitivity; see Fig. 2(c). If the spins only interact via a (symmetric) superexchange interaction, i.e.  ¼ 0, there is a clear discrepancy between theory and experiment. Similarly, a pure orbital interaction ( ¼ 0) yields a clear shift to higher energies. The best agreement is obtained for Hexch  Lz þ 5Sz , which increases the local orbital and spin moments by 40 and 80%, respectively, but reduces the ratio to the experimental value of 2.8. This clearly indicates the complexity of the magnetic interactions in BaIrO3 . It is informative to make a comparison with 4d transition-metal compounds, where angle-resolved photoemission and density functional theory [2,25–27] also claim the presence of strong spin-orbit coupling effects. Experimentally, however, the isotropic BR in ruthenium and rhodium compounds is close to the statistical value of 2 [28–30]. The coupling between the spin and orbital moments in the 4d series is therefore relatively weak. Similarly, the XMCD spectra at the L2;3 edges of Ru in Ca1x Srx RuO3 [29] are almost equal in magnitude and opposite in sign, indicating a very small orbital moment
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in the 4d states [23]. This is also observed in Ir metallic alloys and heterostructures, where a 5d Ir spin moment is induced by hybridization with, or in proximity to, spinpolarized orbitals of other transition metals [18–20]. In contrast our XMCD signals have equal signs at both L2;3 edges, and the L2 -edge peak intensity is 9.6 times smaller than the L3 edge. This indicates a sizable orbital moment in the 5d states of BaIrO3 . Finally, let us consider the dependence of the local moment on temperature and bandwidth. The ordered Ir 5d moment is decomposed into orbital and spin parts in Fig. 3(b). Although the ordered moment probed by XMCD is reduced with temperature, the orbital-to-spin moment ratio is not reduced since the local moment is preserved. Similarly, we can probe the effect of the bandwidth by the application of chemical pressure (substitution of Ba2þ by Sr2þ ions) or external pressure. Sr doping reduces the ordered moment [Fig. 3(a)] but the local moment is stable, as seen from the constant Lz =Sz ratio in the inset of Fig. 3(b). The same behavior is noted when applying external pressure to BaIrO3 , which causes the disappearance of magnetic ordering at P  4:5ð5Þ GPa but preserves the local moment and the Lz =Sz ratio [31]. While band broadening reduces the strength of exchange interactions and suppresses magnetic ordering, the robustness of the Lz =Sz ratio is consistent with the sizable spin-orbit coupling of about 0.3 eV, an order of magnitude larger than exchange interactions (Tc  175 K). It is likely that the loss of magnetism with external pressure is accompanied by a transition into a metallic state, as observed with Sr doping, which would be another indication of the delicate interplay between electronic bandwidth, Coulomb, and spin-orbit interactions in this spin-orbit driven system. This, however, would have to be confirmed by direct transport or optical conductivity measurements under pressure. In summary, whereas XAS and XMCD measurements on (3d, 4d) materials show nearly statistical isotropic branching ratios and small orbital/spin moment ratios, the stronger spin-orbit coupling in 5d transition-metal oxides dominates the electronic properties and leads to a nearly pure E00 (u04 e00 ) ground state in BaIrO3 , even in the presence of band effects. The ground state is more complex than expected for a model including only the t2g states [3,4]. The local moments couple through both orbital and spin interactions, so structural details are bound to strongly influence the strength and nature of magnetic ordering. Apart from the presence of a strong crystal field, the physics of 5d compounds appears to have a remarkable similarity with actinide systems, where experiments show [32] that strong spin-orbit effects persist even in the presence of 5f electron delocalization. Work at Argonne is supported by the U.S. Department of Energy (DOE), Office of Science, Office of Basic Energy Sciences, under Contract No. DE-AC-02-06CH11357.
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