Solid State Physics II


Phase diagram in ruthenate – Ca2-xSrxRuO4 
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Abstract

The Ca2-xSrxRuO4 family has a rich phase diagram varying from an antiferromagnetic insulator Ca2RuO4 (x=0) to a spin-triplet superconductor Sr2RuO4 (x=2). Their structural, magnetic, transport properties have been widely investigated by different techniques. 

Transition metal oxides (TMOs) have been widely investigated due to their strong coupling between charge, lattice, orbital, and spin degree of freedom. After the discovery of high Tc superconductivity in La2-xBaxCuO4 (LBCO) in 1986 several groups soon succeeded to get other superconducting cuprates like La2-xSrxCuO4 (LSCO) and 
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(YBCO) with Tc above liquid N2 temperature[1]. It has been proven that the planar CuO2 network plays a vital role in the origins of superconductivity in cuprates[2]. In 1994 Y. Maeno et. al. found a superconductor without copper – Sr2RuO4, which is a p-wave superconductor with spin-triplet pairing at Tc=1.5K[3]. Sr2RuO4 has the same K2NiF4 structure to one of the best studied cuprates La2-xSrxCuO4[4]. The ruthenate crystals form in alternating layers of Sr/Ca-O and Ru-O planes, which belongs to the Ruddlesden-Popper (RP) series (Sr,Ca)n+1RunO3n+1 as shown in Fig.(1)[5]. The substitution of Sr by Ca in the single layered compound (n=1) yields rather different exotic electronic properties. In the whole Ca2-xSrxRuO4 (CSRO) family Sr2RuO4 is always a paramagnetic metal but Ca2RuO4 is an antiferromagnetic insulator[6]. 
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 S. Nakatsuji et al. reported the phase diagram of the quasi-two-dimensional Mott transition system Ca2-xSrxRuO4[6]. The phase diagram are shown in Fig.(2), which consists of the following three regions. (I) (0≤x＜0.2) AF insulating ground state; (II) (0.2≤x＜0.5) Magnetic metallic (M-M) region; (III) (0.5≤x≤2) Paramagnetic metal. Near the M/NM transition at x≈0.2, they found an antiferromagnetically (AF) correlated metallic region indicating non-Fermi-liquid behavior in resistivity. In addition, the system shows the critical enhancement of low temperature susceptibility toward the region boundary at xc≈0.5. This implies the crossover of magnetic correlation to a nearly ferromagnetic (FM) state, which evolves into the spin-triplet superconductor with enhanced paramagnetism. 
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S. Nakatsuji et al. further updated the Ca2-xSrxRuO4 phase diagram and found the structural transition in region II via investigating the in-plane magnetic anisotropy that reflects the structural symmetry, as shown in Fig.3[7]. The appearance of the twofold symmetry below To shows a high-temperature tetragonal to a low-temperature orthorhombic phase. From the R(T) plots shown in Fig.4 they determined To as 220K for x=0.3, 150K for 0.4, and below 1.8K for 0.5 and 0.7.
[image: image5.png]


              [image: image6.png]2 [110]/x [110] (%)

250
200

0100 200 300
150 T b
100






[image: image7]
S. Nakatsuji et al. drew a conclusion that across the To line, a structural transition occurs from a tetragonal phase in the Sr-rich and high temperature region to an orthorhombic phase in the Ca-rich and low-temperature region, involving the lattice flattening[7]. From Fig.3 the To decreases with x and finally goes down to zero at x=0.5. This means that xc≈0.5 should be the instability point at absolute zero, which perhaps is the quantum critical point of the second-order structural transition. 

Besides these rich structural, magnetic and transport properties in Ca2-xSrxRuO4 family mentioned above, there also exists a characteristic behavior in lattice dynamics. Sr2RuO4 crystallizes in the K2NiF4 structure and exhibits structural phase transitions. These transitions are characterized by rotations of the metal-oxygen octahedron. If the rotation axes are always parallel to the ab planes, these transitions are characterized by tilts of the octahedron[8]. The structural instability in the La2CuO4 compounds is reflected in a low-frequency zone boundary 
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 mode called “tilt mode”. And the rotation of the octahedron around the c axis represents a zone-boundary 
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 mode. This mode of 
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 symmetry is called “rotational mode”. M. Braden et al. investigated the stability of low-lying phonon modes in the layered perovskite superconductor Sr2RuO4 by inelastic neutron scattering[4]. As shown in Fig.5, the 
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 branch ends at the (0.5 0.5 0) zone boundary and exhibits a sharp drop near the zone boundary, which clearly indicates a rotational instability in Sr2RuO4. The frequency of the rotational mode only little depends on temperature, as shown in Fig.6. The width of the tilt mode is almost independent of temperature, but there shows a strong effect for the broadening of the rotational mode from Fig.6. 
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As the particular point of the family Ca2-xSrxRuO4, the structural properties of Ca2RuO4 (CRO) also attract a wide investigation by power neutron diffraction. By the analysis to two different CRO modifications (stoichiometric and containing excess oxygen), M. Braden et al. found the structures are closely related, which both of them come from the ideal K2NiF4 structure type by a rotation of the RuO6 octahedron around the long axis and a tilt around an axis lying in the RuO2 plane[9]. The tilt angle of the octahedron can be calculated using either the apical oxygen [O(2)] or the basal planes. The basal planes tilt around an axis shifted from the b axis by
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; the tilt angle between the octahedron basal planes and the a, b planes is denoted by 
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 represents the angle between the Ru-O(2) bond and the long axis, as shown in Fig.7 (a). These distortions can reduce the ideal I4/mmm symmetry to lower symmetry space groups, which can be seen clearly from Fig.7(b)[9]. 
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Fig. 7 (a) RuO6 rotation and tilt in CSRO family. (b) Schematic pictures showing the group-subgroup relations.
By neutron diffraction on power and single-crystalline samples O. Friedt et al. got a more complicated structural and magnetic phase diagram in CSRO family, as shown in Fig.(8), including those prior studies by S. Nakatsuji et al.[6]. 
[image: image25.wmf]4

å

[image: image20.png]Temperature (K)

Ca,_Sr,RuO,

350

1, facd

300
Paramagnetic Metal

250

200 4/mmm

150

100

50

0 02 04 06 08 1 12 14 16 18
Sr content x





Furthermore, Raman scattering is an effective method to study spin, charge, and lattice dynamics in various phases of Ca2-xSrxRuO4. S. Sakita et al. reported the totally symmetric Raman-scattering spectra of Sr2RuO4 crystals between 6K and room temperature. They found two peaks marked by P1 and P2 correspond to the symmetry-allowed vibrations along c axis in the tetragonal phase, as shown in Fig.(9). P1 is the in-plane motion of Sr and apical oxygen, and P2 is the vibration of the apical oxygen[10]. 
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In summary, the investigation of the complex phase diagram in Ca2-xSrxRuO4 greatly propels the understanding of the strong coupling among the charge, lattice, and spin degree of freedoms in the strongly correlated systems. 
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Fig.2 Phase diagram of Ca2-xSrxRuO4 with the abbreviations: P for paramagnetic, CAF for canted antiferromagnetic, M for magnetic, SC for superconducting phase, -M for metallic phase, and –I for insulating phase. The solid circle, the open circle, and the solid diamond represent the peak temperature Tp of the susceptibility for the [001] component, the metal/nonmetal transition temperature TM/NM, and the CAF transition temperature TCAF, respectively. 





Fig.3 Phase diagram of Ca2-xSrxRuO4 with abbreviation (the same as Fig.2): but To (open diamond) is the temperature below which the in-plane susceptibility starts to show twofold anisotropy.





Fig.4 Temperature dependence of the anisotropy ratio of the in-plane susceptibilities: � EMBED Equation.3  ��� for Ca2-xSrxRuO4 with x=0.2, 0.3, 0.4, and 0.5. The inset shows the appearance of the in-plane anisotropy at To. 








Fig.5 Low-frequency part of the phonon dispersion along [110]. Only the branches corresponding to the� EMBED Equation.3  ���, � EMBED Equation.3  ���, and � EMBED Equation.3  ��� representations are shown; the symbols denote the experimental data and the lines the frequencies calculation by a shell model. 





Fig.6 The rotation and tilt mode frequencies and widths as a function of temperature. The left side is the results for the tilt around an in-plane axis; the right side is the c-axis rotation mode.





Fig.1 Ruddlesden-Popper series (Sr,Ca)n+1RunO3n+1. Crystal structures for various n. T site is Ru. 





Fig.8 Phase diagram of Ca2-xSrxRuO4 including the different structural and magnetic phases and the occurrence of the maxima in the magnetic susceptibility. 





Fig.(9) Polarization dependence of the Raman spectra for Sr2RuO4 with (a) the spectrum of the high-quality crystals with Tc=1.4K taken at room temperature and (b) the spectrum of the crystals with Tc=0.97K at 6K. 
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